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SYNOPSIS

Tick-borne encephalitis (TBE) is a viral infection of 
the central nervous system (CNS) caused by tick-

borne encephalitis virus (TBEV). TBE occurs mainly 
in eastern, central, and northern Europe and in north-
ern China, Mongolia, and Russia (1). Although vacci-
nation can effectively prevent TBE, >3,000 cases were 
reported in Europe in 2019, and case-fatality was 0.7% 
(2). However, many mild and subclinical infections 
probably remain undiagnosed.

Humans acquire TBE mainly via tick bites, but 
TBEV can occasionally be transmitted through con-
sumption of unpasteurized milk products from vire-
mic livestock. The largest known outbreak of food-
borne TBE (FB-TBE) occurred in 1954 in what was 
then Czechoslovakia, when TBE developed in >600 
persons infected via TBEV-contaminated milk from 
cows and goats (3). During that period, the disease 
was termed biphasic milk fever. During the past 4 
decades, repeated smaller outbreaks have been re-
ported in association with TBEV transmission via 
contaminated milk in various countries in Europe 
and in Russia (3–10).

Despite the role of food as a transmission route, 
FB-TBE has not been systematically described until 
recently. Two recent published reviews summarized 
published reports (11,12), but those studies did not 
include meta-analysis of published data. We system-
atically describe cases of alimentary TBEV transmis-
sion in Europe during the past 4 decades, estimate the 
attack rate of FB-TBE, and describe the epidemiologic 
and clinical characteristics of FB-TBE.

Methods
We conducted a systematic review and meta-analysis 
according to guidelines of Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (PRISMA, 
http://www.prisma-statement.org) (13). We searched 
articles published during January 1, 1980–June 1, 2021, 
on PubMed (https://pubmed.ncbi.nlm.nih.gov) and 
Embase (https://www.embase.com) databases using 
the following key terms: (“tick-borne encephalitis” OR 
“TBE”) AND (“food” OR “alimentary” OR “milk” OR 
“cheese” OR “dairy”). We excluded duplicate pub-
lications and articles without available abstracts. We 
screened all publications and selected those that met 
our eligibility criteria. We did not restrict inclusion by 
study type or minimum number of patients.

We only included original studies on human 
data for confirmed and probable cases of FB-TBE 
that were published in English. We reviewed and ex-
tracted data from articles meeting eligibility criteria. 
We collected data on the number of persons exposed 
to contaminated products, number of confirmed FB-
TBE cases, laboratory testing, source of infection, geo-
graphic location, year and season of outbreak, incuba-
tion period, vaccination status, and clinical signs and 
symptoms of invasive central nervous system (CNS) 
disease, when reported.

Definitions
We defined a confirmed FB-TBE case as a positive labo-
ratory test supporting TBEV infection in a person with 
or without symptoms of infection (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/28/10/22-0498-
App1.pdf) who also had a possible link to consump-
tion of raw milk or cheese and did not recall having a 
tick bite. We defined a probable FB-TBE case as a per-
son with symptoms compatible with TBE that was not 
tested for the virus but who was exposed to raw milk 
or cheese and did not recall a tick bite; probable cases 
were included only when a cluster of >2 exposed per-
sons and virologic confirmation for TBE were reported.

We defined confirmed invasive CNS disease 
(meningitis, meningoencephalitis, or myelitis) when 
CNS neurologic symptoms (e.g., headache, vomiting, 
ataxia, altered consciousness, confusion, dysphasia, 
or hemiparesis) were reported and laboratory testing 
confirmed TBEV infection, including TBEV-positive 
cerebrospinal fluid (CSF) serology or CSF pleocytosis 
and other laboratory testing supporting TBEV infec-
tion. We defined probable invasive CNS disease as a 
combination of CNS neurologic symptoms and labo-
ratory-confirmed TBEV infection in a patient who did 
not undergo lumbar puncture and CSF analysis.

Outcomes
For studies recording the number of persons ex-
posed to TBEV-contaminated dairy products, we  
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Tick-borne encephalitis (TBE) is a viral infection of the 
central nervous system that occurs in many parts of Eu-
rope and Asia. Humans mainly acquire TBE through tick 
bites, but TBE occasionally is contracted through consum-
ing unpasteurized milk products from viremic livestock. 
We describe cases of TBE acquired through alimentary 
transmission in Europe during the past 4 decades. We 
conducted a systematic review and meta-analysis of 410 
foodborne TBE cases, mostly from a region in central 
and eastern Europe. Most cases were reported during 
the warmer months (April–August) and were associated 
with ingesting unpasteurized dairy products from goats. 
The median incubation period was short, 3.5 days, and 
neuroinvasive disease was common (38.9%). The clinical 
attack rate was 14% (95% CI 12%–16%), and we noted 
major heterogeneity. Vaccination programs and public 
awareness campaigns could reduce the number of per-
sons affected by this potentially severe disease.
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calculated the FB-TBE clinical attack rate by divid-
ing the number of symptomatic patients with con-
firmed and probable TBE by the number of persons 
exposed to the same dairy products. We also de-
scribe epidemiologic features, including country, 
season, and source of infection, and clinical char-
acteristic including incubation period, vaccination 
status, and whether patients had biphasic disease or 
CNS involvement.

Statistical Methods
We pooled attack rates by using meta-analysis for un-
transformed proportion in a DerSimonian and Laird 
fixed-effects model. We assessed the level of hetero-
geneity (I2) by visually examining the forest plot for 
nonoverlapping CIs and using χ2 test. We considered 
p<0.05 statistically significant and I2 >50% substan-
tially heterogenic.

Results
Our search retrieved 61 articles, including 25 report-
ing the same outbreaks. Of the remaining 36 articles, 
10 reported nonhuman outbreaks, 4 were in languag-
es other than English or had no abstract available, 
and 3 overlapped with other studies. Ultimately, we 
included 19 studies meeting eligibility criteria, de-
scribing 410 patients across Europe: 384 (94%) with 
confirmed FB-TBE and 26 (6%) with probable FB-TBE. 
Countries reporting FB-TBE cases during 1980–2021 
included Slovakia (5,14,15), the Czech Republic (3,16), 
Poland (17,18), Hungary (10,19), Estonia (8,20), Ger-
many (21,22), Croatia (23,24), Austria (9,25), Russia 
(6), and Slovenia (26) (Table 1; Figure 1).

Of 273 patients with data regarding the season 
of infection, 243 (89%) were infected during April–
August and 30 (11%) during September–November. 
Patient age distribution was wide, 1–85 years. Of the 
120 FB-TBE patients for whom vaccination status was 
recorded, only 1 was vaccinated (21). The 1 exposed 
and vaccinated person had their last TBEV vaccina-
tion booster >15 years before infection; thus, the 
booster was >10 years overdue.

Among 232 (66%) patients, epidemiologic inves-
tigation revealed consumption of raw goat milk or 
cheese; consumption of raw sheep milk or cheese 
was reported in 88 (25%) cases, consumption of 
unpasteurized cow milk in 23 (7%) cases, and con-
sumption of a mixture of unpasteurized dairy prod-
ucts in 7 cases (2%). For 124/138 (90%) patients for 
whom incubation period was reported, incubation 
was <2 weeks. Among 14 patients who reported the 
exact infection timeline, the median incubation pe-
riod was 3.5 days (IQR 2–14 days).

Biphasic disease was reported in 49/64 (77%) 
patients for whom the disease course was described. 
Common symptoms of the first phase included non-
specific influenza-like symptoms, fever, vomiting, 
loose stools, headache, bilateral orbital pain, vertigo, 
sore throat, chills, bone pain, myalgia, and malaise.

Proven neuroinvasive disease was documented 
in 53/136 (39%) patients in the 13 studies that spe-
cifically reported on CNS disease (Table 2). Prob-
able CNS invasive disease was reported in 24 addi-
tional cases, making the rate of probable and proven 
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Table 1. Foodborne and nonfoodborne TBE cases, Europe, 
1980–2021* 

Country, y (reference) 
Total FB-TBE 

cases 
No. FB-TBE/TBE 

cases (%)† 
Slovakia (5,14,15) 177  
 1993  7/NA  
 2012  15/32 (46.88) 
 2013  5/157 (3.18) 
 2014  11/115 (9.57) 
 2015  14/80 (17.50) 
 2016  65/169 (38.46) 
 2009–2016  60 additional cases  

not included in 
mentioned outbreaks‡ 

Czech Republic (3,16) 65  
 1994  1/617 (0.16) 
 1997  2/415 (0.48) 
 1998  1/422 (0.24) 
 1999  28/489 (5.73) 
 2002  5/647 (0.77) 
 2003  6/606 (0.99) 
 2004  2/507 (0.39) 
 2005  8/643 (1.24) 
 2007  8/546 (1.47) 
 2008  4/631 (0.63) 
Poland (17,18) 52  
 1995  48/NA 
 2017  4/196 (2.04) 
Hungary (10,19) 42  
 2007  31/69 (44.93) 
 2011  11/43 (25.58) 
Estonia (8,20) 28  
 2005  27/164 (16.46) 
 2019  1/82 (1.22) 
Germany (21,22) 16  
 2016  2/348 (0.57) 
 2017  14/485 (2.89) 
Croatia (23,24) 14  
 2015  9/26 (34.62) 
 2019  5/13 (38.46) 
Austria (9,25) 8  
 1989  2/NA 
 2008  6/86 (6.98) 
Russia (6) 5  
 1991  5/NA 
Slovenia (26) 3  
 2012  3/164 (1.83) 
*FB-TBE, foodborne tick-borne encephalitis; NA not available; TBE,  
tick-borne encephalitis. 
†Number of TBE cases are from European Centre for Disease Prevention 
and Control annual report (2) and other reports (27,28).  
‡From  (14).  
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neuroinvasive disease 56% (77/136 patients). 
Among 23 patients for whom CNS syndrome was 
described, 13 (57%) patients had diagnosed menin-
goencephalitis, 9 (39%) had meningitis, and 1 (4%) 
had meningoencephalomyelitis. Diagnosis of prov-
en CNS disease was made by positive CSF serology 
in 45 (87%) patients, and CSF pleocytosis and posi-
tive serum serology in 7 (13%) patients (Table 2).

We calculated attack rates for 10 outbreaks in 
which the number of exposed persons was reported 
(Table 3), representing a total of 907 exposed per-
sons. We found a wide range of attack rates, from 
6% in Germany in 2016 to 100% in Slovakia in 1993. 
The pooled attack rate was 15% (95% CI 13%–17%). 

Heterogeneity was significant (I2  =  97.4%, 95% CI 
96.5%–98.1%; p<0.01) but yielded inconsistent re-
sults, making I2 an unreliable attack rate estimator 
(Table 3; Figure 2).

We applied an additional meta-analysis that in-
cluded outbreaks with >10 reported cases, represent-
ing 7 outbreaks and a total of 889 exposed persons 
(Table 3). We still found a wide range in attack rates, 
from 6% in Germany in 2016 (22) to 90% in Croatia 
in 2015 (23). The pooled attack rate was 14% (95% CI 
12%−16%) (Figure 2). Heterogeneity was significant 
(I2  =  97.5%, 95% CI 96.3%–98.3%; p<0.01) but again 
yielded inconsistent results and demonstrated I2 is an 
unreliable attack rate estimator.
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Figure 1. Geographic distribution 
of reported foodborne tick-borne 
encephalitis (FB-TBE) cases 
(blue shading), Europe, 1980–
2021. A) The FB-TBE triangle in 
Europe. Russia had 5 cases in 
1991 (not shown). Map  
created by using MapChart 
(https://mapchart.net). B)  
The tick-borne encephalitis belt, 
spanning from western Europe, 
across Russia, China, and 
Mongolia to Japan. Map from the 
Centers for Disease Control and 
Prevention (https://www.cdc.gov/
tick-borne-encephalitis/geographic-
distribution/index.html). 
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For 26 outbreaks, we calculated the rate of FB-TBE 
out of all reported TBE cases in the country each year 
(Table 1; Figure 3). We calculated the median rate of 
FB-TBE only for outbreaks occurring after 2012, when 
TBE became a notifiable disease in the European 
Union (30). The median rate of FB-TBE per TBE cases 
was 6% (IQR 2%–36%).

Discussion
We report 410 cases of FB-TBE, most from a region in 
central and eastern Europe stretching from Croatia in 
the south to Poland and Germany in the north and an 

anecdotal report of 5 cases in Russia (6). This region 
represents an FB-TBE triangle (Figure 1, panel A). 
Most cases were reported during the warmer months 
of April–August and were associated with ingestion 
of unpasteurized dairy products from goats. None of 
the infected patients were vaccinated, except 1 patient 
who had their last TBE vaccination booster >15 years 
before infection. FB-TBE incubation period was short 
(median 3.5 days), and invasive CNS disease was 
common. The clinical attack rate was 14% (95% CI 
12%−16%) for outbreaks with >10 reported cases and 
heterogeneity was significant (I2 = 97.5%).
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Table 2. Neuroinvasive disease reported in cases of foodborne tick-borne encephalitis, Europe, 1980–2021* 

Country (reference) 

No. 
confirmed 

cases 
No. CNS 

invasive disease 
CNS invasive  
disease type Blood serology CSF serology 

Austria (9) 6 4 4 ME cases  Positive IgG and IgM Borderline IgM, positive 
IgG; borderline IgM, 

borderline IgG; positive 
IgM, positive IgG; positive 

IgM, borderline IgG 
Croatia (23) 7 6 proven, 7 

symptomatic 
5 meningitis cases, 1 
ME case; 1 case with 
fever and headache 
but LP not performed 

Positive IgG and IgM 6 patients had CSF 
pleocytosis but negative 

IgG and IgM 

Czech Republic (16) 1 1 ME, myelitis Positive IgM CSF pleocytosis 
Estonia (20) 1 1 ME Positive IgM and IgG Positive serology 
Germany (22) 2 2 ME in both cases Positive IgG and IgM Positive IgG and IgM 
Hungary (10) 25 2 confirmed; 25 

with neurologic 
symptoms but 

LP only 
performed on 3  

 
Positive IgG and IgM Positive IgG in 2 of  

3 CSF samples 

Hungary (19) 7 4 4 confirmed ME cases In all 7 confirmed cases, 
positive IgM in blood or 

CSF 

 

Poland (18) 35 15 
 

Positive IgM and IgG Positive serology for 15 
patients with neuroinfection 

Poland (29) 4 4 4 meningitis cases  2 had elevated IgG and 
IgM. 1 had only elevated 
IgM. The fourth wasn't 

examined 

All 4 had elevated  
IgG and IgM 

Slovakia (15) 2 1 
 

Positive IgM Positive IgM  
43 12 

 
Positive IgM and IgG 12 patients with IgM  

and IgG in CSF 
Slovenia (26) 3 1 2 cases with 

symptoms of ME  
but LP only  

performed on 1  

Positive IgG and IgM CSF pleocytosis 

*CNS, central nervous system; CSF, cerebrospinal fluid; LP, lumbar puncture; ME, meningoencephalitis.  

 

 
Table 3. Attack rates for foodborne tick-borne encephalitis, Europe, 1980–2021 
Country (reference) Year No. persons exposed Clinical attack rate, % Source of dairy products 
Slovakia (5) 1993 7 100 Goat 
Poland (18) 1995 63 76.2 Goat 
Hungary (10) 2007 154 20.1 Goat 
Austria (9) 2008 7 57.1 Goat and cow 
Hungary (19) 2011 103 10.7 Cow 
Slovenia (26) 2012 4 75 Goat 
Croatia (23) 2015 10 90 Goat 
Germany (22) 2016 32 6.3 Goat 
Slovakia (15) 2016 500 8.8 Sheep 
Germany (21) 2017 27 51.9 Goat 
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Although TBE is a mandatory reportable disease 
in Europe (30,31) and cases of TBE are distributed 
along the southern part of the nontropical Eurasian 
Forest belt (Figure 1, panel B), we noted that nearly all 
FB-TBE cases occurred in a region we termed the FB-
TBE triangle (Figure 1, panel A). This phenomenon 
might be explained by different habits of consumption 
of unpasteurized dairy products in different regions, 
but data on the frequency of unpasteurized dairy 
consumption in various parts of Europe is lacking. Of 
note, geographic distribution of brucellosis, a zoono-
sis caused by ingestion of unpasteurized milk, is not 
concordant with distribution of FB-TBE. One expla-
nation for this discrepancy is that brucellosis is trans-
mitted not only by raw dairy consumption but also 
by consuming undercooked meat and by contact with 
body fluids from farm animals. Moreover, brucello-
sis is a preventable disease by national eradication 

programs and vaccination of cattle in areas with high 
prevalence. For example, the Czech Republic has high 
FB-TBE rates but had no reported brucellosis cases 
during 2013–2017 (0.00 cases/100,000 population), ac-
cording to a European Centre for Disease Prevention 
and Control annual report (32), likely resulting from 
a brucellosis eradication program among livestock, 
which was successfully completed in 1964.

TBEV has 3 subtypes: European (TBEV-Eu), Si-
berian (TBEV-Sib), and Far Eastern (TBEV-FE). The 
vector of TBEV-Eu is Ixodes ricinus ticks; I. persulca-
tus ticks are the vectors for the other 2 subtypes (33). 
I. ricinus ticks are seen in most of Europe, and their 
distribution extends to Turkey, northern Iran, and the 
Caucasus in the southeast (34). I. persulcatus ticks are 
found in the belt extending from eastern Europe to 
China and Japan. Both tick species circulate in a re-
stricted area in northeastern Europe; northern areas 
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Figure 2. Analysis of clinical 
attack rate of foodborne  
tick-borne encephalitis, Europe, 
1980–2021. A) Attack rate 
calculated for 10 outbreaks in 
which the number of exposed 
persons was reported. B) 
Attack rate calculated only for 
7 outbreaks with >10 reported 
persons affected. I2, level of 
heterogeneity.
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of the Republic of Karelia in Russia; St. Petersburg, 
Russia; eastern Estonia; and eastern Latvia (35,36). 
Consequently, all 3 TBEV subtypes have been record-
ed in these regions. In all the countries of the FB-TBE 
triangle, the TBEV-Eu subtype dominates, except in 
Estonia. Possible explanations could be underreport-
ing of FB-TBE in the countries where the TBEV-Sib 
and TBEV-FE subtypes dominate due to unaware-
ness of foodborne transmission or different habits of 
raw dairy consumption. Another explanation could 
be different capabilities for the vector or the virus to 
infect livestock or to survive in dairy products.

Recently, an outbreak of encephalitis and menin-
goencephalitis occurred in the Ain department of east-
ern France, where TBEV had not previously been de-
tected (37). Epidemiologic investigation revealed that 
all but 1 of 43 TBE patients with encephalitis, menin-
goencephalitis, or influenza-like symptoms had con-
sumed unpasteurized goat cheese from a single local 
producer. The researchers confirmed the alimentary 
origin of the TBE outbreak, and phylogenetic analy-
ses found that the strain involved, TBEV_Ain_2020, 
belongs to the TBEV-Eu subtype (TBEV-Eu3) and is 
most closely related to TBEV strains recently isolated 
in bordering countries and eastern Europe. This find-
ing emphasizes the role of foodborne transmission in 
TBE, even in areas where TBEV has never been de-
tected. In addition, this finding is compatible with our 
observation of an association between the TBEV-Eu 
subtype and foodborne transmission.

We found that FB-TBE attack rates ranged widely. 
Possible explanations for the wide range could be un-
derdiagnosis, underreporting, variations due to the 
low number of patients involved in some of the re-
ports, and incomplete epidemiologic investigations. 
An alternative explanation might be the variability in 
the viral load in the infected dairy products because 
the exact TBEV dose required for human infection 
via the oral route is unknown and might be differ-
ent from the viral load required for clinical infection 
through tick bites. Outbreaks with low attack rates 
might not have had high portions of milk or cheese 
that contained enough TBEV to cause human infec-
tion. In an analysis of cheese from the manufacturing 
and storage facilities of a dairy farm responsible for 
an outbreak, quantitative reverse transcription PCR 
and isolation results implied that the distribution of 
TBEV loads in infected goat cheese was heterogenous 
(22), which likely contributes to the variability in at-
tack rate we observed.

Although alimentary transmission of TBE is un-
common, this transmission mode has the potential 
to cause outbreaks affecting many persons, making  

FB-TBE a major public health concern. Foodborne 
transmission could easily be eliminated through 
education campaigns that encourage persons to 
consume only pasteurized dairy products and 
through vaccination. Vaccination seems to be ef-
fective in preventing FB-TBE, not only disease 
caused by tick bites. In our cohort, among 120 FB-
TBE patients for whom vaccination status was re-
corded, only 1 was vaccinated but did not receive 
an appropriate booster. Other observations regard-
ing the effectiveness of the vaccine against alimen-
tary transmission were made during a 2017 FB-TBE 
outbreak that included 27 exposed persons (21). 
Among 20 persons for whom medical information 
was available, 13 were infected and reported symp-
tomatic disease. Among 6 exposed persons who 
were vaccinated, only 1 person developed disease, 
but that person was vaccinated >15 years prior to 
exposure. In contrast, among 14 unvaccinated ex-
posed persons, 12 had TBE develop (21). Findings 
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Figure 3. Rates of FB-TBE per country and year from a 
systematic review and meta-analysis, Europe, 1980–2021. Rates 
indicate FB-TBE per all TBE cases reported in the country, per 
year. Data are based on those reported in Table 1. FB-TBE, 
foodborne tick-borne encephalitis; TBE, tick-borne encephalitis.
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from that outbreak suggest that vaccination also  
protects against alimentary TBEV transmission.

Most reported FB-TBE cases were documented 
in months that parallel tick season in Europe, even 
though transmission was through ingestion of con-
taminated dairy products. This finding probably im-
plies that the infected livestock are most viremic dur-
ing the peak of tick season.

We found the median incubation time for FB-TBE 
was shorter (median 3.5 days) than that for non–FB-
TBE, which was reported to be 8 days (range 4–28) in 
1 study (1). Another study reported a much longer 
incubation period, median 22 days, in 687 patients 
in Poland (29). We suggest that symptoms compat-
ible with TBE in the context of recent exposure to 
raw dairy products should raise suspicion of FB-TBE, 
especially when symptoms develop in >1 patient ex-
posed to the same source. This finding can assist cli-
nicians and help guide epidemiologic investigation.

Although the transmission mode is different 
and the incubation period is shorter, FB-TBE has 
clinical manifestations similar to those for disease 
transmitted by ticks, and most symptomatic pa-
tients experience biphasic disease, as described 
(1,38). Among patients with CNS involvement, 
most had meningitis or meningoencephalitis, and 
myelitis was a rare manifestation, comparable with 
previous reports of TBE (38).

Typically, TBE is biphasic and 70% of patients 
experience neuroinvasive disease (1,39). We found 
lower rates of invasive disease in FB-TBE; only 39% 
of patients had neuroinvasive disease. Actual rates 
of neuroinvasive disease in TBE are challenging to 
assess because patients with mild symptoms and no 
CNS-specific symptoms are less likely to seek medical 
care; even for patients who do seek care, many will 
have diagnoses of nonspecific viral syndrome. FB-
TBE outbreaks can help determine the actual rate of 
neuroinvasive disease because epidemiologic inves-
tigation of patients exposed to a common source can 
actively locate patients with only mild and nonspe-
cific symptoms.

The first limitation of this study is that, although 
TBE is a reportable disease in many countries in Eu-
rope, many cases are not reported or are misdiagnosed 
by clinicians because most infected persons who ex-
perience clinical disease have only mild nonspecific 
symptoms, which could lead to underestimation of 
the true number of TBE cases. Moreover, ≈30%–50% 
of patients with diagnosed TBE do not recall a tick 
bite, but probably few are asked about consumption 
of unpasteurized dairy products, which could lead 
to underestimation of FB-TBE. Even in cases where 

epidemiologic investigations were conducted, many 
exposed persons might remain unidentified and un-
tested for the reasons we mentioned, making the true 
attack rate higher than calculated here. Assessment 
of the attack rate was also limited by high variability 
between studies. Finally, we included only published 
articles and not reports from ProMED (https://
promedmail.org) or other sources, and we almost cer-
tainly missed some FB-TBE cases.

In conclusion, FB-TBE in Europe is reported most-
ly in a well-defined geographic region during tick 
season, with a few reports from Russia and recently 
in France. We found a variable FB-TBE attack rate, 
which might be the result of many factors, including 
variability in the viral load in the infected dairy prod-
ucts, compatible with a previous report (22). Clinical 
features of FB-TBE are similar to those reported for 
TBE acquired through tick bites, and CNS-specific 
symptoms develop in nearly 40% of infected persons. 
Vaccination seems to be effective in preventing FB-
TBE. Our findings could help raise awareness of FB-
TBE among epidemiologists, clinicians, public health 
officials, and the public in endemic areas. Vaccination 
programs and public awareness campaigns could 
greatly reduce the number of patients affected by this 
potentially severe CNS infection.
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SYNOPSIS

Fungal pathogens cause millions of deaths and 
tens of millions of infections globally every year 

(1). Fungal infections are primarily opportunistic, 
causing moderate to severe disease in immunocom-
promised patients. Fungal infections also are asso-
ciated with increased illness rates and substantial 
healthcare costs, resulting in $6.7 billion in hospital-
ization costs in the United States in 2018 (2). In ad-
dition, fungal infections doubled the average length 
and cost of hospital stays and risk for death among 
patients with >1 associated risk condition (2). De-
spite the considerable medical and economic burden 
of fungal infections, standardized diagnostic and 
treatment guidelines are lacking.

The risk for serious fungal infection continues to 
move away from HIV-associated infections (3), and 
increasingly affect patients with certain underlying 
conditions, including chronic obstructive pulmo-
nary disease (COPD) (4), cirrhosis (5), cystic fibrosis 
(6), diabetes (7,8), influenza (9,10), and tuberculosis 
(11). Increased infection rates also have been report-
ed among persons being treated for asthma (12,13), 
autoimmune disorders (14,15), and cancer (16), and 
among transplant recipients (17). 

Interest in the effects of race and ethnicity and 
socioeconomic status on fungal infections and as-
sociated patient outcomes has increased (18,19), es-
pecially because diagnosed fungal infections have 
increased since 2010 (3). Previous studies docu-
mented the relationship between health dispari-
ties and fungal infections (18,19), but not as a main 
analytic focus, and studies across multiple fungal 

pathogens are lacking. We describe diagnosed fun-
gal infections and associated risk conditions by key 
demographic variables, including race and ethnic-
ity and socioeconomic status.

Methods

Data Sources
We used hospital discharge data from the National 
Inpatient Sample (NIS), Healthcare Cost and Utiliza-
tion Project (HCUP), from the Agency for Healthcare 
Research and Quality (20). NIS is the largest data-
base of US hospitalization data, covering >96% of the 
population (20). HCUP data comprise hospitaliza-
tions, rather than unique patients. We use the term 
patient to refer to inpatient status; we acknowledge 
that a specific patient might be included >1 time in 
our analyses. For total population per income quar-
tile, we used 2006–2010 American Community Sur-
vey (21) results to estimate population percentages, 
then adjusted these to the 2019 population.

Element Descriptions
We used codes from the International Classification 
of Diseases, 10th Revision (ICD-10), to identify at-risk 
patients and invasive and noninvasive fungal infec-
tions, as previously described (2) (Table). We defined 
fungal infections and associated risk conditions when 
relevant ICD-10 codes were recorded as any diagnosis 
in the hospitalization record. Sex, race, and ethnicity 
data were provided by patient records in NIS. HCUP 
excludes the data for sex when the state level patient 
record identifies the patient as both nonfemale and 
nonmale. Ethnicity took precedence over race in the 
HCUP database when both were provided as distinct 
values in the patient record.

The HCUP dataset predefines each annual income 
quartile (Q) according to estimated median house-
hold income in US dollars of residents living within a 
patient’s postal code. For 2019, Q1 was $1–$47,999, Q2 
was $48,000–$60,999, Q3 was $61,000–$81,999, and Q4 
was >$82,000. We defined insurance type by the ex-
pected primary payer type to which the hospital visit 
was billed in the HCUP NIS dataset.

We defined age groups as pediatric (0–17 years of 
age), adult (18–64 years of age), and senior (>65 years 
of age). We defined urban-rural status, as previously 
described (22), and considered counties with >50,000 
inhabitants as urban. We calculated rate ratios (RRs) 
and 95% CIs by using SAS version 9.4 (SAS Institute 
Inc., https://www.sas.com). We used Prism software 
(GraphPad Software Inc., https://www.graphpad.
com) to create figures.
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Fungal infections cause substantial rates of illness and 
death. Interest in the association between demographic 
factors and fungal infections is increasing. We analyzed 
2019 US hospital discharge data to assess factors as-
sociated with fungal infection diagnosis, including race 
and ethnicity and socioeconomic status. We found male 
patients were 1.5–3.5 times more likely to have invasive 
fungal infections diagnosed than were female patients. 
Compared with hospitalizations of non-Hispanic White 
patients, Black, Hispanic, and Native American patients 
had 1.4–5.9 times the rates of cryptococcosis, pneumo-
cystosis, and coccidioidomycosis. Hospitalizations asso-
ciated with lower-income areas had increased rates of 
all fungal infections, except aspergillosis. Compared with 
younger patients, fungal infection diagnosis rates, par-
ticularly for candidiasis, were elevated among persons 
>65 years of age. Our findings suggest that differences 
in fungal infection diagnostic rates are associated with 
demographic and socioeconomic factors and highlight 
an ongoing need for increased physician evaluation of 
risk for fungal infections.
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Results
Nearly 60,000 invasive fungal infections were re-
ported during US hospitalizations in 2019, ≈10% of 
all diagnosed fungal infections among hospitalized 
patients. Another 391,000 noninvasive infections, pri-
marily dermophyte, also were diagnosed.

Fungal Infections and Risk Conditions by Sex
Invasive fungal infections were diagnosed more fre-
quently in male patients, at 1.4–3.4 times the rate for 
female patients (Figure 1, panel A; Appendix Table 1, 
https://wwnc.cdc.gov/EID/article/28/10/22-0391-
App1.pdf). We observed the greatest differences be-
tween male and female patients in coccidioidomyco-
sis (RR 2.0, 95% CI 1.9–2.1), pneumocystosis (RR 2.4, 
95% CI 2.3–2.5), and cryptococcosis (RR 3.4, 95% CI 
3.2–3.7) diagnoses. Noninvasive candidiasis, includ-
ing vulvovaginal candidiasis, was the only diagnosis 
made more frequently in female patients, at 1.2 (95% 
CI 1.2–1.2) times the rate for male patients.

Male patients had >1 fungal-associated risk con-
dition diagnosed at 1.2 (95% CI 1.2–1.2) times the 
rate for female patients (Figure 1, panel B). Of 19 risk 

conditions we analyzed, 16 were diagnosed more fre-
quently in male patients. We observed the greatest 
differences in risk conditions between male and fe-
male patients for HIV (RR 3.1, 95% CI 3.0–3.1) and os-
teomyelitis (RR 2.7, 95% CI 2.7–2.7). Asthma (RR 1.7, 
95% CI 1.7–1.7), autoimmune diseases (RR 1.9, 95% CI 
1.9–1.9), and immunosuppressive disorders (RR 1.1, 
95% CI 1.0–1.1) were diagnosed more frequently in 
female patients.

Fungal Infections and Risk Conditions by Race  
and Ethnicity
Overall, risk conditions and fungal infections were di-
agnosed among racial and ethnic subgroups at rates 
generally consistent with the current racial and ethnic 
composition of the United States; most (65.9%) cas-
es were diagnosed in non-Hispanic White patients. 
However, we noted deviations that highlight racial 
and ethnic health disparities.

Among Black patients, cryptococcosis was diag-
nosed at 2.5 (95% CI 2.3–2.6) and pneumocystosis at 
3.0 (95% CI 2.9–3.2) times the rates for non-Hispanic 
White patients (Figure 2, panel A). The transplant  
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Table. Number of risk conditions and fungal infections diagnosed among hospitalized patients, United States, 2019* 
Fungal infections and risk conditions ICD-10 code No. cases diagnosed 
Fungal infections   
 Aspergillosis B44 17,825 
  Invasive B44.0, B44.1, B44.7 8,875 
  Noninvasive B44.2, B44.8 4,210 
 Candidiasis B37 457,080 
  Invasive B37.1, B37.5, B37.6, B37.7 19,920 
  Noninvasive B37.0, B37.2, B37.3, B37.4, B37.8 396,765 
 Coccidioidomycosis B38 8,990 
 Cryptococcosis B45 4,900 
 Histoplasmosis B39 4,880 
 Mucormycosis B46 1,370 
 Pneumocystosis B59 9,725 
 Other B35, B36, B40–B43, B47, B48 145,925 
 Unspecified mycoses B49 15,540 
Risk conditions   
 Asthma J45–J46 2,273,360 
 Autoimmune conditions G35, G70, K90, L93, M05, M35 483,850 
 Cancer C00–C97 2,869,790 
 Chronic obstructive pulmonary disease J44 4,402,564 
 Cirrhosis K74 468,950 
 Cystic fibrosis E84 29,465 
 Diabetes mellitus E10–E14 8,376,979 
 End-stage renal disease D17 32,665 
 HIV B20–B24 109,180 
 Immunosuppressive disorders D80–D89 224,100 
 Influenza J09–J11 276,950 
 Myelodysplastic syndrome D46 82,170 
 Neutropenia D70 194,870 
 Osteomyelitis M86 385,450 
 Pneumonia J12–J18 2,552,504 
 Sepsis A40–A41 2,820,729 
 Transplant history Z94 266,580 
 Transplant complications T86 145,540 
 Tuberculosis A16–A19 3,690 
*Data from ICD-10 codes listed in the Healthcare Cost and Utilization Project, 2019 (20). ICD-10, International Classification of Diseases, 10th Revision. 

 



SYNOPSIS

1958	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022	

Figure 1. Comparison of rate ratios for fungal infections and risk conditions by sex among hospitalized patients, United States, 2019. 
A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; error bars indicate 95% CIs. COPD, chronic 
obstructive pulmonary disease.

Figure 2. Comparison of rate ratios for fungal infections and risk conditions among non-Hispanic White and Black hospitalized patients, 
United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; error bars indicate 95% 
CIs. COPD, chronic obstructive pulmonary disease.
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Figure 3. Comparison of rate ratios for fungal infections and risk conditions among hospitalized non-Hispanic White and Hispanic 
patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; error bars 
indicate 95% CIs. COPD, chronic obstructive pulmonary disease.

Figure 4. Comparison of rate ratios for fungal infections and risk conditions among hospitalized non-Hispanic White and AA/PI patients, 
United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; error bars indicate 95% 
CIs. AA/PI, Asian American/Pacific Islander; COPD, chronic obstructive pulmonary disease. 



SYNOPSIS

history rate appeared similar, but Black patients were 
twice as likely as non-Hispanic White patients to have 
transplant complications during hospitalization, par-
ticularly for heart and kidney transplants (Figure 
2, panel B; Appendix Table 1). HIV was diagnosed 
among Black patients at 7.2 (95% CI 7.1–7.3) and tu-
berculosis at 2.7 (95% CI 2.4–2.9) times the rates for 
non-Hispanic White patients.

Hispanic patients had fungal infections diag-
nosed at 0.8 (95% CI 0.8–0.8) times the rate for non-
Hispanic White patients; Hispanic patients had 
decreased rates of aspergillosis, candidiasis, and 
histoplasmosis (Figure 3, panel A). Rates for coc-
cidioidomycosis (RR 3.4, 95% CI 3.2–3.5), crypto-
coccosis (RR 2.9, 95% CI 2.7–3.1), and pneumocys-
tosis (RR 1.4, 95% CI 1.3–1.5) were higher among 
Hispanic than non-Hispanic White patients. HIV 
was diagnosed among Hispanic patients at 2.4 
(95% CI 2.4–2.5) times and tuberculosis at 3.8 (95% 
CI 3.4–4.1) times the rates for non-Hispanic White 
patients (Figure 3, panel B). Transplant complica-
tions were also moderately elevated in the Hispanic 
patient cohort.

The overall rate of fungal infection diagnosis in 
Asian American and Pacific Islander (AA/PI) pa-
tients was reduced (RR 0.7, 95% CI 0.7–0.7) com-
pared with non-Hispanic White patients (Figure 
4, panel A). Aspergillosis (RR 1.4, 95% CI 1.3–1.5), 
coccidioidomycosis (RR 2.7, 95% CI 2.5–2.9), and 
mucormycosis (RR 1.9, 95% CI 1.5–2.5) rates were 
higher for AA/PI than for non-Hispanic White pa-
tients. AA/PI patients had >1 fungal-associated risk 
condition diagnosed at 0.8 (95% CI 0.8–0.8) times 
the rate for non-Hispanic White patients (Figure 4, 
panel B). Transplant complications were moderate-
ly elevated in the AA/PI cohort, but tuberculosis 
diagnoses were 9.6 (95% CI 8.7–10.7) times those 
for non-Hispanic White patients.

Native American patients had coccidioidomy-
cosis diagnosed at 5.9 (95% CI 5.2–6.6) times the 
rate for non-Hispanic White patients (Figure 5, 
panel A). Native American patients also had high-
er rates of cryptococcosis (RR 2.5, 95% CI 1.9–3.3) 
than non-Hispanic White patients, but the rates 
of pneumocystosis did not differ between these 2 
groups (RR 1.0, 95% CI 0.7–1.3). Rates of invasive 
aspergillosis and histoplasmosis were moderately 
reduced among Native American patients. For risk 
conditions, Native American patients had HIV di-
agnosed at 1.6 (95% CI 1.5–1.7), osteomyelitis at 
1.8 (95% CI 1.8–1.9), and tuberculosis at 3.6 (95% 
CI 2.6–4.8) times the rates for non-Hispanic White 
patients (Figure 5, panel B).

Fungal Infections and Risk Conditions by Income
Of 35.5 million hospitalizations in 2019, nearly one 
third were associated with residence in lower in-
come areas (Appendix Table 2). Patients from Q1 
postal codes had 1.6 times the hospitalization rate as 
patients from Q4 areas. Fungal infections were diag-
nosed in patients from Q1 postal codes at 1.2 (95% 
CI 1.2–1.2) times the frequency of patients from Q4 
postal codes (Figure 6, panel A; Appendix Table 2). 
Cryptococcosis was diagnosed at 2.0 (95% CI 1.8–2.1) 
and histoplasmosis at 1.7 (95% CI 1.5–1.8) times the 
rate in Q1 patients as in Q4 patients. The only fungal 
infection diagnosed more frequently in Q4 patients 
was aspergillosis (RR 1.3, 95% CI 1.2–1.4).

Q1 patients also had >1 fungal-associated risk 
condition diagnosed at 1.2 (95% CI 1.2–1.2) times the 
rate for Q4 patients (Figure 6, panel B). COPD, cirrho-
sis, diabetes, and HIV were diagnosed in Q1 patients 
at 1.4–2.8 times the rate for Q4 patients. In 2019, Q4 
patients were admitted more frequently for condi-
tions associated with higher healthcare costs, includ-
ing cancer (RR 1.3, 95% CI 1.3–1.3), cystic fibrosis (RR 
1.4, 95% CI 1.3–1.4), and organ transplants (RR 1.4, 
95% CI 1.3–1.4).

Fungal Infections and Risk Conditions by Payer Type
Most (86.7%) persons covered by federally funded 
Medicare are >65 years of age (23). In hospitalizations 
billed to Medicare, fungal infections were diagnosed 
at 2.0 (95% CI 2.0–2.0) times the rate for hospitaliza-
tions billed to private insurance (Figure 7, panel A; 
Appendix Table 3). The diagnostic rates for aspergil-
losis (RR 1.4, 95% CI 1.4–1.5), candidiasis (RR 2.0, 95% 
CI 2.0–2.0), other fungi (RR 2.2, 95% CI 2.2–2.3), and 
unspecified fungal infections (RR 1.9, 95% CI 1.8–2.0) 
were particularly elevated among Medicare patients. 
Only pneumocystosis (RR 0.8, 95% CI 0.8–0.9) rates 
were notably lower among hospitalizations billed to 
Medicare than those billed to private insurance. Hos-
pitalizations billed to Medicare had 2.1 (95% CI 2.1–
2.1) times the rate of having >1 fungal-associated risk 
condition diagnoses as did hospitalizations billed to 
private insurance (Figure 7, panel B). Rates for 16 of 
the 19 risk conditions we investigated were elevated 
in hospitalizations billed to Medicare, and we noted 
differences in COPD (RR 4.6, 95% CI 2.6–2.6), cirrhosis 
(RR 2.5, 95% CI 2.4–2.5), diabetes mellitus (RR 2.5, 95% 
CI 2.5–2.6), myelodysplastic syndrome (RR 4.8, 95% CI 
4.7–4.9), pneumonia (RR 2.7, 95% CI 2.7–2.7), and sep-
sis (RR 2.3, 95% CI 2.3–2.3). Conversely, cystic fibrosis 
was diagnosed at just over one third the frequency (RR 
0.4, 95% CI 0.3–0.4) in hospitalizations billed to Medi-
care compared with those billed to private insurance.
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Figure 5. Comparison of rate ratios for fungal infections and risk conditions among hospitalized non-Hispanic White and Native 
American patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; error 
bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease.

Figure 6. Comparison of rate ratios for fungal infections and risk conditions by income among hospitalized patients, United States, 
2019. A) Diagnosed fungal infections; B) risk conditions. Income levels were determined by postal code; patients from postal codes with 
incomes in the highest quartile were compared with patients from postal codes with incomes in the lowest quartile. Bars and numerals 
indicated rate ratios; error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease.
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Figure 7. Comparison of rate ratios for fungal infections and risk conditions by billing type (private insurance vs. Medicare) among 
hospitalized patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; 
error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease. 

Figure 8. Comparison of rate ratios for fungal infections and risk conditions by billing type (private insurance vs. Medicaid) among 
hospitalized patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; 
error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease. 
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Figure 9. Comparison of rate ratios for fungal infections and risk conditions by billing type (private insurance vs. self-pay) among 
hospitalized patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Bars and numerals indicated rate ratios; 
error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease.

Figure 10. Comparison of rate ratios for fungal infections and risk conditions among adult and senior hospitalized patients, United 
States, 2019. A) Diagnosed fungal infections; B) risk conditions. Adult patients are persons 18–64 years of age; senior patients are >65 
years of age. Bars and numerals indicated rate ratios; error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease.   
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Federal- and state-funded Medicaid provides 
free health insurance to persons with low incomes, 
disabilities, or both (24). Fungal infections were more 
frequent in hospitalizations billed to Medicaid than 
those billed to private insurance (Figure 8, panel A). 
In particular, invasive candidiasis (RR 1.4, 95% CI 
1.4–1.5), coccidioidomycosis (RR 1.6, 95% CI 1.5–1.7), 
cryptococcosis (RR 2.2, 95% CI 2.1–2.4), pneumocys-
tosis (RR 1.3, 95% CI 1.3–1.4), other fungi (RR 1.4, 95% 
CI 1.4–1.5), and unspecified fungal infections (RR 1.3, 
95% CI 1.3–1.4) were diagnosed more frequently, and 
invasive aspergillosis (RR 0.8, 95% CI 0.8–0.9) and his-
toplasmosis (RR 0.7, 95% CI 0.7–0.8) were diagnosed 
less frequently for hospitalizations billed to Medicaid 
compared with those billed to private insurance. The 
rates of HIV (RR 3.1, 95% CI 3.1–3.2) and tuberculosis 
(RR 1.9, 95% CI 1.8–2.1) were higher in hospitaliza-
tions billed to Medicaid than those billed to private 
insurance (Figure 8, panel B). Risk conditions with 
fewer diagnoses billed to Medicaid than to private in-
surance included autoimmune diseases (RR 0.6, 95% 
CI 0.6–0.6), cancer (RR 0.6, 95% CI 0.6–0.6), immuno-
suppressive disorders (RR  0.7, 95% CI 0.7–0.7), my-
elodysplastic syndrome (RR 0.4, 95% CI 0.4–0.4), and 
transplant history (RR 0.5, 95% CI 0.5–0.5).

Hospitalizations billed as self-pay represent pa-
tients that are uninsured or underinsured (i.e., <30% 
estimated insurance coverage). These hospitalizations 
had a lower frequency of diagnoses for aspergillosis 
(RR 0.6, 95% CI 0.5–0.6) but elevated frequencies for 
cryptococcosis (RR 2.2, 95% CI 2.0–2.5) and pneumo-
cystosis (RR 2.2, 95% CI 2.0–2.4) (Figure 9, panel A). 
Rates of HIV (RR 3.1, 95% CI 3.0–3.2) and tuberculosis 
(RR 2.4, 95% CI 2.1–2.8) were elevated in hospitaliza-
tions billed as self-pay compared with private insur-
ance, but other risk conditions were reduced, includ-
ing autoimmune diseases (RR 0.5, 95% CI 0.5–0.5), 
cancer (RR 0.5, 95% CI 0.5–0.5), immunosuppressive 
disorders (RR 0.5, 95% CI 0.5–0.5), myelodysplastic 
syndrome (RR 0.4, 95% CI 0.4–0.5), and transplant 
history (RR 0.3, 95% CI 0.3–0.3) (Figure 9, panel B).

Fungal Infections and Risk Conditions by Age
Fungal infection diagnosis rates among senior pa-
tients were 1.3 (95% CI 1.3–1.3) times that for adult 
patients. We noted moderate elevation in the rate of 
invasive aspergillosis diagnoses among senior pa-
tients, but noninvasive candidiasis was diagnosed 
more frequently (RR 1.4, 95% CI 1.4–1.4) among 
senior than adult patients (Figure 10, panel A; Ap-
pendix Table 4). Fungal infections diagnosed less 
frequently in senior than adult patients included 
coccidioidomycosis (RR  0.6, 95% CI 0.6–0.6), cryp-

tococcosis (RR  0.5, 95% CI 0.5–0.5), histoplasmosis 
(RR 0.8, 95% CI 0.7–0.8), mucormycosis (RR 0.6, 95% 
CI 0.5–0.6), and pneumocystosis (RR 0.4, 95% CI 0.4–
0.4). Senior patients had >1 fungal-associated risk 
condition diagnosed at 1.6 (95% CI 1.6–1.6) times the 
rate of adult patients (Figure 10, panel B). We also 
noted elevated rates of COPD (RR 2.4, 95% CI 2.4–
2.4), myelodysplastic syndrome (RR 7.2, 95% CI 7.0–
7.3), and pneumonia (RR 2.1, 95% CI 2.1–2.1) among 
senior patients compared with adult patients. Few 
senior patients had a cystic fibrosis diagnosis, and 
HIV (RR  0.2, 95% CI 0.2–0.2) diagnoses also were 
lower than among adult patients.

Despite representing 14.9% of hospitalizations 
in 2019, pediatric patients accounted for only 4.2% of 
diagnosed fungal infections and had one third the di-
agnostic rate (RR 0.3, 95% CI 0.3–0.3) of adult patients 
(Figure 11, panel A); rates of all fungal pathogens and 
manifestations were reduced. Pediatric patients had 
>1 fungal-associated risk condition diagnosed at 0.2 
(95% CI 0.2–0.2) times the rate for adult patients (Fig-
ure 11, panel B). Only the diagnostic rate for cystic 
fibrosis (RR  1.3, 95% CI 1.2–1.3) was higher among 
pediatric than adult patients.

Fungal Infections and Risk Conditions by Rural or 
Urban Status
Among patients from urban areas, certain fungal in-
fections were diagnosed more frequently, including 
coccidioidomycosis at 3.4 (95% CI 3.1–3.8), pneumo-
cystosis at 1.9 (95% CI 1.8–2.0), and aspergillosis at 1.2 
(95% CI 1.1–1.2) times the rates for patients from rural 
areas (Figure 12, panel A; Appendix Table 5). All as-
pergillosis infections were diagnosed more frequent-
ly in urban patients, but noninvasive aspergillosis 
(RR 1.8, 95% CI 1.6–2.0) had the greatest difference. 
Infections diagnosed more frequently among rural 
patients included candidiasis at 1.1 (95% CI 1.1–1.1) 
and histoplasmosis at 1.6 (95% CI 1.5–1.7) times the 
rate for urban patients.

Urban patients had much higher rates of HIV 
(RR  2.9, 95% CI 2.9–2.9) and tuberculosis (RR  2.0, 
95% CI 1.8–2.3) than rural patients (Figure 12, panel 
B). Asthma (RR 1.4, 95% CI 1.4–1.4) and transplants 
(RR  1.2, 95% CI 1.2–1.2) also were more common 
among urban patients, consistent with previous re-
ports (25). COPD (RR 1.4, 95% CI 1.4–1.4) and pneu-
monia (RR  1.3, 95% CI 1.3–1.4) were more frequent 
among rural patients.

Discussion
We analyzed rates of fungal infection diagnoses in 
hospitalizations on the basis of racial and ethnic  
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Figure 11. Comparison of rate ratios for fungal infections and risk conditions among adult and pediatric hospitalized patients, United 
States, 2019. A) Diagnosed fungal infections; B) risk conditions. Adult patients are persons 18–64 years of age; pediatric patients are 
<17 years of age. Bars and numerals indicated rate ratios; error bars indicate 95% CIs. COPD, chronic obstructive pulmonary disease.

Figure 12. Comparison of rate ratios for fungal infections and risk conditions by residential location (urban vs. rural) among hospitalized 
patients, United States, 2019. A) Diagnosed fungal infections; B) risk conditions. Persons from more urban settings are considered those 
whose resident county has a population >50,000. Bars and numerals indicated rate ratios; error bars indicate 95% CIs. COPD, chronic 
obstructive pulmonary disease.
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background and socioeconomic status. Our findings 
demonstrate that health disparities between racial, 
ethnic, and socioeconomic groups extend to fungal 
infections, especially for predisposing risk conditions.

In HCUP NIS, male patients had 1.4–3.5 times 
the rate of invasive fungal infection diagnoses as fe-
male patients, a finding supported by existing litera-
ture (26). The influence of genetic components by sex 
has been postulated, as have higher environmental 
exposure and behavioral risks (26,27). The relation-
ship between sex and susceptibility is more complex 
than our analyses can capture, but >1 risk condition 
for fungal infection was more frequently diagnosed 
among male patients.

Aspergillosis was diagnosed more frequently 
in non-Hispanic White and AA/PI patients than in 
other racial and ethnic groups. As previously de-
scribed (3), invasive aspergillosis is closely associ-
ated with stem cell and solid organ transplantation, 
and noninvasive manifestations, including allergic 
bronchopulmonary aspergillosis and chronic pul-
monary aspergillosis, are more often diagnosed in 
cystic fibrosis and tuberculosis patients; AA/PI pa-
tients have >9 times the rate of tuberculosis diagno-
ses as non-Hispanic White patients (28). In addition, 
aspergillosis is the only fungal infection diagnosed 
more frequently in patients from higher income ar-
eas. Higher income is associated with higher proba-
bility of receiving a transplant (29,30) and improved 
patient outcomes in cystic fibrosis care (31), possibly 
because these patients have better access to health-
care facilities and the financial capacity for regular 
treatment. Aspergillosis likely is more frequently di-
agnosed in higher income patients because of their 
ability to continually seek treatment for associated 
risk factors. Income differences also could relate to 
cost of living because aspergillosis is more likely to 
be diagnosed in urban than rural patients (32).

Candidiasis was diagnosed more frequently in 
Black patients. Invasive candidiasis was more fre-
quent in male patients, fitting with previous findings 
(33), but noninvasive candidiasis was more frequent 
in female patients. Increased rates of candidiasis 
among senior patients compared with adult patients 
also is consistent with prior findings (33). All candi-
diasis clinical manifestations were more frequent in 
patients from lower income areas. Assessments of the 
relationship of candidiasis and income are lacking, 
but these diagnoses might be related to the higher 
frequency of diabetes in patients from low-income 
areas (7). This finding also might be an artifact of the 
relationship between low income and increased fre-
quency of repeat hospitalizations (34). All candidiasis 

clinical manifestations were diagnosed moderately 
more frequently in rural patients.

Coccidioidomycosis and histoplasmosis are en-
demic infections that can affect immunocompetent 
persons, but severe disease is more common in im-
munocompromised persons. Coccidioidomycosis is 
endemic in the US Southwest and histoplasmosis in 
the Ohio and Mississippi River Valley regions. Our 
analysis showed coccidioidomycosis was diagnosed 
more frequently in Hispanic, AA/PI, and Native 
American adult male patients than in non-Hispanic 
White or Black, senior, or female patients. Environ-
mental exposure is key in coccidioidomycosis; work-
ers performing soil-disturbing work or exposed to 
dusty conditions in endemic areas are at increased 
risk. Black and Hispanic persons are overrepresent-
ed in lower wage, more manual labor, and higher 
risk occupations, including occupations with fre-
quent dust exposure (35,36). Previous reports noted 
higher frequencies of coccidioidomycosis in AA/PI 
and Hispanic male adults residing in urban areas, 
but older state-level data also indicated increased 
rates in Black compared with non-Hispanic White 
male persons (36–38).

Non-Hispanic White patients had up to 3 times 
the rate of histoplasmosis as other racial and eth-
nic groups. Histoplasmosis diagnoses were higher 
among adult, low-income, and rural patients. These 
results are supported by previous reports of histo-
plasmosis predominantly among middle-aged adult 
White male persons living in rural areas (39). These 
demographic variables likely capture persons with 
environmental or occupational exposure, including 
persons employed in construction, agriculture, and 
forestry industries (40).

Historically, cryptococcosis and pneumocysto-
sis were closely tied to HIV, which continues to dis-
proportionately affect Black and Hispanic/Latino 
populations (41). We found cryptococcosis and pneu-
mocystosis were diagnosed in Black and Hispanic 
patients at 2–3 times the rate for non-Hispanic White 
patients. HIV, cryptococcosis, and pneumocystosis 
frequencies also were elevated in Q1 patients and 
were far more frequent in adult than senior patients, 
fitting with previous literature (42). HIV, cryptococ-
cosis, and pneumocystosis rates were elevated in 
hospitalizations billed to Medicaid or self-pay and in 
urban patients.

Incidence of mucormycosis, a rare and often fatal 
infection, has been rising (43). We found mucormyco-
sis diagnoses were more frequent among AA/PI and 
Hispanic patients than among non-Hispanic White 
patients. The most common underlying condition for 
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mucormycosis is diabetes mellitus (43), but diabetes 
was not diagnosed more frequently in AA/PI or His-
panic populations in our study. We noted no differ-
ences in mucormycosis rates by income or insurance 
type. Adult patients were more likely to have mucor-
mycosis than senior patients, and we noted a slight 
elevation in diagnoses among urban patients.

Other fungal infections include primarily super-
ficial cutaneous and mucosal infections, which were 
diagnosed more frequently in senior patients and in 
hospitalizations billed to Medicare, consistent with 
previous studies (44). Unspecified mycotic infec-
tions also were more frequently diagnosed in senior 
patients, which could reflect increased mortality and 
shorter survival times associated with an aging im-
mune response failing to control invasive fungal in-
fections, as previously described (45).

Our results are informative, but our data likely 
underrepresent the true burden of fungal disease in 
the United States. Evidence suggests that only half of 
invasive fungal infections are diagnosed before pa-
tient death (46). The sensitivity and specificity of many 
ICD-10 codes for fungal infections are unknown, and 
misclassification is possible. HCUP NIS enabled us 
to comprehensively study fungal infections; how-
ever, unique patients cannot be identified in NIS, so 
our data likely represent multiple hospitalizations 
per patient. Data collection also could be a limita-
tion because race and ethnicity analyses are limited 
by single identifiers and failed to represent patients 
with multiracial or multiethnic identities. In addition, 
some previously studied racial and ethnic subgroups 
might not have been included for this variable in the 
NIS dataset. Finally, hospitals might have reported a 
private insurance payer type for patients covered by 
a Medicare-managed care program administered by 
a private insurance company, potentially underrep-
resenting differences between payer types.

In conclusion, we provide a comprehensive 
summary of fungal infections and associated risk 
conditions among hospitalized patients, including 
corresponding rate ratios by demographic and so-
cioeconomic factors. These findings are based on 
bivariate analysis, but future studies could use a 
multivariable analysis of the potential predictive 
weight of demographic and socioeconomic risk fac-
tors and >1 comorbidity to measure evaluated risk 
for fungal infection by type. Our findings suggest 
that differences in fungal infection diagnostic rates 
are associated with demographic and socioeco-
nomic factors. Because fungal infections increase 
mortality rates and healthcare costs, our results 
highlight an ongoing need for increased physician 

evaluation of risk for fungal infections, especially 
among minority and low-income populations that 
are disproportionately affected.
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The 4 common human coronaviruses (HCoVs), 2 
alpha (HCoV-NL63 and HCoV-229E) and 2 beta 

(HCoV-HKU1 and HCoV-OC43) types, generally 
cause mild upper respiratory illness. The HCoVs 
are endemic among humans, as evidenced by sus-
tained, widespread, continuous transmission, un-
like the betacoronaviruses SARS-CoV (detected in 
2002) and Middle East respiratory syndrome coro-
navirus (detected in 2012). An additional betacoro-
navirus, SARS-CoV-2, emerged in the human pop-
ulation in late 2019 and has become widespread. 
HCoVs circulate annually in the United States with 
a seasonal pattern, generally peaking during De-
cember–March and with the predominant types 
varying each year (1). 

Although HCoVs are known to have seasonal 
patterns, parameters of expected seasonality have 

not been defined. Given mitigation efforts and be-
havior changes resulting from the COVID-19 pan-
demic, national patterns of respiratory viruses, in-
cluding influenza, differed during the 2020–21 season 
compared with previous seasons (2). Knowledge of 
changes to seasonal patterns in HCoV circulation is 
valuable for clinical and public health preparedness 
and may provide insight into transmission patterns 
for novel HCoVs. We analyzed circulation of 4 com-
mon HCoVs in the United States during July 2014–
November 2021. 

Methods
We analyzed circulation of HCoVs (HCoV-NL63, 
HCoV-229E, HCoV-HKU1, and HCoV-OC43, ex-
cluding SARS-CoV-2) by using data from the Nation-
al Respiratory and Enteric Viruses Surveillance Sys-
tem (NREVSS, https://www.cdc.gov/surveillance/ 
nrevss/labs/map.html), a passive surveillance sys-
tem established by the Centers for Disease Control 
and Prevention (CDC) in the 1980s. NREVSS col-
lects respiratory virus testing results from laborato-
ries across the United States. Not all NREVSS labo-
ratories submit results for all pathogen types, and 
≈344 laboratories met the criteria for inclusion in 
our analysis. Clinical, public health, and commer-
cial laboratories submit weekly aggregated num-
bers of tests performed and detections determined 
by reverse transcription PCR for the 4 common 
HCoV types. Although most NREVSS participants 
provide aggregated data, NREVSS also collects 
specimen-level data from a subset of 57 laboratories 
through the Public Health Laboratory Interoperabil-
ity Project (PHLIP). Laboratories that submit data to 
NREVSS via PHLIP include information on patient  
age, administrative sex, and other respiratory virus 
test results.

Seasonality of Common  
Human Coronaviruses,  

United States, 2014–20211
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The 4 common types of human coronaviruses 
(HCoVs)—2 alpha (HCoV-NL63 and HCoV-229E) and 2 
beta (HCoV-HKU1 and HCoV-OC43)—generally cause 
mild upper respiratory illness. Seasonal patterns and an-
nual variation in predominant types of HCoVs are known, 
but parameters of expected seasonality have not been 
defined. We defined seasonality of HCoVs during July 
2014–November 2021 in the United States by using a 
retrospective method applied to National Respiratory 
and Enteric Virus Surveillance System data. In the 6 
HCoV seasons before 2020–21, season onsets occurred 
October 21–November 12, peaks January 6–February 
13, and offsets April 18–June 27; most (>93%) HCoV 
detection was within the defined seasonal onsets and 
offsets. The 2020–21 HCoV season onset was 11 weeks 
later than in prior seasons, probably associated with CO-
VID-19 mitigation efforts. Better definitions of HCoV sea-
sonality can be used for clinical preparedness and for de-
termining expected patterns of emerging coronaviruses.



Seasonality of Human Coronaviruses, United States

The first week in the second surveillance year 
when common coronaviruses were surveyed in 
NREVSS ended on July 5, 2014. We included reports 
of specimens tested for HCoVs in NREVSS from the 
week ending July 5, 2014, through the week ending 
November 6, 2021. We excluded HCoV results with-
out virus typing and data from laboratories that did 
not report any positive HCoV test results during 
the study period. We compiled total HCoV testing 
and positive detections by HCoV type, season, and 
US Census region. To characterize detections by pa-
tient age and sex, we used a subset of data submitted 
through PHLIP with specimens tested for all 4 HCoV 
types collected from June 29, 2014, through Novem-
ber 29, 2021 (because of data availability, we included 
a few additional weeks compared with NREVSS). We 
also examined codetection of HCoVs with other re-
spiratory viruses in the PHLIP subset, including para-
influenza viruses, respiratory syncytial virus (RSV), 
human metapneumovirus, human adenovirus, rhi-
novirus/enterovirus, and influenza A and B viruses. 
We excluded specimens with panpositive results for 
codetections in the PHLIP subset.

We evaluated the onset and offset of seasons 
between MMWR week 31 (early August) through 
MMWR week 30 of the following year (https://ndc.
services.cdc.gov/wp-content/uploads/MMWR_
Week_overview.pdf) by using a method from 
NREVSS previously validated for RSV detection. This 
method (retrospective slope 10 method) is character-
ized by a centered, 5-week moving average of weekly 
detections with each seasonal peak normalized to 
1,000 detections (3). We determined the absolute dif-
ference between normalized detections for each week 
and the previous week. We defined season onset as 
the second consecutive week with an absolute differ-
ence of >10 normalized detections and season offset 
as the last of 2 consecutive weeks when the number 
of normalized detections was greater than the num-
ber of normalized detections during the onset week. 
We determined seasonal characteristics nationally, in-
cluding season onset, peak, and offset as well as sea-
son duration and percentage of annual detections that 
occurred within the season. We calculated the mean 
MMWR week for which seasonal inflections occurred 
by taking the mean of the MMWR weeks of the 6 sea-
sons starting with 2014–15 and ending with 2019–20.

For our analyses, we used RStudio version 
1.4.1106 (https://www.rstudio.com). This study was 
reviewed by CDC and conducted consistent with ap-
plicable federal law and CDC policy (45 C.F.R. part 
46.102(l) (2), 21 C.F.R. part 56; 42 U.S.C. Sect. 241(d); 5 
U.S.C. Sect. 552a; 44 U.S.C. Sect. 3501 et seq.).

Results
We detected an HCoV of any type in 104,911 (3.6%) 
of 2,878,479 specimens with results submitted to 
NREVSS during the week ending July 5, 2014, 
through November 6, 2021. Among these 104,911 
specimens, 40.1% were positive for HCoV-OC43, 
27.8% for HCoV-NL63, 19.9% for HCoV-HKU1, and 
12.2% for HCoV-229E. Weekly testing volumes were 
higher during March 2020, the onset of the COVID-19 
pandemic, than during any other week in July 2014 
and November 2021 (Figure 1, panel A). The predom-
inant common HCoV type fluctuated by surveillance 
year (Figure 1, panel B).

In the 6 HCoV seasons before the COVID-19 
pandemic (i.e., excluding the 2020–21 season), sea-
sonal onsets were during October–November, peaks 
during January–February, and seasonal offsets dur-
ing April–June (Table 1; Figure 2). Specifically, the 
seasonal onset occurred on average during MMWR 
week 44 (range weeks 42–45), peak during week 4 
(range weeks 1–6), and offset during week 19 (range 
weeks 17–25) (Table 1; Figure 3); 93.2% of all HCoV 
detections occurred between the onset and offset. The 
mean duration of the 6 seasons before the 2020–21 
season was 25 weeks. The 2020–21 common HCoV 
season onset was delayed by 11 weeks compared 
with mean onset of prior seasons (Table 1; Figure 3). 
The number of days between onset and peak for the 
2020–21 season (119 days) was longer than the mean 
observed for the prior 6 seasons (88 days). By Novem-
ber 2021, normalized values had not reached the re-
quirement for offset for the 2020–21 season.

The predominant type of alpha HCoV was 
HCoV-NL63 during 4 of the 7 seasons (Figure 1, 
panel C). When positivity for either HCoV-229E or 
HCoV-NL63 was >4%, positivity for the other alpha 
HCoV was <1% (Figure 1, panel C). The predominant 
beta HCoV type was HCoV-OC43, in a biennial pat-
tern alternating with HCoV-HKU1 (Figure 1, panel 
D) except for 2017–18, when they were co-dominant. 
When positivity for either beta HCoV peaked at >4%, 
the other beta HCoV circulated at low levels (<1% 
positivity), except for the 2015–16 season (Figure 1, 
panel D). Across US Census regions, patterns of the 
predominant HCoV type were similar to national pat-
terns (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/28/10/22-0396-App1.pdf).

Among 82,768 specimens from PHLIP tested for 
the 4 HCoVs from June 29, 2014, through November 
29, 2021, any HCoV was detected in 5,204 (6.3%) (Ta-
ble 2). We excluded 3 specimens because their reports 
indicated positive results for all respiratory viruses. 
Among 80,574 PHLIP specimens with information on 
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patient sex, the percentage of specimens in which any 
HCoV was detected was similar among male (6.0%, 
2,617/43,694) and female (6.2%, 2,284/36,880) pa-
tients. Of the 4 types of HCoV, detection of HCoV-
OC43 was highest among children <1 years of age and 
adults 66–100 years of age (Table 2). HCoV-229E was 
detected in patients with the highest mean age and 
at the lowest percentages among children <5 years of 
age. Of specimens in which HCoV was detected, >1 
type was detected in 64/5,204 (1.2%) and another re-
spiratory virus was detected in 1,132/4,685 (24.2%); 

co-detection of influenza virus was most common 
(8.1%) (Table 3).

Discussion
During the 6 seasons of HCoV circulation before the 
COVID-19 pandemic in 2020–21, the relative consis-
tency of timing of seasonal onsets, peaks, and off-
sets indicates expected patterns in the seasonality of 
HCoVs in the United States. The predominant type 
of HCoV varied from season to season, but at least 1 
alpha HCoV and 1 beta HCoV circulated each season, 
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Figure 1. Total tests and percentage positivity of 4 common HCoVs from weekly aggregated data submitted to the National Respiratory 
and Enteric Virus Surveillance System, United States, July 2014–November 2021. A) Total specimens tested for all 4 HCoV types. 
B) Percentage positivity of the 4 HCoV types by week. C) Percentage positivity of the common alphacoronaviruses. D) Percentage 
positivity of the common betacoronaviruses. HCoVs, human coronaviruses.
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often in a biennial pattern, as in other northern lati-
tude countries (4,5). This biennial pattern may reflect 
cross-immunity and waning population-level immu-
nity to alpha and beta HCoVs from prior infections 
(6) because serologic and human studies suggest im-
munity to reinfection lasting ≈1 year (7,8).

Cross-reactive binding and neutralizing antibod-
ies seem to be higher among common HCoV types 

within a genus (9). SARS-CoV-2 cross-reactive se-
rum antibodies were present in serum before the 
COVID-19 pandemic, probably attributable to cross-
immunity from prior HCoV infections, but they have 
not been shown to be protective against SARS-CoV-2 
infection (10). Similarly, nonneutralizing antibodies 
to the common betacoronaviruses are boosted after 
SARS-CoV-2 infection (10), but potential effects of 
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Table 1. Onset, peak, and offset dates for 4 common HCoVs and percentage detection, by season, from weekly aggregated data 
submitted to the National Respiratory and Enteric Virus Surveillance System, United States, July 2014–November 2021* 

Season (MMWR wk) 
Date (MMWR wk) 

 
HCoV, % 

Onset Peak Offset OC43 NL63 HKU1 229E 
2014–15 (31–30) 2014 Nov 1 (44) 2015 Feb 7 (5) 2015 Jun 27 (25)  6.3 23.5 58.8 11.4 
2015–16 (31–30) 2015 Nov 7 (44) 2016 Feb 13 (6) 2016 May 14 (19)  31.1 34.8 29.4 4.8 
2016–17 (31–30) 2016 Nov 12 (45) 2017 Feb 4 (5) 2017 Apr 29 (17)  1.8 10.0 56.8 31.4 
2017–18 (31–30) 2017 Oct 21 (42) 2018 Jan 6 (1) 2018 Apr 21 (16)  33.5 39.3 25.8 1.4 
2018–19 (31–30) 2018 Nov 10 (45) 2019 Feb 9 (6) 2019 May 11 (19)  5.8 25.3 49.9 19.0 
2019–20 (31–30) 2019 Nov 2 (44) 2020 Jan 18 (3) 2020 Apr 18 (16)  51.9 29.5 14.2 4.3 
2020–21 (31–44) 2021 Jan 23 (03) 2021 May 22 (20) Not reached†  1.6 31.6 55.8 10.9 
*Dates for season onset, peak, and offset for all seasons are based on the retrospective slope 10 method, which uses a centered 5-week moving average 
of weekly detections with normalization to peak to define seasonal inflections. Seasons were defined as starting on MMWR week 31 (beginning of 
August) of each year through MMWR week 30 (end of July) of the following year (https://ndc.services.cdc.gov/wp-content/uploads/MMWR_Week_ 
overview.pdf). For the last 2020–21 season, data were included from August 2021–November 2022 because of the delayed seasonal start. The percent 
of positive detections by each HCoV type by season (with the denominator being total positive detections of any HCoV type for that season) is included in 
the final 4 columns. HCoV, human coronavirus. 
†By November of 2021, normalized values had not reached the requirement for offset for the 2020–21 season.  

 

Figure 2. Total number of detections of the 4 common HCoVs, by week and season, from weekly aggregated data submitted to the 
National Respiratory and Enteric Virus Surveillance System, United States, July 2014–July 2020. The 3 vertical dotted lines, left to right, 
indicate the week of season onset, peak, and offset for all types combined (black line). These seasonal inflections were defined by using 
the retrospective slope 10 method, which uses a centered 5-week moving average of weekly detections with normalization to peak. The 
type-specific curves depict the actual number of detections; the black curve depicts specimens with any HCoV detections normalized to 
a peak of 1,000. HCoVs, human coronaviruses.
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SARS-CoV-2 immunity on seasonal HCoV circulation 
remain unknown.

The seasonality of HCoVs probably results from 
a combination of viral, host, and environmental fac-
tors. In temperate climates, HCoVs circulate during 
the winter, aligned with cooler ambient temperature 
(11,12); seasonality is more varied and less predict-
able in tropical regions than in temperate regions 
(4,13). Colder temperatures are thought to improve 
the stability of enveloped viruses (14). In addition, 
lower temperatures lead to drying of airways and can 
increase host susceptibility to infection. Environmen-
tal factors can also lead to behavior change, which af-
fects the spread of HCoVs, such as from more indoor 
human contact during winter (14). Similarly, other 
widespread behavior changes could alter the season-
ality of HCoV circulation.

The pattern of HCoV circulation during the 
2020–21 season differed from that during prior sea-
sons; onset was delayed by 11 weeks compared with 

the mean of prior seasons, and duration to peak was 
extended. The 2020–21 season offset could not be de-
termined because the number of detections had not 
fallen to low enough levels at the time of this analysis. 
In the United States, the seasonal starts of RSV and 
parainfluenza virus circulation were delayed during 
2020–21, and influenza virus and human metapneu-
movirus circulation was attenuated (2,15). Activity 
of rhinovirus/enterovirus and human adenovirus 
was lower than usual at the beginning of the season, 
but activity increased to prepandemic levels later in 
the season. These changes are probably attributable 
in part to implementation of COVID-19 pandemic 
mitigation measures, such as decreased domestic and 
global travel, use of face masks, school and office clo-
sures, and physical distancing (2).

Certain clinical and phenotypic differences in the 
4 seasonal HCOVs have been observed (e.g., distribu-
tion of patient sex and age and virus pathogenicity). 
HCoV-OC43 has been reported as the most prevalent 
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Table 2. Percentage positivity of the 4 common HCoVs, by patient sex and age categories, Public Health Laboratory Interoperability 
Project, United States, July 2014-November 2021 

Patient category 
HCoV, no. detected/no. tested (%) 

Any OC43 NL63 HKU1 229E 
Total 5,204/82,768 (6.3) 2,056/82,768 (2.5) 1,519/82,768 (1.8) 962/8,276 (1.2) 732/82,768 (0.9) 
Sex      
 F 2,284/36,880 (6.2) 902/36,880 (2.4) 680/36,880 (1.8) 433/36,880 (1.2) 294/36,880 (0.8) 
 M 2,617/43,694 (6.0) 1,025/43,694 (2.3) 767/43,694 (1.8) 499/43,694 (1.1) 363/43,694 (0.8) 
Age group, y*      
 <1 578/4,788 (12.1) 271/4,788 (5.7) 144/4,788 (3.0) 110/4,788 (2.3) 62/4,788 (1.3) 
 1–5 795/9,501 (8.4) 349/9,501 (3.7) 271/9,501 (2.9) 146/9,501 (1.5) 47/9,501 (0.5) 
 6–17 517/9,568 (5.4) 147/9,568 (1.5) 207/9,568 (2.2) 92/9,568 (1.0) 77/9,568 (0.8) 
 18–65 2,738/50,240 (5.4) 994/50,240 (2.0) 781/50,240 (1.6) 566/50,240 (1.1) 425/50,240 (0.8) 
 >65 364/7,092 (5.1) 198/7,092 (2.8) 77/7,092 (1.1) 35/7,092 (0.5) 57/7,092 (0.8) 
*Mean age ( SD), y: any, 25.8 ( 22.7); OC43, 27.3 ( 25.3); NL63, 22.9 ( 20.5); HKU1, 24.0 ( 19.8); 229E, 29.9 ( 21.8). HCoV, human coronavirus. 

 

Figure 3. Percentage positivity 
and seasonal characteristics of 
common HCoVs, by season, from 
weekly aggregated data submitted 
to the National Respiratory 
and Enteric Virus Surveillance 
System, United States, October 
2014–September 2021. Gray 
vertical lines indicate the mean 
starting week dates for season 
onset, peak, and offset for all 
seasons except 2020–21, based 
on the retrospective slope 10 
method, which uses a centered 
5-week moving average of weekly 
detections with normalization to 
peak to define seasonal inflections. 
The average onset week for the 6 
seasons spanning 2014–2020 is 
MMWR week 44, average peak 
week is MMWR week 4, and the 
average offset week is MMWR week 19. For the 2020–21 season, the onset week is January 23 (MMWR week 3) and the peak week is 
May 22 (MMWR week 20) (not shown). HCoVs, human coronaviruses.
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of the 4 common HCoVs, consistent with our findings 
(12). A previous study reported male sex as being as-
sociated with higher odds of HCoV positivity (16), 
but in our study, likelihood of HCoV detection was 
not higher among male patients.

HCoVs circulate seasonally with other respira-
tory viruses, including RSV, influenza virus, and rhi-
noviruses; co-infections are not uncommon (17,18). 
We similarly show high levels of HCoV co-detections 
(24%), particularly with influenza virus, which is 
probably an underestimate because only influenza vi-
rus detections from respiratory panels are included in 
the PHLIP dataset. Further work is needed to under-
stand mechanisms of viral interference and the role of 
virus co-infections in the pathophysiology of illness 
and circulation of respiratory viruses.

Among the limitations of this investigation, test-
ing patterns for respiratory viruses changed during 
the 2020–21 season because of delayed routine health-
care and an emphasis on SARS-CoV-2 testing, which 
affects comparison with earlier seasons. The represen-
tativeness of co-detections reported (i.e., true burden 
of illness) could not be evaluated because this PHLIP 
platform does not include reasons for testing (e.g., 
symptomatic disease); positive detections may be 
more likely to be reported than negative detections. 
The NREVSS platform represents a geographically 
heterogenous subset of all US laboratories but may 
not be nationally or locally representative. Further-
more, types of laboratory participation and the pro-
cess for obtaining the subset of specimen level data 
for PHLIP are not fully comparable with the overall 
NREVSS platform.

According to our analysis, a typical common 
HCoV season in the United States generally starts 
during October–November, peaks near the end of 
January, and ends during April–June. This knowl-
edge of expected seasonal variation in HCoV circula-
tion is useful for public health preparedness and clini-

cal management of patients. Clinicians and the public 
health community should be aware that patterns of 
HCoV circulation changed during 2020–21 and that 
trends in future seasons may also deviate from trends 
before the COVID-19 pandemic.
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etymologia revisited
Escherichia coli
[esh”ə-rik’e-ə co’lī]

A gram-negative, facultatively anaerobic rod, Escherich-
ia coli was named for Theodor Escherich, a German-

Austrian pediatrician. Escherich isolated a variety of bac-
teria from infant fecal samples by using his own anaerobic 
culture methods and Hans Christian Gram’s new stain-
ing technique. Escherich originally named the common  
colon bacillus Bacterium coli commune. Castellani and Chalm-
ers proposed the name E. coli in 1919, but it was not officially 
recognized until 1958.

Sources: 
  1.	 Oberbauer  BA. Theodor Escherich—Leben und Werk. Munich:  

Futuramed-Verlag; 1992.
2.	 Shulman  ST, Friedmann  HC, Sims  RH. Theodor Escherich: the first 

pediatric infectious diseases physician? Clin Infect Dis. 2007;45:1025–9 . 



The emergence of new SARS-CoV-2 variants with 
antibody-evading mutations raises concerns 

about variable levels of protection against infection 
after prior infection or vaccination (1). The Omicron 
variant is genetically divergent from previous vari-
ants, exacerbating these concerns (1). Reinfection 
with SARS-CoV-2 after previous infection has been 
demonstrated through a comparison of viral ge-
nomes collected from the same person (2). However, 
without genomic sequencing, reinfection can be dif-
ficult to distinguish from prolonged viral shedding. 
Available evidence suggests an interval of at least 90 

days between positive tests is more likely to indicate 
reinfection than prolonged viral shedding (3).

Public health authorities at the Southern Nevada 
Health District (SNHD) conducted surveillance of sus-
pected reinfections in Clark County, Nevada, USA, to 
determine whether previously infected persons were 
protected against reinfection with new variants and 
to estimate the proportion of COVID-19 cases that 
occurred among persons with previous SARS-CoV-2 
infections. SNHD also compared rates of suspected 
reinfection between demographic groups to charac-
terize the groups most affected by suspected rein-
fection in Clark County and determine whether any 
groups were disproportionately affected. We report 
findings from surveillance of suspected reinfection 
with SARS-CoV-2 and rates of suspected reinfection 
among demographic groups in Clark County during 
March 2020–March 2022.

Methods
Health care providers, medical facilities, laborato-
ries, and other out-of-state health departments report 
positive SARS-CoV-2 PCR test results for residents of 
Clark County to SNHD. These results are collected 
in an electronic disease surveillance system. We cal-
culated intervals between the specimen collection 
date from each person’s initial positive PCR test and 
subsequent positive PCR tests. We considered a sub-
sequent positive PCR test with specimen collection 
>90 days after specimen collection of the initial posi-
tive PCR test to be a suspected reinfection (3). Repeat 
positive PCR tests with specimen collection dates <90 
days after the specimen collection of an initial posi-
tive PCR test were not considered suspected reinfec-
tions and were excluded from the analysis. 

We calculated the proportion of new cases per week 
that were suspected reinfections by dividing the num-
ber of suspected reinfections by all new PCR-identified 
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Genetic differences between SARS-CoV-2 variants 
raise concerns about reinfection. Public health authori-
ties monitored the incidence of suspected reinfection in 
Clark County, Nevada, USA, during March 2020–March 
2022. Suspected reinfections, defined as a second posi-
tive PCR test collected >90 days after an initial posi-
tive test, were monitored through an electronic disease 
surveillance system. We calculated the proportion of all 
new cases per week that were suspected reinfections 
and rates per 1,000 previously infected persons by de-
mographic groups. The rate of suspected reinfection re-
mained <2.7% until December 2021, then increased to 
≈11%, corresponding with local Omicron variant detec-
tion. Reinfection rates were higher among adults 18–50 
years of age, women, and minority groups, especially 
persons identifying as American Indian/Alaska Native. 
Suspected reinfection became more common in Clark 
County after introduction of the Omicron variant, and 
some demographic groups are disproportionately af-
fected. Public health surveillance could clarify the SARS-
CoV-2 reinfection burden in communities. 
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cases during the same week. We also identified suspect-
ed third infections, defined as a third positive PCR test 
collected at least 90 days after specimen collection of a 
second positive PCR test that met the above definition 
of suspected reinfection (3). Because of a small number 
of suspected third infections, we did not calculate the 
proportion of cases for suspected third infections. 

We gathered demographic information from case 
investigation data. We calculated the rate of suspect-
ed reinfections per 1,000 previously infected persons 
by age group, sex, and race/ethnicity. We calculated 
odds ratio (OR), 95% CI, and p value by using logistic 
regression and performed all analyses in SAS version 
9.4 (SAS Institute Inc., https://www.sas.com). This 
activity was reviewed by the US Centers for Disease 
Control and Prevention (CDC) and was conducted 
consistent with CDC policy and applicable federal 
law, including the following Code of Federal Regula-
tions (CFR) and US Code (USC): 45 CFR part 46; 21 
CFR part 56; 42 USC Section 241(d); 5 USC Section 
552a; 44 USC Section 3501 et seq. 

Results
During March 2020–April 2, 2022, SNHD identified 
19,589 suspected reinfections in Clark County; rein-
fections began occurring in June 2020. The incidence 
of suspected reinfection remained <0.5% of new cases 
until February 2021 (Figure 1). During the last week 
of February 2021, the incidence increased to ≈2% of all 
new cases. This increase in suspected reinfections oc-
curred after the Alpha variant (B.1.1.7) was detected in 
Clark County in late January 2021 (4). During March 
2021–November 2021, incidence of suspected reinfec-
tion remained at 1%–2.7% of cases, even after the Delta 

variant was detected in Clark County in May 2021 (5). 
In December 2021, we observed a rapid increase in the 
incidence of suspected reinfection, from 2% during 
the week of December 5–11 to 11% during the week 
of December 19–25. This rapid increase corresponded 
with an unprecedented rise in first-time infections and 
detection of the Omicron variant, which was reported 
in Clark County on December 14, 2021 (6). Although 
the weekly number of both suspected reinfections and 
first-time infections decreased substantially after a 
peak during the first week of January 2022, the propor-
tion of suspected reinfection cases remained elevated, 
near 11%, through March 2022.

The rate of suspected reinfection was highest 
among adults 18–49 years of age; rates were 49/1,000 
cases for persons 18–24 years of age and 46/1,000 
cases for persons 25–49 years of age (Table). The odds 
that children <5 years of age were reinfected (15/1,000 
cases; OR 0.30, 95% CI 0.26–0.35) was 70% lower than 
that for adults 18–24 years of age. Adults >65 years 
of age had 58% lower odds of suspected reinfection 
(rate 21/1,000 cases; OR 0.42, 95% CI 0.40–0.45) than 
adults 18–24 years of age. Women had a higher sus-
pected reinfection rate (44/1,000 cases) than men 
(33/1,000 cases) and had 36% higher odds of suspect-
ed reinfection compared with men (OR 1.36, 95% CI 
1.32–1.40). Persons identifying as American Indian/
Alaska Native had a higher rate of suspected rein-
fection (53/1,000 cases) than other racial and ethnic 
groups; persons identifying as Hispanic had rates of 
48/1,000 cases, persons identifying as multiracial had 
43/1,000 cases, and persons identifying as non-His-
panic Black had 40/1,000 cases. We observed lower 
suspected reinfection rates among persons identifying 
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Figure 1. SARS-CoV-2 cases 
and suspected reinfections, 
Clark County, Nevada, USA, 
March 2020–March 2022. 
Dotted lines show timeframe for 
identification of Alpha, Delta, and 
Omicron SARS-CoV-2 variants 
in Clark County. New cases were 
defined as a first positive SARS-
CoV-2 PCR test for a person. 
Suspected reinfections were 
defined as a second positive 
SARS-CoV-2 PCR test collected 
>90 days after a person’s first 
positive PCR test. 
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as Asian or Pacific Islander (38/1,000 cases) and non-
Hispanic White (35/1,000 cases). We observed higher 
odds of suspected reinfection among all non-White 
racial and ethnic groups compared with non-Hispan-
ic White, but we did not see statistically significant 
differences among persons identifying as multiracial 
(OR 1.26, 95% CI 0.98–1.62; p = 0.077) (Table).

From the beginning of March 2021 through April 
2, 2022, we identified 161 suspected third infections 
among Clark County residents. Thirteen of those infec-
tions occurred sporadically from March 2021 through 
the week of December 12–18, 2021. Beginning the 
week of December 19–25, the rate rapidly increased, 
and 92% (148/161) of the suspected third infections 
occurred after the Omicron variant was detected. The 
number of suspected third infections declined during 
January–March 2022, mirroring trends in primary in-
fections and suspected reinfections (Figure 2).

Discussion
This population-level analysis shows that suspected 
SARS-CoV-2 reinfections were relatively rare in Clark 
County before the Omicron variant was detected but 
that suspected reinfection accounted for a substan-
tially higher proportion of COVID-19 cases during 
December 2021–March 2022. Although the weekly 
number of suspected reinfections fell in concert with 
the number of primary cases, the proportion of all 
cases that were suspected reinfections remained 
around peak levels of 11%. This trend is consistent 
with reports from other jurisdictions (7) and sup-
ports the hypothesis that prior infection might be less 
protective against infection with the Omicron vari-
ant than against previous SARS-CoV-2 variants (1,8). 
Suspected third infections were rare in Clark County 

but increased during December 2021 after the Omi-
cron variant was detected, suggesting multiple SARS-
CoV-2 infections might occur more frequently as ge-
netically diverse variants are introduced.

Among previously infected persons, the incidence 
of suspected reinfection was highest among adults <50 
years of age, women, and persons identifying as Ameri-
can Indian/Alaska Native. We also observed elevated 
incidence among persons identifying as Hispanic, mul-
tiracial, non-Hispanic Black, and Asian or Pacific Island-
er compared with persons identifying as non-Hispanic 
White. This finding might indicate a higher risk for re-
peated exposure among these groups. These disparities 
mirror disparities observed among primary cases in 
Clark County, except for a comparatively low rate of pri-
mary infection observed among persons identifying as 
American Indian/Alaska Native (9) but a comparative-
ly high rate of suspected reinfection among this group. 
This discrepancy is notable; however, race and ethnicity 
data were missing for ≈26% of persons with primary in-
fections and 21% of persons with suspected reinfection. 
We do not know whether this finding would persist if 
the data were more complete.

The first limitation of our study is that we only ex-
amined suspected reinfections meeting the 90-day in-
terval criteria. We did not confirm reinfection by using 
viral genomic sequencing or other data, such as known 
COVID-19 exposure before a second occurrence or 
negative test between occurrences. We did not identify 
reinfection cases occurring within the 90-day interval, 
regardless of viral genomic sequencing or clinical sus-
picion of reinfection. Second, we did not match viral 
lineage data to specimens from suspected reinfections, 
so the rapid increase in suspected cases cannot de-
finitively be linked to the Omicron variant. However, 
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Table. Characteristics of persons with suspected SARS-CoV-2 reinfections, Clark County, Nevada, USA, December 2021 

Characteristics 
Suspected reinfection rate 
per 1,000 primary cases Odds ratio (95% CI) p value 

Age group, y 
   

 0–4  15 0.30 (0.26–0.35) <0.0001 
 5–17  29 0.58 (0.55–0.62) <0.0001 
 18–24 49 Referent Referent 
 25–49 46 0.95  (0.91–0.99) 0.0246 
 50–64 33 0.66 (0.63–0.69) <0.0001 
 >65 years 21 0.42 (0.40–0.45) <0.0001 
Sex 

   

 F 44 1.36 (1.32–1.40) <0.0001 
 M 33 Referent Referent 
Race/ethnicity* 

   

 American Indian/Alaska Native 53 1.55 (1.10–2.19) 0.0116 
 Asian or Pacific Islander 38 1.08 (1.02–1.14) 0.0087 
 Black 40 1.17 (1.10–1.23) <0.0001 
 Hispanic 48 1.40 (1.34–1.45) <0.0001 
 Multiracial 43 1.26 (0.98–1.62) 0.0771 
 White 35 Referent Referent 
*Hispanic persons could be of any race; American Indian/Alaska Native, Asian or Pacific Islander, Black, White, and multiracial persons were non-
Hispanic. 
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by the week of December 19, 2021, 79% of sequenced 
samples from Clark County were the Omicron variant, 
and that proportion continued to increase through Jan-
uary 2022 (10). Finally, the large proportion of missing 
race and ethnicity data adds uncertainty to findings re-
garding the racial and ethnic groups most affected. By 
comparison, age and sex data were missing for <1% of 
persons. Some occupational or demographic groups, 
such as healthcare workers and college students, might 
undergo COVID-19 screening more frequently than 
others (11), which could lead to a disproportionate re-
duction of missed diagnoses among some groups and 
affect incidence estimates of primary infections and 
suspected reinfections.

Additional data of interest, including vaccination 
status, prior health status, and illness severity, were 
not available for this analysis. Other studies have 
observed reduced risk for severe illness during sus-
pected reinfection compared with primary infection 
(12,13). As with primary infection, older age, male 
sex, and comorbidities have been described as risk 
factors for severe outcomes during reinfection (12).

COVID-19 vaccination has been associated with 
reduced risk for reinfection (14) and reduced risk for 
intensive care unit admission during reinfection (12). 
By the end of March 2022, ≈91% of Nevada residents 
>70 years of age had initiated COVID-19 vaccination, 
more than any other age group in the state (15). Vac-
cination might contribute to the relatively lower rates 
of suspected reinfection we observed among older 
persons in Clark County during this investigation. 
However, children <5 years of age were not eligible for 
COVID-19 vaccination until June 2022 (16), so vaccina-
tion rates do not explain the relatively lower rates of 
suspected reinfection we observed among young chil-
dren. The proportion of other adult groups initiating 
vaccination in Nevada ranged from ≈61% for persons 
20–29 years of age to ≈84% for persons 60–69 years 

of age (15). During the same timeframe, ≈54% of Ne-
vada residents identifying as Asian or Pacific Islander 
had initiated COVID-19 vaccination, as had ≈53% of 
residents identifying as Hispanic and ≈44% of those 
identifying as non-Hispanic White (15). Vaccination 
initiation was lower among persons identifying as 
non-Hispanic Black (≈40%) and American Indian or 
Alaska Native (33%) (15). Lagging vaccination rates 
among racial and ethnic minority groups could be a 
contributing factor to the higher rates of suspected re-
infection observed among these groups. However, the 
higher rates of vaccine initiation among Nevada resi-
dents and higher rates of suspected reinfection among 
Clark County residents identifying as Asian or Pacific 
Islander and Hispanic compared with those identify-
ing as non-Hispanic White suggest a different factor 
driving risk for reinfection among these groups. 

Reduced vaccine effectiveness (VE) against  
COVID-19–associated emergency department and ur-
gent care encounters and hospitalizations has been 
observed during the Omicron wave compared with 
the Delta wave (17). However, VE against hospitaliza-
tion was still high during the Omicron wave, especially 
among persons who received a second vaccine dose 
within 180 days before the healthcare encounter (VE 
81%, 95% CI 65%–90%) and persons who received a 
third dose (VE 90%, 95% CI 80%–94%) (17). In our anal-
ysis, we did not know whether persons with suspected 
reinfection were vaccinated, the interval between vacci-
nation and second positive test, or whether illness sever-
ity during reinfection was different between vaccinated 
and unvaccinated persons. Vaccination status is only 
one of many factors, including occupational and social 
exposures, that likely influence risk for reinfection.

Although formerly rare, suspected SARS-CoV-2 
reinfection has occurred more frequently in Clark 
County after the emergence of the Omicron variant. 
Several factors might contribute to reduced protection 
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Figure 2. Suspected third 
SARS-CoV-2 infections, 
Clark County, Nevada, USA, 
March 2021–March 2022. 
Dotted lines show timeframe 
for identification of Delta and 
Omicron SARS-CoV-2 variants 
in Clark County. Suspected 
third infections were defined 
as a third positive PCR test 
collected >90 days after a 
second positive test collected 
>90 days after a person’s initial 
positive PCR test.
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against repeated infection, including the emergence 
of variants capable of immune evasion and waning 
immunity as the interval from initial infection or vac-
cination increases for many persons (18,19). Some de-
mographic groups are disproportionately affected by 
suspected reinfection in Clark County. Further inves-
tigation into factors driving these disparities could in-
form prevention measures. Further investigation also 
might help determine impacts of these disparities, 
such as the burden of severe disease, the economic 
burden of repeated isolation and quarantine, and 
whether the same disparities are observed in other ju-
risdictions. Public health surveillance is necessary to 
clarify the burden of SARS-CoV-2 reinfection in com-
munities. COVID-19 vaccination is one essential tool 
to help prevent SARS-CoV-2 reinfection and reduce 
disease severity when reinfection occurs, and vacci-
nation efforts could help curb reinfection risk.
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Monkeypox, a zoonotic infectious disease caused 
by monkeypox virus (MPXV; genus Orthopox-

virus [OPXV]), is endemic to West and Central Af-
rica. After its discovery in 1958, the virus had not 
been reported in humans outside its endemic range 
until 2003, when a shipment of MPXV-infected small 
mammals was transported from Ghana to the United 
States, causing secondary animal and human infec-
tions (1). Genomic sequencing of isolates of MPXV 

across its endemic range indicates the existence of 
2 clades: West African (WA) and Congo Basin; WA 
MPXV has a lower mortality rate (2).

Transmission is known to occur by direct contact 
with infectious lesion material or bodily fluids of an 
infected human or animal or by inhalation of respira-
tory secretions during prolonged, face-to-face contact 
(3,4). In addition, transmission might occur by direct 
contact with objects or materials contaminated with 
MPXV, although documented occurrences are rare 
(5,6). Poxvirus lesions, their exudates (vesicular or 
pustular fluid), and crusts contain viable virus (3,4). 
Poxvirus virions within lesion material shed during 
infection are known to be more resistant to desicca-
tion than for other enveloped viruses (e.g., influenza 
viruses, rubella virus) because the virions are tightly 
bound with the fibrin matrices of the scab/crust ma-
terial (7,8). This feature can lead to long-term environ-
mental persistence of OPXVs.

Studies with variola (causative agent of small-
pox) and vaccinia viruses demonstrated that if con-
taminated material is maintained in an environment 
that has low humidity, low temperature, and remains 
protected from UV radiation, the viral particles can 
remain viable for months to years (9,10). One study 
demonstrated the extreme longevity of variola virus 
in lesion scabs stored within an envelope in a cup-
board; the virus remained viable for 13 years until the 
sample was used to completion (11). This longevity is 
striking; however, the infectivity of variola scabs alone 
is believed to be low based on epidemiologic and 
laboratory data (11–14). Vesicular fluid from OPXV 
lesions and other secretions generally have lower per-
sistence in some laboratory studies than scabs (15,16). 
Outside of insights gained from other OPXVs, the 

Environmental Persistence  
of Monkeypox Virus on Surfaces  

in Household of Person with  
Travel-Associated Infection,  

Dallas, Texas, USA, 2021
Clint N. Morgan, Florence Whitehill, Jeffrey B. Doty, Joann Schulte, Audrey Matheny,  
Joey Stringer, Lisa J. Delaney, Richard Esparza, Agam K. Rao, Andrea M. McCollum

1982	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022	

RESEARCH

Author affiliations: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA (C.N. Morgan, F. Whitehill, J.B. Doty,  
A. Matheny, L.J. Delaney, A. K. Rao, A.M. McCollum; Dallas  
County Health and Human Services, Dallas, Texas, USA  
(J. Schulte, J. Stringer, R. Esparza)

DOI: https://doi.org/10.3201/eid2810.221047

In July 2021, we conducted environmental sampling at 
the residence of a person in Dallas, Texas, USA, who had 
travel-associated human West African monkeypox virus 
(MPXV-WA). Targeted environmental swab sampling was 
conducted 15 days after the person who had monkeypox 
left the household. Results indicate extensive MPXV-WA 
DNA contamination, and viable virus from 7 samples was 
successfully isolated in cell culture. There was no statistical 
difference (p = 0.94) between MPXV-WA PCR positivity of 
porous (9/10, 90%) vs. nonporous (19/21, 90.5%) surfaces, 
but there was a significant difference (p<0.01) between via-
ble virus detected in cultures of porous (6/10, 60%) vs. non-
porous (1/21, 5%) surfaces. These findings indicate that 
porous surfaces (e.g., bedding, clothing) may pose more 
of a MPXV exposure risk than nonporous surfaces (e.g., 
metal, plastic). Viable MPXV was detected on household 
surfaces after at least 15 days. However, low titers (<102 
PFU) indicate a limited potential for indirect transmission.
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longevity and environmental persistence of MPXV 
is largely unknown, including within a household 
environment. Considering the increasing frequency 
of monkeypox cases being exported from disease-
endemic areas (17–20), and the concern for secondary 
infections among household contacts, there is a need 
for more specific information on transmission risks 
due to contaminated fomites in the household.

On July 16, 2021, the US Centers for Disease 
Control and Prevention (CDC) confirmed a WA 
MPXV infection in a man (US resident) who had 
recently traveled from Lagos, Nigeria, to Dallas, 
Texas, USA. This case was the first MPXV infec-
tion reported in the United States since the 2003 
outbreak, prompting an immediate response and 
investigation. The person who had monkeypox ar-
rived in Dallas on July 9 and stayed in a household, 
a 1-bedroom residence that had no other occupants, 
for 4 days before coming to the hospital for treat-
ment (17). During these 4 days, the man was in the 
household and had a disseminated purulent rash 
(17). We conducted environmental sampling within 
the residence and assessed the viral load and vi-
ability of virus present on commonly used surfaces 
and objects within the household.

Methods

Site Information
Environmental sampling took place in July 2021, 15 
days after the person who had monkeypox departed 
the residence for the hospital. The person was inter-
viewed by CDC, Dallas County Health and Human 
Services, and hospital officials regarding condition of 
residence, activities within the household before hos-
pital admittance, and locations of potentially soiled 
materials and high-touch objects. We recorded notes 
on specific location, soiled condition of surfaces, and 
light exposure for each sample collected.

Personal Protective Equipment
Personnel performing the household environmental 
sampling were vaccinated with ACAM2000 (Sanofi 
Pasteur, https://www.sanofi.com), in accordance 
with recommendations for personnel at risk for oc-
cupational exposure to OPXVs (21). Before entering 
the residence, the sampling team donned personal 
protective equipment, including Tyvek (DuPont, 
https://www.dupont.com) coverall with hood, inner 
and outer nitrile gloves, fit-tested N95 filtering face-
piece respirator, and face shield. Because of the public 
setting, discretion was used when entering the resi-
dence, avoiding areas of high visibility, and personal 

protective equipment was donned at the exterior en-
trance immediately before entering.

Sample Collection
The sampling team collected swab samples from 
high-use objects and environmental surfaces with-
in the household that would probably have had 
direct contact with the person who had monkey-
pox and objects that appeared visibly soiled. Indi-
vidually wrapped sterile cotton-tipped applicator 
swabs (Puritan, https://www.puritanmedprod-
ucts.com) were removed from their packaging and 
prewetted by inserting into a corresponding labeled  
2-mL cryotube (Sarstedt, https://www.sarstedt.
com) filled with 300 µL of phosphate-buffered sa-
line (PBS; pH 7.4). The swab was then immediately 
applied to the environmental surface and swabbed 
vigorously for 10 seconds while rotating the swab 
to ensure all sides of the swab contact the environ-
mental surface. On all surfaces and objects, an ap-
proximate area of 2 in2 was swabbed, and if soiled, 
the soiled area was targeted. Aseptic techniques 
were used, and outer gloves were changed between 
samples or if soiled. There is not a fully validated 
environmental sampling method for OPXVs, so the 
sampling procedure was adapted from similar stud-
ies with vaccinia virus and SARS-CoV-2 (22,23).

Sample Processing and PCR Testing
We stored all swab samples and shipped them in 
sealed 2-mL cryotubes containing ≈300 µL PBS and 
kept refrigerated (2°C–4°C) until processing. We 
transferred swabs and the 300 µL of sterile PBS with-
in the tube to the swab extraction tube system (SETS; 
Roche, https://www.roche.com). We then centri-
fuged SETS tubes at 6,000 rpm for 1 min to collect the 
elute, after which we discarded inner SETS tubes and 
swabs. We aliquoted 100 µL of swab eluate and used 
it for DNA extraction; the remaining eluate was kept 
for viral titration. We extracted DNA from all sam-
ples by using the EZ1 DNA Tissue Kit and Biorobot 
System (QIAGEN, https://www.qiagen.com). We 
screened all samples for MPXV DNA by real-time 
PCR using the WA MPXV-specific assay (24) on the 
VIIA7 Real-Time PCR System (Applied Biosystems, 
https://www.thermofisher.com).

Virus Isolation and Titration
We put swab eluate from all samples into cell culture 
to attempt virus isolation and assess presence of vi-
able virus. We added a 100-μL aliquot of swab eluate 
to BSC-40 cell monolayers (African green monkey kid-
ney cell line) in T-25 cell culture flasks and incubated 
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at 35.5°C in an atmosphere of 6% CO2, in Roswell Park 
Memorial Institute medium as described (25). We ob-
served infected T-25 flasks daily for cytopathic effect 
(CPE), incubated for a maximum of 14 days or until 
positive. We harvested material from flasks if consid-
ered positive for viable virus (successful viral isolation 
attempt), when ≈100% of monolayer showed CPE ac-
tivity. For an additional confirmation of the success-
ful virus isolation attempt, we tested an aliquot of the 
harvested flasks material by using PCR.

Swabs collected from environmental surfaces 
might result in bacterial or fungal contamination dur-
ing virus isolation attempts. To help mitigate bacterial 
or fungal overgrowth in T-25 flasks, we supplement-
ed cell culture medium with penicillin/streptomycin, 
amphotericin B, and gentamicin. If either bacterial or 
fungal contamination was identified, 4 cycles of re-
moving medium and adding fresh medium to wash 
monolayers was conducted as often as necessary to 
prevent overgrowth.

After PCR and attempt at virus isolation, samples 
from which virus was isolated were evaluated by us-
ing viral titration accords to methods described (26). 
Because of low sample volume, we added 50 μL of 
PBS diluent to 100 μL of swab eluate from each posi-
tive sample and serially diluted them in 2% Roswell 
Park Memorial Institute medium, and we added 650 
μL of each dilution to 6-well plates in duplicate on 
BSC-40 cell monolayers. We incubated plates at 35.5°C 
in an atmosphere of 6% CO2. After a 72-hour incuba-
tion period, we inactivated and stained plates with 2× 
formalinized crystal violet stain and then enumerated 
plaques. Titers are expressed as PFU/mL.

Statistical Analyses
We performed statistical analyses to compare PCR 
positivity, average cycle threshold (Ct) value, and 
viral culture positivity of environmental swab sam-
ples from porous and nonporous surface types col-
lected in the household. We conducted statistical 
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Table 1. Objects and surfaces swabbed during environmental sampling of residence of a patient who had monkeypox, Texas, USA, 2021*  

Object/surface Room, specific location 
Sample from visibly 

soiled surface 
Sample 

exposed to UV 
Surface 

type 
Mean cycle 
threshold 

Viral culture 
result, PFU/mL 

Paper towels Bedroom, on bed Yes Low Porous 16.1 <1 × 102 
Underwear Bedroom, on bed Yes No Porous 17.9 <1 × 102 
Underwear Bedroom, on bed Yes No Porous 19.3 3.2 × 102 
Blanket Living room, on couch Yes Low Porous 20.3 <1 × 102 
Towel Living room, on couch Yes Low Porous 20.3 <1 × 102 
Disinfectant wipes Bedroom, bedside table No Low Porous 21.9 ‒ 
Towel Bedroom, on bed Yes Low Porous 22.3 ‒ 
Mattress cover Bedroom closet, in hamper Yes No Porous 23.1 <1 × 102 
Towel Bedroom, near bathroom Yes Low Porous 36.7 ‒ 
Underwear Bedroom, near bathroom Yes No Porous UND ‒ 
Coffee table top Living room, edge  

near couch 
No Low Nonporous 21.6 <1 × 102 

Bedside table Bedroom, at bedside No Low Nonporous 21.7 ‒ 
Sink knobs Bathroom, at sink near entry No Low Nonporous 22.3 ‒ 
Bathtub drain Bathroom, in bathtub No Low Nonporous 24.4 ‒ 
Toilet seat Bathroom, on toilet Yes Low Nonporous 24.7 ‒ 
Light switch Bathroom, at entrance 

above sink 
Yes Low Nonporous 25.0 ‒ 

Closet doorknob Outer knob of closet  
door in bedroom 

No Low Nonporous 25.2 ‒ 

Dresser top Bedroom, near entry No Low Nonporous 25.9 ‒ 
Refrigerator handle Kitchen, on refrigerator door Yes Low Nonporous 26.7 ‒ 
Toilet handle Bathroom, on toilet No Low Nonporous 26.7 ‒ 
Bathtub faucet Bathroom, in 

bathtub/shower unit 
No Low Nonporous 26.9 ‒ 

Doorknob Inner knob of bathroom door No Low Nonporous 27.3 ‒ 
Freezer handle Kitchen, on freezer door No Low Nonporous 28.2 ‒ 
Cell phone Living room, on coffee table No Low Nonporous 28.3 ‒ 
Light switch Bedroom, at entrance  

above dresser 
No Low Nonporous 33.3 ‒ 

Light switch Kitchen, on wall No Low Nonporous 33.5 ‒ 
Light switch Living room, near front door No Low Nonporous 33.9 ‒ 
Power strip button Bedroom, on floor along bed No Low Nonporous 34.2 ‒ 
Television remote Living room, on TV stand No Low Nonporous 35.7 ‒ 
Microwave handle Kitchen, on microwave No Low Nonporous UND ‒ 
Closet light switch Bedroom, next to  

closet door 
No Low Nonporous UND ‒ 

*UND, undetermined (below detectable limit); ‒, negative. 
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analyses by using OpenEpi version 3.01 (https://
www.OpenEpi.com).

Results

Site Information
We conducted interviews with the person who had 
monkeypox detailed limited activities within the 
household during the 4-day period between returning 
from travel and admittance to the hospital. The person 
reported sleeping/resting on the bed in the bedroom, 
spending prolonged time on 2 couches in the living 
room, showering, and retrieving food from the kitchen 
refrigerator. The person detailed the location of cloth-
ing items worn during travel, as well as other cloth-
ing worn while in the household. The heating, ventila-
tion, and air conditioning system of the residence was 
turned off when the person left for the hospital. The 
exact environmental conditions within the residence 
for 15 days are unknown, although it is probable they 
were nearing the external environmental conditions; 
the mean temperature was 86°F (range 73°F–101°F) 
and mean relative humidity 63% (range 49%–76%) 
(27). Within the residence, we collected 31 environmen-
tal swab samples. Of these 31 samples, 10 (32%) were 
from items and surfaces made of porous material, such 
as cloth and paper, and 21 (68%) were from nonporous 
material, such as sealed wood and plastic (Table 1).

All windows were covered with closed blinds, 
enabling limited sunlight into the household. Sun-
light (UV) exposure is denoted as no UV, indicating 
surface sampled was completed covered or kept in 
dark room, or low UV, indicating surface was uncov-
ered and exposed to the low ambient light environ-
ment of the household (Table 1).

PCR Testing
Overall, 27 (87%) samples amplified MPXV-WA 
DNA, and the mean cycle threshold (Ct) value was 
25.83 (range 16.14–36.74). Swabs collected from po-
rous materials were 90% (9/10) PCR positive, and 
those collected from nonporous materials were 90.5% 
(19/21) PCR positive (p = 0.94) (Table 2). Porous 
materials had higher detectable levels of viral DNA 
(Ct  21.98) than did nonporous materials (Ct  27.65) 
(p<0.01) (Table 2). Among the PCR-positive swabs, 

detectable levels of viral DNA in each room within 
the household was, in order of highest to lowest: 
closet (Ct  23.08, n = 1); bedroom (Ct  24.96, n = 13); 
bathroom (Ct 25.33, n = 7); living room (Ct  26.66, n = 
6); and kitchen (Ct 29.44, n = 4) (Table 1). Cell culture 
isolates considered positive were also tested by using 
PCR, and all were positive (Ct range 14.2–16.0).

Virus Isolation and Titration
Viral isolation was attempted from all 31 swab sam-
ples, and 7 (23%) contained viable virus (Table 1). 
Virus isolation was successful with 23% (3/11) of 
swabs from the bedroom, 50% (3/6) from the living 
room, and 1 sample collected from a used mattress 
cover in the closet. Overall, 60% (6/10) of porous ma-
terials contained viable virus, and only 5% (1/21) of 
nonporous materials contained viable virus (p<0.01) 
(Table 2). The appearance of the first signs of CPE in 
the successful virus isolation attempts ranged from 
2 to 8 (mean 5) days postinfection. We harvested 
material from flasks when CPE affected 100% of the 
monolayer at 6–12 (mean  9) days postinfection. We 
observed limited bacterial or fungal contamination in 
this study; only 1 sample (bathtub faucet) required >3 
monolayer washes to curtail bacterial overgrowth.

Of the 7 culture-positive swab specimens, 6 were 
below the detectable limit (2.1 × 102 PFU) of the titra-
tion assay (titers <1 × 102 PFU/mL). Only sample TX-
23 had a quantifiable titer of 3.2 × 102 PFU/mL.

Discussion
In this real-world setting, targeted sampling of high-
use surfaces and objects was effective at detecting 
MPXV DNA and viable virus. MPXV DNA was 
found throughout the household, indicating exten-
sive spread of viral material, probably a result of the 
man having an extensive purulent rash develop. Our 
study demonstrated the ability of MPXV to persist in a 
household environment for at least 15 days. Previous 
studies with vaccinia and variola viruses demonstrate 
the capability of OPXVs to persist in the environment 
much longer than 15 days (months or years), so po-
tentially the virus sampled in this household could 
have remained viable for a longer period (10,15,16). 
A similar investigation had been conducted with 
a household case of eczema vaccinatum (vaccinia  
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Table 2. Characteristics of environmental swab samples from porous and non-porous surface types collected in household of a patient 
who had confirmed monkeypox, Texas, USA, 2021 

Surface type 
No. samples 

collected 
Positive by PCR, 

no. (%) p value* 
Average cycle 
threshold (SD) p value† 

Viable virus 
cultured, no. (%) p value* 

Porous 10 9 (90) 0.94 22.0 (6.0) <0.01 6 (60) <0.01 
Nonporous 21 19 (90) 27.7 (4.4) 1 (5) 
*By mid-p exact test. 
†By 2-sample independent t-test. 
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virus), in which household contamination was a con-
cern because of extensive rash (22). That study report-
ed less extensive viral DNA dissemination around the 
household than what we detected and viable virus 
from 1 cloth item and 2 nonporous items at 10 days 
after removal of an infected person (22).

In a household environment, myriad physical, 
chemical, and biologic factors could affect the persis-
tence of OPXVs (Appendix Table, https://wwwnc.
cdc.gov/EID/article/28/10/22-1047-App1.xlsx). 
Most viruses exhibit greater persistence on nonpo-
rous surfaces; however, OPXVs typically have higher 
persistence on porous surfaces and show a high re-
sistance to drying (28,29). In this study, we detected 
viable virus on multiple substrate types, including 
cellulose fiber sheets (paper towels), cotton and cot-
ton/synthetic blended fabrics (towel, blanket, under-
wear, mattress cover), and sealed wood veneer (cof-
fee tabletop). Items considered porous had increased 
detectable levels of viral DNA, and viable virus was 
only detected from 1 nonporous surface.

Despite the hardiness of OPXVs, it is probable 
there was some degree of viral decay of MPXV be-
fore sampling. This decay could have occurred either 
because of environmental and physical properties 
of the residence and surface types or contact with a 
disinfectant or soap. For example, 4 culture-negative 
samples had MPXV-WA Ct values higher than that of 
the mattress cover, which was culture positive. One 
of these samples was collected from dried disinfec-
tant wipes (Clorox, https://www.thecloroxcompany.
com), which probably successfully inactivated the vi-
rus. In addition, no viable virus was detected in the 
7 samples collected from the bathroom, even though 
the person who had monkeypox spent much time in 
this room; this result could also be the result of con-
tact with disinfectant or soap. The bathroom samples, 
if not inactivated by contact with disinfectants, could 
possibly have been culture negative because of the 
nonporous surfaces and higher humidity that would 
occur in the bathroom during showering or sink use. 
It is useful in studies assessing environmental persis-
tence or contamination of MPXV to attempt viral iso-
lation from PCR-positive samples. In environmental 
sampling studies, low Ct values should not be used 
as a proxy for viable virus because many factors and 
environmental conditions might lead to complete vi-
ral decay on contaminated surfaces.

Interviews with the person who had monkeypox 
in this study showed that most of the time in the resi-
dence was spent lying down or resting. As a prob-
able result, it was only items on or near the bed and 
couches from which viable virus was detected. The 

results of this study demonstrate the need to take 
special precautions when handling bedding, cloth-
ing, or towels of a person who has monkeypox. When 
there are other occupants in a household, or visitors, 
persons who have monkeypox should not share bed-
ding, clothing, towels, or sleeping and living spaces.

During 2018, a healthcare worker in the United 
Kingdom became infected, probably as a result of 
handling the bedding of a person who had monkey-
pox without using respiratory protection (30). The 
persistence of the virus in the environment depends 
largely on the viral load and type of infectious materi-
al initially deposited, environmental conditions, and 
physical/chemical properties of the contaminated ob-
jects. Furthermore, if fomites in the environment have 
sufficient amounts of viable virus, the capability of 
these materials to cause secondary infection is prob-
ably dependent on route of exposure, including op-
portunistic contact or transfer to mucous membranes, 
or preexisting immunity.

The only culture-positive swab sample with suf-
ficient viral load to reach the detectable limits of our 
titration assay was from an article of clothing that had 
prolonged, direct contact with purulent lesions; the 
titer was 3.2 × 102 PFU/mL (detection limit 2.1 × 102 
PFU/mL). There are few data on the infectious dose 
necessary to cause infection in humans. However, 
these data can be inferred from laboratory challenge 
studies with the prairie dog animal model. Virus ti-
ters of 104 and 103 PFU in most cases cause infection, 
and in 1 study, 1 of 4 prairie dogs infected with 6 × 
102 PFU MPXV-WA became infected and showed de-
velopment of disseminated lesions (26,31). This result 
might indicate that in otherwise healthy persons, a vi-
ral load on the order of 102 PFU is the lower threshold 
for infection, and at these levels the innate immune 
system can potentially clear the virus.

It is unknown how long the culture-positive ma-
terials in this study would remain viable with MPXV 
because viral titers will decrease over time until un-
detectable by viral culture. Subsequently, as viral ti-
ters decrease, infectivity (capacity to cause secondary 
infection) would also decrease. In comparable studies 
of OPXV persistence (Appendix Table), under slight-
ly lower heat and humidity conditions, the maximum 
duration that virus remained detectable on fabrics 
ranged from 28 to 70 days (16,32). Considering the 
low titers observed (<3.2 × 102 PFU/mL) and the high 
heat and moderate humidity environment, it is prob-
able that maximum persistence of viable virus on the 
items sampled would fall into a similar range.

This study was conducted alongside a pub-
lic health response, and priorities were identifying  
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potential high transmission risk areas and objects and 
confirming presence/absence of viable virus. These 
results are merely representative of the conditions 
of each specific item at 1 point in time and not rep-
resentative of the total potential for fomite transmis-
sion within the household from items not sampled. 
A more robust sampling method would be recom-
mended for future studies, including multiple sam-
pling time points and recording the environmental 
conditions in the household over time. Household 
disinfection is recommended for any household oc-
cupied by a person confirmed to have monkeypox. 
A disinfectant registered with the Environmental 
Protection Agency should be used, such as a disin-
fectant that has an emerging viral pathogens claim, in 
accordance with the manufacturer’s instructions (33). 
Specific recommendations for household disinfection 
can be found on the CDC monkeypox web page (34).

After this case in July 2021, two additional travel-
associated cases were detected in the United States 
and the United Kingdom (19,20), and in May 2022, 
an unprecedented number of monkeypox cases were 
identified from multiple clusters worldwide (35,36). 
Current outbreaks of human monkeypox cases in 
endemic and nonendemic regions, and the increas-
ing frequency of which travel-associated cases are 
occurring, necessitate a further need to understand 
transmission dynamics within a household setting. 
Since the 2022 outbreak began, an additional study 
on monkeypox contamination within a household 
has been published and detected comparable levels of 
viral contamination despite differences in sampling 
and processing methods (37). In that study, samples 
were collected 3 days after the patient was last in the 
residence, and similar to our study, virus was isolated 
mostly from porous surfaces. However, the authors 
reported successful MPXV isolation from 40% (2/5) 
of nonporous surfaces sampled from which isolation 
was attempted (door handle and handheld electronic 
device). Because we report isolation of MPXV from 
just 5% (1/21) of nonporous surface sampled after 15 
days, this finding potentially indicates that MPXV de-
cay occurs more rapidly on nonporous than porous 
surfaces, as was reported for other OPXVs (28,29).

Future studies should develop a validated envi-
ronmental sampling protocol for OPXVs and explore 
additional sample collection methods, comparing 
multiple applicator types and transport media be-
cause they might affect viral recovery during process-
ing and overall viral yield (38,39). Additional studies 
on household transmission risks should be conducted 
to inform public health responses and cleaning and 
disinfection protocols, and to provide specific recom-

mendations to at-risk communities and persons. Fur-
thermore, documenting the risk potential of object-
specific fomites and materials within a household 
will inform recommendations for infection preven-
tion strategies and cleaning and disinfecting efforts.
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As of August 10, 2022, the SARS-CoV-2 pandemic 
had claimed >6.4 million human lives globally, >1 

million in the United States, and >70,000 in New York 
state (1). Virus evolution and adaptation have been ob-
served in persistently infected immunocompromised 
persons (2) and animal reservoirs (3,4), leading to the 
potential for new, highly adapted variants.

Novel variants of SARS-CoV-2 have shown in-
creased rates of transmission and immune evasion 
(5,6). In particular, Omicron has evolved a suite of 
unique mutations, which have greatly increased its 
infectiousness (7), increased its ability to evade cur-
rent vaccines (5,6), and decreased the effectiveness 
of convalescent plasma transfusions and monoclo-
nal antibody treatments (8,9). To a lesser degree, the 

Delta variant showed some of these same patterns 
of increased infectiousness (10) and potential for im-
mune evasion compared with earlier strains that pre-
ceded Delta (11).

Prior literature has also shown differences in vac-
cine effectiveness for SARS-CoV-2 lineages associated 
with variation in vaccine type, time since vaccination, 
and patient age. Before emergence of the Delta and 
Omicron variants, data showed reduced neutralizing 
antibody protection for the Janssen vaccine (Johnson 
& Johnson, https://www.jnj.com) compared with the 
Pfizer (Pfizer-BioNTech, https://www.pfizer.com) 
and Moderna (https://www.modernatx.com) vac-
cines (12) and slightly stronger protection for Mod-
erna compared with Pfizer vaccines (12). An effect of 
time since vaccination has been demonstrated for the 
Delta variant (11). Younger persons were found to be 
more likely to be infected with Omicron (13,14).

To test the associations between vaccination sta-
tus, vaccine type, and time since vaccination with lin-
eage identity during the emergence of new variants of 
SARS-CoV-2, we conducted a matched case–control 
study. We performed analyses for the emergence of 
the Omicron and Delta variants in New York, USA. 
The study was waived by the New York State De-
partment of Health (NYSDOH) Institutional Review 
Board for Human Subjects Research review.

Methods

Data Analysis

Omicron Emergence Analysis
We analyzed emergence of the SARS-CoV-2 Omi-
cron variant from November 28, 2021, through Janu-
ary 24, 2022 (Figure 1). We matched persons infected 
with Omicron (case-patients) to persons infected with 
any other virus lineage (controls). Case-patients (n = 
1,439) included infection with B.1.1.529 and all BA 
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Recently emerged SARS-CoV-2 variants have greater po-
tential than earlier variants to cause vaccine breakthrough 
infections. During emergence of the Delta and Omicron 
variants, a matched case–control analysis used a viral 
genomic sequence dataset linked with demographic and 
vaccination information from New York, USA, to examine 
associations between virus lineage and patient vaccination 
status, patient age, vaccine type, and time since vaccina-
tion. Case-patients were persons infected with the emerg-
ing virus lineage, and controls were persons infected with 
any other virus lineage. Infections in fully vaccinated and 
boosted persons were significantly associated with the 
Omicron lineage. Odds of infection with Omicron relative 
to Delta generally decreased with increasing patient age. 
A similar pattern was observed with vaccination status dur-
ing Delta emergence but was not significant. Vaccines of-
fered less protection against Omicron, thereby increasing 
the number of potential hosts for emerging variants.
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sublineages (at the time of the analysis, none were 
classified as BA.2 through BA.5). Controls (n = 728) 
were persons infected with all other SARS-CoV-2 
lineages circulating during the period of Omicron 
emergence (all sequenced control samples in the 
matched dataset were Delta variant, B.1.617.2 or AY 
sublineages). We defined the start of the Omicron 
emergence period as the first detection in the ge-
nomic surveillance dataset (although Omicron was 
present in the state before that date). The emergence 
period ended when the last non-Omicron case was 
detected in the surveillance dataset. One additional 
case of infection with Delta was identified >14 days 
after the last date in the surveillance dataset but was 
excluded because the sensitivity analysis indicated 
that it would not substantively change the analysis 
results. We matched case-patients to controls on the 
basis of specimen collection date (± 6 days), location 
(using New York state economic regions [Figure 1]), 
patient age, and patient sex. We matched age accord-
ing to age groups: 0–4, 5–11, 12–17, 18–29, 30–49, 
50–69, 70–89, and >90 years. If an exact match could 
not be found, we allowed mismatches for sex. We 
used 1-to-1 matching, without replacement (i.e., each 
case-patient was matched to a unique control). We 
performed matching in 2 stages. In the first stage, we 
considered all possible matches for each case-patient. 
To maximize the sample size, we then sorted case-
patients such that the case-patients with the fewest 
possible matches would be matched to controls first. 

To estimate odds ratios (ORs) and 95% CIs, we per-
formed 3 sets of conditional logistic regressions.

In analysis 1, we included vaccinated and un-
vaccinated persons. Key variables tested were vac-
cination status (binary: yes/no), booster status (yes/
no), vaccine type (none, Pfizer, Moderna, Janssen), 
time since last vaccination or booster (3 factor levels: 
unvaccinated, vaccinated <90 days, vaccinated >90 
days). We explored time since completion of initial 
vaccination and time since booster but found these 
factors were less predictive and overlapped strong-
ly with the combined time since last vaccination or 
booster variable and therefore excluded them.

In analysis 2, we examined the association be-
tween patient age and virus lineage and therefore re-
moved age as a matching criterion. We performed a 
conditional logistic regression using age, other main 
variables for context, and interactions. For this analy-
sis, we did not perform sorting before matching. We 
examined age in 2 ways: with each age group treat-
ed as a factor and with each age group treated as a 
continuous predictor. Model exploration revealed 
that a mixture of categorical and continuous predic-
tors best described the underlying data structure 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/28/10/22-1058-App1.pdf).

In analysis 3, we again matched case-patients to 
controls on the basis of age, but we excluded unvac-
cinated persons to allow time since last dose (vacci-
nation series or booster) to be treated as continuous 
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Figure 1. Matched case–
control pairs used in the 
conditional logistic regression 
by analysis for the SARS-
CoV-2 Delta variant (March 
19, 2021–August 15, 2021) 
and the Omicron variant 
(November 28, 2021–January 
24, 2022) emergence periods, 
by economic region (map), 
New York, USA. The bars 
correspond to the order given 
in the legend; New York City 
is on top when present and 
Long Island on bottom when 
present. The dashed line 
separates the 2 datasets 
used in the analyses; the 
Delta emergence period is 
on the left and the Omicron 
emergence period on the 
right. Map base layer was 
derived from a combination 
of 2 public domain layers (US 
Census data, https://www.census.gov/geo/maps-data/data/tiger-line.html) and Natural Earth Administrative boundaries (https://www.
naturalearthdata.com/downloads/50m-cultural-vectors/50m-admin-1-states-provinces). 
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variables. Unvaccinated persons could not be includ-
ed in this analysis because assigning them NA (not 
applicable) would cause these values to be excluded, 
and 0 would be an unrealistic value.

We tested leverage by removing each case–con-
trol pair sequentially, refitting the model and noting 
the change in the OR. We selected models by using 
Akaike information criterion (AIC) scores (15,16). 
Models with lower AIC scores have more model sup-
port, and models with ΔAIC >2 are generally consid-
ered less likely models. Because a more complicated 
nested model can be within ΔAIC of 2, nested models 
were required to be within 2 × no. model parameters 
to be considered tied (17). Of note, AIC provides a 
relative ranking of models but provides no informa-
tion on the absolute fit of the model. We examined 
the fit of each model by considering its statistical 
significance and the OR estimates. When test results 
were not significant, we examined the magnitude of 
the OR. More research was deemed necessary if the 
estimated OR was large enough to be a public health 
concern but 95% CIs included 1.

We performed all analyses in R 4.1.2 (18) by us-
ing the package survival for conditional logistic re-
gressions code (https://www.github.com/akeyel/
CLR) (19,20). We created the New York state map 
in ArcGIS 10.6 (ESRI, https://www.esri.com) by us-
ing a 2017 Tiger Shapefile from the US Census Bu-
reau (21) and Admin 1 States, provinces 50-m cul-
tural vector shapefile from Natural Earth Data (as 
of March 18, 2022) (https://www.naturalearthdata.
com/downloads/50m-cultural-vectors).

Delta Emergence Analysis
We analyzed emergence of the SARS-CoV-2 Delta 
variant during March 19, 2021–August 15, 2021 (Fig-
ure 1). The Delta analyses followed the same methods 
used for the Omicron analyses but with focal virus 
lineages (603 case-patients) including B.1.617.2 and 
all AY sublineages. Nonfocal virus lineages (1,816 
controls) were all other lineages circulating dur-
ing the period of Delta emergence (62% B.1.1.7 and 
Q.4 Alpha, 20% B.1.526 Iota, 3.5% P.1.X Gamma, 1% 
B.1.351.X Beta); none of the other non–variant of con-
cern strains (13.7% combined) exceeded 5%. We ex-
cluded booster-associated variables because booster 
doses were not available (Appendix Figure 3). We 
omitted the vaccinated-only analysis because of low 
statistical power (n = 12 pairs).

Power Analysis
Statistical power for conditional logistic regression 
is nonlinear and depends on estimated probabilities. 

Although we used multiple conditional logistic  
regression for the analyses described above, to make 
the power analyses easier to set up and interpret, we 
calculated statistical power for univariate logistic re-
gression by using the WebPower package (22,23) as 
a simplifying assumption. We examined statistical 
power to detect an OR of 2 with a sample size of 110 
for a range of probability values (0.1–0.9 for the upper 
probability); we adjusted lower probability to give an 
OR of 2. We then used the upper probability value 
with the highest power (0.7) to assess statistical pow-
er for ORs of 2, 3, and 4 for sample sizes of 50–350 by 
increments of 50.

Data Sources
Respiratory swab specimens that were positive 
for SARS-CoV-2 by real-time reverse transcription 
PCR were sent from clinical laboratories across the 
state for whole-genome sequencing at the NYSDOH 
Wadsworth Center as part of an enhanced genomic 
surveillance program. Samples were selected for se-
quencing on the basis of cycle threshold value and 
region of patient residence; the goal was full geo-
graphic coverage across the state. Sample selection 
criteria did not change over the course of the study 
period. We matched samples to demographics in 
the Communicable Disease Electronic Surveillance 
System and vaccination records in the New York 
State Immunization Information System. For per-
sons from whom multiple samples were collected, 
we included only the earliest collected sample with 
genome available.

Vaccination status for each person was based on 
dates of sample collection and administration of vac-
cines. A person was considered unvaccinated if the 
sample was collected before any vaccination, vac-
cinated if the sample was collected >14 days after 
completion of vaccination (first dose of Janssen, sec-
ond dose of Pfizer or Moderna vaccine), and boosted 
if the sample was collected any time after receiving 
a booster of any vaccine type. We removed from the 
study persons who were partially vaccinated (sample 
collected between initial dose and 14 days after vac-
cination completion, n = 261 [90 with Moderna and 
171 with Pfizer vaccine]) and persons who received 
a greater number of vaccinations than normal. This 
study does not apply to persons who received a third 
dose as part of their vaccination series (e.g., poten-
tially immunocompromised persons); these persons 
were removed from the dataset because of different 
vaccination history and low sample sizes (58 persons 
who received a third dose <135 days after their sec-
ond dose were removed).
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Sequencing Methods
We performed whole-genome amplicon sequencing 
of SARS-CoV-2 by using a modified version of the 
Illumina ARTIC protocol (https://artic.network/
ncov-2019) with ARTIC V3 primers in the Applied 
Genomics Technology Core at the Wadsworth Cen-
ter, as previously described (24), and amplified later 
samples with ARTIC V4 primers. We sequenced sam-
ples with particularly low virus titers by using Am-
pliSeq chemistry on the Ion Torrent S5XL sequencer, 
as previously described (25). 

GISAID (https://www.gisaid.org) accession num-
bers for sequences are available from https://github.
com/akeyel/CLR/blob/main/GISAID_accession_
IDs.csv. In that chart, the first column shows the GI-
SAID accession number, and the subsequent columns 
indicate whether the identification number was used 
in the respective analyses. Data are coded such that –1 
indicates records that were removed before analysis, 0 

indicates records that met the basic overall study crite-
ria but were not matched for a particular analysis, and 
1 indicates that the record was included in the analysis.

Results

Omicron Emergence
In analysis 1, >80% of 272 case-patient/control pairs 
were 18–69 years of age; most were from the Capital 
and Mid-Hudson regions (Table 1; Figure 1). Among 
controls, 8% had received a booster, and among case-
patients, 22% had received a booster. Among con-
trols, 56.6% were unvaccinated; among case-patients, 
30% were unvaccinated (Table 1). Sample sizes were 
177 for Pfizer, 109 for Moderna, and 22 for Janssen 
vaccine recipients. The variables most associated with 
an Omicron lineage identity were vaccination (OR 
3.1, 95% CI 2.0–4.9; p<0.001) and booster status (OR 
6.7, 95% CI 3.4–13.0; p <0.001) (Table 2, Figure 2).
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Table 1. Descriptive statistics for matched case-patients and controls for the conditional logistic regression model for study of  
SARS-CoV-2 vaccine breakthrough during the emergence period of the Omicron variant, New York, USA* 

Demographic group 

No. (%) 
Analysis 1, main 

 
Analysis 2, by age 

 
Analysis 3, vaccinated only 

Controls Case-patients Controls Case-patients Controls Case-patients 
Age, y         
 0–4 4 (1.5) 4 (1.5)  9 (2.9) 4 (1.3)  0 0 
 5–11 4 (1.5) 4 (1.5)  7 (2.3) 9 (2.9)  0 0 
 12–17 11 (4) 11 (4.0)  15 (4.9) 16 (5.2)  3 (2.3) 3 (2.3) 
 18–29 55 (20.2) 55 (20.2)  39 (12.6) 85 (27.5)  23 (17.8) 23 (17.8) 
 30–49 95 (34.9) 95 (34.9)  85 (27.5) 95 (30.7)  49 (38.0) 49 (38.0) 
 50–69 71 (26.1) 71 (26.1)  96 (31.1) 69 (22.3)  40 (31.0) 40 (31.0) 
 70–89 31 (11.4) 31 (11.4)  52 (16.8) 30 (9.7)  14 (10.9) 14 (10.9) 
 >90 1 (0.4) 1 (0.4)  6 (1.9) 1 (0.3)  0 0 
Sex         
 M 141 (51.8) 147 (54.0)  155 (50.2) 153 (49.5)  65 (50.4) 77 (59.7) 
 F 129 (47.4) 123 (45.2)  152 (49.2) 155 (50.2)  63 (48.8) 52 (40.3) 
 Unknown 2 (0.7) 2 (0.7)  2 (0.6) 1 (0.3)  1 (0.8) 0 
Region         
 Capital 107 (39.3) 107 (39.3)  121 (39.2) 121 (39.2)  47 (36.4) 47 (36.4) 
 Central New York 17 (6.2) 17 (6.2)  18 (5.8) 18 (5.8)  10 (7.8) 10 (7.8) 
 Finger Lakes 7 (2.6) 7 (2.6)  9 (2.9) 9 (2.9)  3 (2.3) 3 (2.3) 
 Long Island 25 (9.2) 25 (9.2)  27 (8.7) 27 (8.7)  12 (9.3) 12 (9.3) 
 Mid-Hudson 42 (15.4) 42 (15.4)  47 (15.2) 47 (15.2)  26 (20.2) 26 (20.2) 
 Mohawk Valley 10 (3.7) 10 (3.7)  18 (5.8) 18 (5.8)  4 (3.1) 4 (3.1) 
 New York City 4 (1.5) 4 (1.5)  6 (1.9) 6 (1.9)  1 (0.8) 1 (0.8) 
 North Country 38 (14.0) 38 (14.0)  39 (12.6) 39 (12.6)  20 (15.5) 20 (15.5) 
 Southern Tier 14 (5.1) 14 (5.1)  16 (5.2) 16 (5.2)  2 (1.6) 2 (1.6) 
 Western New York 8 (2.9) 8 (2.9)  8 (2.6) 8 (2.6)  4 (3.1) 4 (3.1) 
Vaccination status         
 Unvaccinated 154 (56.6) 82 (30.1)  175 (56.6) 78 (25.2)  0 0 
 Vaccinated <90 d 3 (1.1) 4 (1.5)  3 (1.0) 5 (1.6)  2 (1.6) 2 (1.6) 
 Vaccinated >90 d 115 (42.3) 186 (68.4)  131 (42.4) 226 (73.1)  127 (98.4) 127 (98.4) 
 Pfizer vaccine 64 (23.5) 113 (41.5)  69 (22.3) 135 (43.7)  64 (49.6) 82 (63.6) 
 Moderna vaccine 43 (15.8) 66 (24.3)  49 (15.9) 82 (26.5)  48 (37.2) 41 (31.8) 
 Janssen vaccine 11 (4) 11 (4.0)  16 (5.2) 14 (4.5)  17 (13.2) 6 (4.7) 
 Unboosted 250 (91.9) 211 (77.6)  281 (90.9) 210 (68.0)  108 (83.7) 88 (68.2) 
 Boosted <90 d 18 (6.6) 49 (18.0)  25 (8.1) 76 (24.6)  18 (14) 37 (28.7) 
 Boosted >90 d 2 (0.7) 9 (3.3)  2 (0.6) 20 (6.5)  1 (0.8) 3 (2.3) 
 Pfizer booster 11 (4.8) 41 (15.4)  13 (4.5) 68 (22.7)  10 (7.8) 33 (25.6) 
 Moderna booster 9 (3.3) 17 (7)  14 (4.5) 281 (9.4)  9 (7.0) 7 (5.4) 
*Presence (case-patient) or absence (control) of Omicron was used as the basis for matching. Janssen vaccine, Janssen/Johnson & Johnson 
(https://www.jnj.com); Pfizer vaccine/booster, Pfizer-BioNTech (https://www.pfizer.com); Moderna vaccine/booster, Moderna 
(https://www.modernatx.com). 
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In analysis 2 (309 pairs), when patient age was re-
moved as a matching criterion, younger age was also 
predictive of an Omicron infection; log-odds of infection 
with Omicron generally decreased as age increased (OR 
0.962, 95% CI 0.950–0.974) (Table 2). Significant patterns 
beyond this log-linear age effect were found for persons 
in 2 age groups. log-odds of infection with Omicron 
were lower for persons 0–4 years of age than predicted 
by a log-linear age effect alone (Figure 2) and higher for 
persons 18–29 years of age than predicted by a log-linear 
age term alone; risk was highest for those 18–29 years of 
age (Figure 2). OR estimates for vaccination status (OR 
4.8, 95% CI 2.8–8.1) and booster status (OR 38.5, 95% CI 
15.9–93.2) were higher than in the analysis that used age 
as a matching criterion (Table 2).

In analysis 3 (vaccinated-only persons, 129 pairs), 
the probability of infection with Omicron decreased 
with an increased number of days after the last vaccine 
dose (OR 0.996, 95% CI 0.993–0.999) (Table 2). Vaccine 
type was also included in the top statistical models (Ap-
pendix Table 1) and the trend toward reduced odds of 
Omicron infection after vaccination with the Janssen 
vaccine was borderline significant (OR 0.351, 95% CI 
0.132–0.935, relative to Pfizer vaccine; OR 0.388, 95% CI 
0.149–1.009, relative to any mRNA vaccine) (Table 2).

Delta Emergence
In analysis 1 (55 pairs), 75% were 18–69 years of age; 
89% of case-patients/controls were from the Finger 

Lakes, Long Island, and the Mid-Hudson regions 
(Table 3). A total of 74.5% of controls and 61.8% of 
case-patients were unvaccinated (Table 3). Vaccine 
type, time from last vaccination, and an interaction 
of the 2 were not significantly associated with an in-
creased likelihood of infection with Delta than any 
other virus lineage in the fully matched conditional 
logistic regression (Table 4). Vaccination status was 
the top model (OR 2.4, 95% CI 0.8–6.8; p = 0.08). 
Vaccine type had no significant effect (p = 0.12), but 
estimated ORs were 2.9 (95% CI 0.9–8.9) for Pfizer, 
0.38 (95% CI 0.04–4.2) for Moderna, and 2.0 (95% CI 
0.17–23.6) for Janssen.

The power analysis showed that a sample size of 
110 (55 pairs) would have a 15%–45% chance of ob-
taining a significant result for an OR of 2 under the 
simulated probability distributions. A sample size of 
>255 would be needed to have >80% power for an OR 
of 2. A sample size of 110 could have <78% power to 
detect an OR of 3 and 93% power to detect an OR of 
4. A sample size of 24 could detect an OR of 22 with 
80% power but would only have 36% power to detect 
an OR of 4.

When case-patients and controls were no lon-
ger matched on the basis of age (66 pairs), vaccine 
type was the top model (Appendix Table 2), sug-
gesting that odds of being infected with Delta rather 
than any other virus lineage increased by a factor of 
7.3 (2.0–26.7) for those receiving the Pfizer vaccine  
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Table 2. Variables most associated with an Omicron variant in 3 analyses of SARS-CoV-2 vaccine breakthrough during the 
emergence period of the Omicron variant, New York, USA* 

Model ΔAIC 
Odds ratio (95% CI) 

Parameter 1 Parameter 2 Parameter 3 
Main analysis     
 Vaccination status 0 Vaccinated:  

3.1 (2.0–4.9)† 
Vaccinated + boosted: 

6.7 (3.4–13.0)† 
 

 Vaccine type 3.33 Pfizer Moderna Janssen 
  Without booster  3.3 (1.9–5.6)† 3.6 (2.0–6.7)† 2.0 (0.8–5.1) 
  With booster  10.4 (4.3–25.2)† 3.8 (1.5–9.3)‡  
Age analysis     
 Vaccination status + age 
 + age groups 

0.00 Vaccinated:  
4.8 (2.8–8.1)† 

Vaccinated + boosted: 
38.5 (15.9–93.2)† 

Age, linear: 0.964 (0.950–0.978);† 
age 0–4 y: 0.250 (0.059–1.051); 

age 18–29 y: 2.0 (1.1–3.7)§ 
 Vaccination status + age 7.41 Vaccinated:  

5.0 (3.0–8.3)† 
Vaccinated + boosted: 

34.1 (14.6–79.5)† 
Age: 0.962 (0.950–0.974)† 

Vaccination-only analysis     
 Janssen + days after dose 0.00 Janssen, relative to 

mRNA vaccine:  
0.388 (0.149–1.009) 

 Days after last dose, booster or 
primary series: 0.996 (0.993–

0.999)‡ 
 Vaccine type + days after dose 1.18 Moderna, relative to 

Pfizer:  
0.776 (0.448–1.344) 

Janssen, relative to 
Pfizer:  

0.351 (0.132–0.935)§ 

Days after last dose, booster or 
primary series:0.996 (0.993–

0.999)‡ 
*Only 1 boosted person had received an initial dose of Janssen vaccine, so for statistical reasons, this person was pooled with the unboosted Janssen 
recipients. When fit separately, the odds ratio for unboosted Janssen recipients was 1.9 (0.8–4.9) with a parameter p value of 0.20, and the parameter 
estimate for the single boosted Janssen individual was unreliable. Janssen vaccine, Janssen/Johnson & Johnson (https://www.jnj.com); Pfizer vaccine, 
Pfizer-BioNTech (https://www.pfizer.com); Moderna vaccine, Moderna (https://www.modernatx.com). ΔAIC, change in Akaike information criterion. 
†p<0.001. 
‡p<0.01. 
§p<0.05. 

 



 SARS-CoV-2 Vaccine Breakthrough by Variants

relative to unvaccinated persons. Effects for Mod-
erna (2.0, 95% CI 0.25–17.1) and Janssen (0.46, 95% 
CI 0.04–4.76) vaccines were substantial but not indi-
vidually significant.

Discussion
Our exploration of vaccine breakthrough, vaccination 
status, and time since vaccination in this matched 
case–control study adds to the body of evidence sup-
porting immune escape of SARS-CoV-2. Some results 
may seem counterintuitive because of the study de-
sign. For example, although a booster increases pro-
tection against infection with Omicron compared 
with absence of a booster (13,26), history of a booster 
was associated with Omicron (the emergent strain) 
and not Delta (the established strain) infection. This 
finding is consistent with evidence that suggests that 
having a booster is less effective for preventing infec-
tion with Omicron than with Delta (6,13). Similarly, 
vaccine effectiveness has been shown to wane with 
time (11); therefore, we hypothesized that increased 
time after vaccination would decrease the odds of be-
ing infected with the emergent strain.

Our analysis of New York state genomic surveil-
lance data yielded results that are consistent with 
previous research showing an increased probability 
of breakthrough for Omicron compared with other 
variants for both vaccinated and boosted persons 
(6,8). In a similar study in Connecticut, USA, com-
paring odds of infection with Omicron versus Delta 
(6), an OR of ≈2 (95% CI 1.5–3.7 or 1.5–2.2, depending 
on time after vaccination) was found for vaccinated 
persons and ≈3 (95% CI 1.8–4.9) for boosted persons. 
These estimates are lower than the estimates from 
our study of 3.1 (95% CI 2.0–4.9) for vaccinated per-
sons and 6.7 (95% CI 3.4–13.0) for unvaccinated per-
sons, but the 95% CIs overlap between the 2 studies. 
A strong pattern of the emergent strain shows in-
creased ability for vaccine breakthrough compared 
with other strains circulating at the time. Studies of 
prior variants of concern have found significant vac-
cine breakthrough in emergent variants. For exam-
ple, Kustin et al. found that vaccine breakthrough for 
Alpha (B.1.1.7) was more likely compared with prior 
strains (27). Similarly, Tartof et al. found evidence 
for increased rates of vaccine breakthrough by Delta 
(B.1.617.2), although waning vaccine immunity was 
also a factor in that study (11). In addition, Rosen-
berg et al. showed increased breakthrough during 
the Delta emergence period and suggested that this 
effect was independent of waning immunity (28).

When we restricted the analysis to vaccinated 
persons only, time after vaccination was a statistically 

significant factor; probability of Omicron infection 
decreased with increased time after vaccination. The 
time-after-vaccination variable combined persons 
who had recently received a booster with those who 
had recently completed their primary series. Adding 
a variable to indicate booster status did not improve 
the model fit (Appendix Table 1). Of note, most per-
sons in this study were >3 months past completion 
of their initial vaccination series. Boosters were more 
recent, and therefore vaccination status and booster 
status probably encoded much of the same infor-
mation as a time-after-last-dose variable. No time-
after-vaccination effect was detected if the data were 
coarsely divided into persons who had and had not 
received boosters, suggesting that more examination 
of this variable may be necessary. This variable was 
not found among the top models in the Delta emer-
gence analysis.

Younger persons were more likely to be infected 
with Omicron than with Delta during the Omicron 
emergence period, although the data in this study 
cannot be used to distinguish a physiological basis 
from a behavioral basis for these age effects. Kahn 
et al. found Delta and Omicron infection be equally 
distributed by age among unvaccinated persons but 
to shift strongly toward younger persons among vac-
cinated persons (14); however, Accorsi et al. found 
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Figure 2. Visualization of the fixed effects from the second Omicron 
emergence analysis on a log-odds scale (without age matching) 
in a study of SARS-CoV-2 vaccine breakthrough by Omicron and 
Delta variants, New York, USA. Odds scale in Appendix (https://
wwwnc.cdc.gov/EID/article/28/10/22-1058-App1.pdf). Stratum-
specific effects were often strong but were excluded for visual 
clarity. Increased values indicate an increased probability of 
infection with Omicron instead of Delta. Lines show ± 1 SE.
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elevated rates of Omicron infection among vacci-
nated and unvaccinated persons (13). It is possible 
that the age group effects are the result of a greater 
degree of socialization and other behavioral risk 
factors among persons 18–29 years of age. In 2020, 
college campus re-openings were associated with 
increased transmission of SARS-CoV-2 (29). Because 
Omicron infections can break through vaccinations, 
college campuses may have increased the likelihood 
of persons in this age group being infected with 
SARS-CoV-2 (30). The age group effect for preschool 
children (0–4 years of age) may represent a reduced 
level of socialization for this group. This effect, al-

though included in the top model identified by the 
information theoretic approach here, was not statis-
tically significant, so it also may be an artifact of low 
sample sizes for this age group. Other research has 
found that vaccines were not equally effective among 
age groups (V. Dorabawila, unpub. data, https://
www.medrxiv.org/content/10.1101/2022.02.25.22
271454v1). Vaccine effectiveness in New York was 
very low for persons 5–11 years of age, who received 
a lower dose (10 μg) of the Pfizer vaccine than for 
vaccinated persons >12 years of age who received 
a 30-μg dose (V. Dorabawila, unpub. data, https://
www.medrxiv.org/content/10.1101/2022.02.25.2
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Table 3. Descriptive statistics for matched case-patients and controls for the conditional logistic regression model for study of SARS-
CoV-2 vaccine breakthrough during the emergence period of the Delta variant, New York, USA* 

Demographic group 

No. (%) 
Analysis 1, main 

 
Analysis 2, age 

Controls Case-patients Controls Case-patients 
Age, y      
 0–4 0 0  3 (4.5) 0 
 5–11 3 (5.5) 3 (5.5)  5 (7.6) 0 
 12–17 5 (9.1) 5 (9.1)  3 (4.5) 4 (6.1) 
 18–29 11 (20) 11 (20)  12 (18.2) 10 (15.2) 
 30–49 26 (47.3) 26 (47.3)  23 (34.8) 30 (45.5) 
 50–69 6 (10.9) 6 (10.9)  14 (21.2) 17 (25.8) 
 70–89 4 (7.3) 4 (7.3)  6 (9.1) 5 (7.6) 
 >90 0 0  0 0 
Sex      
 M 26 (47.3) 25 (45.5)  28 (42.4) 30 (45.5) 
 F 29 (52.7) 29 (52.7)  38 (57.6) 35 (53) 
 Unknown 0 1 (1.8)  0 1 (1.5) 
Region      
 Capital Region 3 (5.5) 3 (5.5)  4 (6.1) 4 (6.1) 
 Central New York 1 (1.8) 1 (1.8)  1 (1.5) 1 (1.5) 
 Finger Lakes 24 (43.6) 24 (43.6)  27 (40.9) 27 (40.9) 
 Long Island 11 (20) 11 (20)  15 (22.7) 15 (22.7) 
 Mid-Hudson 14 (25.5) 14 (25.5)  16 (24.2) 16 (24.2) 
 New York City 0 0  1 (1.5) 1 (1.5) 
 North Country 0 0  0 0 
 Southern Tier 1 (1.8) 1 (1.8)  1 (1.5) 1 (1.5) 
 Western New York 1 (1.8) 1 (1.8)  1 (1.5) 1 (1.5) 
Vaccination status      
 Unvaccinated 41 (74.5) 34 (61.8)  48 (72.7) 35 (53) 
 Vaccinated <90 d 7 (12.7) 9 (16.4)  9 (13.6) 9 (13.6) 
 Vaccinated >90 d 7 (12.7) 12 (21.8)  9 (13.6) 22 (33.3) 
 Pfizer vaccine 10 (18.2) 18 (32.7)  11 (16.7) 28 (42.4) 
 Moderna vaccine 5 (9.1) 2 (3.6)  4 (6.1) 3 (4.5) 
 Janssen vaccine 1 (1.8) 3 (5.5)  3 (4.5) 1 (1.5) 
*Presence (case-patient) or absence (control) of Omicron was used as the basis for matching. Janssen vaccine, Janssen/Johnson & Johnson 
(https://www.jnj.com); Pfizer vaccine, Pfizer-BioNTech (https://www.pfizer.com); Moderna vaccine, Moderna (https://www.modernatx.com). 

 

 
Table 4. Variables most associated with a Delta variant infection in 2 analyses of SARS-CoV-2 vaccine breakthrough during the 
emergence period of the Delta variant, New York, USA* 
Model ΔAIC Parameter 1 Parameter 2 Parameter 3 
Main analysis     
 Vaccination status 0.00 Vaccinated: 2.4 (0.8–6.8)   
 Vaccine type 1.05 Pfizer: 2.86 (0.92–8.94) Moderna: 0.38 (0.04–4.20) Janssen: 1.97 (0.17–23.57) 
Age analysis     
 Vaccine type 0.02 Pfizer: 7.3 (2.0–26.7)† Moderna: 2.0 (0.25–17.1) Janssen: 0.46 (0.04–4.76) 
*None of the main analysis models were statistically significant because all 95% CIs for odds ratio estimates overlapped 1. Janssen vaccine, 
Janssen/Johnson & Johnson (https://www.jnj.com); Pfizer vaccine, Pfizer-BioNTech (https://www.pfizer.com); Moderna vaccine, Moderna 
(https://www.modernatx.com). ΔAIC, change in Akaike information criterion. 
†p<0.01. 
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2271454v1). However, the log-linear age effect de-
tected here was not driven by children <12 years of 
age. When children <12 years of age were removed 
from the analysis, the estimated OR changed from 
0.962 to 0.957 (95% CI 0.944–0.971), suggesting that 
the magnitude of the effect is greater when young 
children were removed from the analysis. Larger 
estimates for vaccination status and booster status 
were also greater when children <12 years of age 
were removed from the analysis (vaccination status 
OR 5.4, 95% CI 3.1–9.7; vaccination plus booster sta-
tus OR 43.0, 95% CI 17.1–108.5). Vaccination rates 
and booster rates changed substantially during the 
study periods as well (Appendix Figures 2, 3), but 
any resulting biases were probably controlled for by 
the case–control study design.

Sample sizes were generally too small to de-
tect robust vaccine type effects. The Janssen vaccine 
showed borderline significantly reduced OR for in-
fection with Omicron relative to the Pfizer vaccine 
in 1 statistical model (Table 2; Appendix Table 1). 
This result would be consistent with improved per-
formance against Omicron infection or with worse 
performance of this vaccine against Delta infection, 
as has been observed (28). Otherwise, OR estimates 
showed the potential for substantial differences, but 
overlapping 95% CIs prevent drawing robust con-
clusions (Table 2; Appendix Table 1).

Statistical power was constrained by the limited 
emergence periods and the relatively small percent-
age of viruses from COVID-19 case-patients that 
were sequenced. For Delta, the emergence period 
occurred during a time of reduced sequencing, be-
cause of low overall incidence during the summer 
of 2021, when Delta displaced previous strains (Fig-
ure 1). For Omicron, a larger sequencing effort was 
made, but the emergence period was considerably 
shorter because of the rapid dominance of the Omi-
cron variant (Figure 1). Sample sizes could potential-
ly be increased by expanding the regional scope of 
the study or incorporating sequencing results from 
other research laboratories.

We used only 1 matched set for each analysis. 
However, because case-patients were randomly 
matched to controls, other matches were possible. 
This limitation could be overcome by assessing sig-
nificance with Monte Carlo simulation over the range 
of possible matches. That said, visual examination of 
leverage plots based on removing a single pair sug-
gested that the results were generally unlikely to 
change with the removal of any single data point. The 
exception is the Delta analysis, in which a change of 
1–2 data points would change the overall statistical 

significance of the results (Appendix Figure 1) with-
out much change in the estimated OR.

In conclusion, this analysis of the emergence 
of the Omicron and Delta variants in New York, 
USA, based on sequenced virus identity broadly 
supports the results of prior studies (5–8). Vaccines 
offered less protection against Omicron infection, 
thereby increasing the number of potential hosts 
for emerging variants.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2022.06.24.22276709v1.
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The mass vaccination against SARS-CoV-2 that be-
gan at the end of 2020 reduced COVID-19-related 

mortality and severity in countries where substantial 

vaccine coverage was achieved (1,2). The vaccines 
also had a protective effect against the most recent 
variants (3,4). However, expectations that vaccines 
would stop community transmission of SARS-CoV-2 
through herd immunity were quickly dampened by 
the early observation of infection and re-infection 
among vaccinated persons; waning vaccine effec-
tiveness against transmission (VET) over time was 
observed (1,3) and confirmed in a large systematic 
literature review (5). Despite these results, protective 
effects of vaccination against infection among con-
tacts have been reported (6). The vaccination status 
of index case-patients was also shown to play a role 
(6), underscoring the importance of vaccination for 
reducing the circulation of SARS-CoV-2. Nonethe-
less, the emergence of new variants of concern (VOC) 
with increased infectivity is an ongoing challenge for 
VET of currently licensed vaccines; early reports have 
shown a substantially lower VET for the Delta variant 
(B.1.617.2) compared with previous VOCs (7). Fur-
thermore, rapid replacement of the Delta variant by 
Omicron (B.1.1.529) began in late 2021; the Omicron 
variant showed a transmission advantage because of 
its shorter generation time (S. Abbott et al., unpub. 
data, https://www.medrxiv.org/content/10.1101/2
022.01.08.22268920v1). 

Evaluating both variant virulence and SARS-
CoV-2 VET under high vaccine coverage levels has 
major epidemiologic, social, and policy implications. 
We report the results of an observational study of 
household contacts of SARS-CoV-2–infected index 
case-patients during a Delta variant–dominant pe-
riod from September to December 2021 and an Omi-
cron variant–dominant period during January 2022 
in a north-metropolitan area of Barcelona, Spain. We 
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We performed a prospective, cross-sectional study of 
household contacts of symptomatic index case-patients 
with SARS-CoV-2 infection during the shift from Delta- 
to Omicron-dominant variants in Spain. We included 466 
household contacts from 227 index cases. The second-
ary attack rate was 58.2% (95% CI 49.1%–62.6%) during 
the Delta-dominant period and 80.9% (95% CI 75.0%–
86.9%) during the Omicron-dominant period. During the 
Delta-dominant period, unvaccinated contacts had higher 
probability of infection than vaccinated contacts (odds ra-
tio 5.42, 95% CI 1.6–18.6), but this effect disappeared at 
≈20 weeks after vaccination. Contacts showed a higher 
relative risk of infection (9.16, 95% CI 3.4–25.0) in the 
Omicron-dominant than Delta-dominant period when 
vaccinated within the previous 20 weeks. Our data sug-
gest vaccine evasion might be a cause of rapid spread of 
the Omicron variant. We recommend a focus on develop-
ing vaccines with long-lasting protection against severe 
disease, rather than only against infectivity.
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evaluated the protective effects of vaccination status, 
time elapsed since vaccine administration, absolute 
and relative infectiousness of both variants, overall 
VET, and VET relative to vaccination status for index 
case-patients and contacts during both periods. The 
study was approved by the Ethics Board of the Hospi-
tal Universitari Germans Trias i Pujol, Badalona, Cat-
alonia, Spain (reference no. PI-20-228) and conducted 
in accordance with the principles of the Declaration of 
Helsinki. Oral informed consent was obtained from 
all individual participants included in the study.

Materials and Methods

Study Population
The study population catchment area was the north-
ern part of the greater metropolitan area of Barcelona 
in Catalonia, Spain. The area has ≈800,000 inhabit-
ants and comprises a mixture of urban and semirural 
municipalities. During the study period, SARS-CoV-2 
screening was readily available at no cost to persons 
with suspected COVID-19 and their contacts at health 
centers serving the respective primary care catch-
ment areas. The smallest administrative area of the 
public healthcare system in Catalonia typically covers 
15,000–25,000 inhabitants.

Study Design
We performed a prospective cross-sectional study 
of household contacts of symptomatic index case-
patients who had SARS-CoV-2 infection during Sep-
tember 21, 2021–February 7, 2022. Infection was de-
termined in primary health centers by using either 
reverse transcription PCR (RT-PCR) or rapid antigen 

detection tests (Ag-RDT). The cutoff date between the 
Delta and Omicron dominant periods was December 
21, 2021, which was determined on the basis of data 
from the epidemiologic surveillance system operat-
ing in the study area (Figure 1) (8). To evaluate dif-
ferences between Delta and Omicron clusters, we es-
timated the relative risk (RR) of infection for contacts 
between the first tertile of the study period, when the 
Delta variant was clearly dominant, and the last ter-
tile, when Omicron was clearly dominant.

Symptoms of SARS-CoV-2 infection were fever or 
clinical signs of upper respiratory tract infection. In-
dex case-patients were those who first showed clini-
cal symptoms of infection in a specific household and 
sought diagnosis or treatment at a primary healthcare 
center. The patient and COVID-19 epidemiologic 
surveillance system were notified after infection was 
confirmed. Index cases were included consecutively 
after notification but randomly chosen for subsequent 
data collection. We included only the index case-pa-
tients who provided >1 household contacts. 

We followed up and screened contacts accord-
ing to standard procedures implemented in the study 
region. In brief, after confirmation of a positive case 
by either SARS-CoV-2–specific RT-PCR or Ag-RDT, 
a health officer began a systematic contact tracing 
study. Contacts were defined as persons who had 
spent >15 min with the index case-patient in an in-
door space without nonpharmaceutical intervention 
measures during the 48 hours before COVID-19 di-
agnosis was confirmed for the index case-patient. 
This category included all housemates who were 
living with the index case-patient. For contacts, 
we performed an Ag-RDT test if the person was  
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Figure 1. Dominance of infection 
with SARS-CoV-2 Delta and Omicron 
variants in a study of secondary attack 
rates in vaccinated and unvaccinated 
household contacts, Spain. The study 
population was located in the northern 
part of the greater metropolitan area of 
Barcelona, Spain. Genotyping of 1,554 
samples from patients with SARS-
CoV-2 infections was conducted during 
November 23, 2020–February 8, 2021 
to identify the dominant variant infecting 
the population. The cutoff date between 
the Delta and Omicron predominance 
periods was December 21, 2021.
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symptomatic at the time of the contact tracing study. 
We subsequently tested all contacts with a negative 
Ag-RDT test by RT-PCR from 3 to 7 days after the no-
tification of the index case-patient, irrespective of the 
presence of symptoms. We excluded persons without 
available laboratory test results and those for whom 
RT-PCR was not performed after a negative Ag-RDT 
result (Figure 2). Clinical data and test results were re-
corded in the healthcare system’s electronic database.

Diagnosis of SARS-CoV-2 Infection
Clinical samples collected through nasopharyngeal 
swabs were shipped to the referral laboratory (Micro-
biology Services, Metropolitan Clinical Laboratory, 
Hospital Universitari Germans Trias i Pujol), where 
they were stored at 4°C before chemical inactivation 
using lysis buffer. SARS-CoV-2 infection was diag-
nosed by using either the Novaplex SARS-CoV-2/
FluA/FluB/RSV RT-PCR Assay (Seegene Inc., 
https://www.seegene.com) or Aptima SARS-CoV-2 
assay (Hologic, https://www.hologic.com) accord-
ing to the manufacturers’ instructions. Panbio Ag-
RDT kits (Abbott, https://www.abbott.com) were 
used in situ at primary healthcare centers according 
to the manufacturer’s instructions.

Data Management and Statistical Analysis
We collected data from the public health system’s 
electronic records and obtained additional sociode-
mographic data from contacts or close informants 
through telephone interviews. Data included RT-PCR 
and Ag-RDT results for contacts, presence of symp-
toms, background of previous COVID-19 diagnosis 
(defined as a previous positive SARS-CoV-2 RT-PCR 
test or Ag-RDT), age, sex, vaccination status against 
SARS-CoV-2, vaccine brand if applicable, number 
of vaccine doses administered (1–3), date of vaccine 
inoculations, and number of housemates. The vac-
cines licensed in our study setting were AZD1222 
(ChAdOx1 nCoV-19; AstraZeneca, https://www.
astrazeneca.com), BNT162b2 (Pfizer-BioNTech, 
https://www.pfizer.com), mRNA-1273 (Moderna, 
https://www.modernatx.com), and JNJ-78436735/
Ad26.COV2.S (Janssen/Johnson & Johnson, https://
www.jnj.com). Contacts were considered positive 
COVID-19 cases if either RT-PCR or Ag-RDT was 
positive for SARS-CoV-2 during the contact tracing 
period from 48 hours before to 7 days after notifying 
the index case-patient. For contacts, we used 2 defi-
nitions for vaccination status: vaccinated with any 
dose or stratified according to the number of doses 
received. Full vaccination was considered to be 2 or 
3 doses. 

We analyzed data using Stata version 14.0 
(StataCorp LLC, https://www.stata.com) and R ver-
sion 4.1.2 (The R Project for Statistical Computing, 
https://www.r-project.org) software. For descrip-
tive analysis, we used medians and interquartile 
ranges (IQRs) for continuous variables and propor-
tions and 95% CIs for categorical variables. For uni-
variate analysis, we used the χ2 test to compare cat-
egorical variables and for trends, when appropriate, 
and Student t-test for continuous variables after test-
ing for normality (skewness and kurtosis tests) or 
nonparametric Fisher or Wilcoxon tests, when nec-
essary. We performed logistic regression for multi-
variate analysis and estimated crude odds ratios 
(ORs), RRs, adjusted ORs (aORs), or adjusted RRs 
for study variables, including age of contacts and 
index-patients, sex, vaccination status, and number 
of housemates. We performed regression analysis to 
compare continuous variables, calculated crude ORs 
and aORs, and estimated 95% CIs and p values. We 
considered a p value <0.05 significant.

Results

Study Sample
We included 227 symptomatic index case-patients 
who reported a total of 466 household contacts; medi-
an number of contacts was 2 (IQR 2–3, range 1–7). The 
Delta-dominant period had 123 index cases and 251 
contacts, and the Omicron-dominant period had 104 
index cases and 215 contacts (Figure 2). The median 
age for the entire sample of 693 participants (index 
patients plus contacts) was 38.0 (IQR 15.0–49.5, range 
1–91) years; 347 participants (50.1%) were female, 
and 511 (73.7%, 95% CI 70.3%–77.0%) were vaccinat-
ed (Appendix Table, https://wwwnc.cdc.gov/EID/
article/28/10/22-0494-App1.pdf). Vaccination levels 
increased to 89.9% (491/546, 95% CI 87.1%–92.3%) 
when we excluded children <12 years of age, for 
whom vaccination was not implemented until mid-
December 2021. Among vaccinated persons, 12.9% 
(66/511, 95% CI 10.1%–16.1%) were vaccinated with 
>1 dose of ChAdOx1-S vaccine, 3.9% (20/511, 95% 
CI 2.4%–6.0%) with JNJ-78436735/Ad26.COV2.S, 
20.0% (102/511, 95% CI 16.6%–23.7%) with mRNA-
1273, and 71.8% (367/511, 95% CI 67.7%–65.7%) with 
BNT162b2 (Appendix Table). Unvaccinated persons 
tended to be younger (median 10 [IQR 6.0–21.0] 
years of age) compared with those who were vac-
cinated (median 43.0 [IQR 27.0–53.0] years of age), 
mainly because of the overrepresentation of children 
in the unvaccinated group (p<0.001). Overall, 87.5% 
(447/511, 95% CI 84.3%–90.2%) of vaccinated adults 
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had received a full vaccine course, most often 2 doses 
of BNT162b2 (295/511, 57.7%, 95% CI 53.3%–62.1%). 
The median time from the index case report date to 
the administration of the last vaccine dose among 
contacts was 20.4 (IQR 14.3–25.0, range 0.1–46) weeks. 
Index case-patients from the Omicron-dominant peri-
od tended to be younger (39.0 [IQR 19.3–48.0] years of 
age) than those from the Delta-dominant period (43.0 
[IQR 25.0–55.0] years of age; p = 0.03). Contacts from 
the Omicron-dominant period had a higher preva-
lence of symptoms (57.1%, 95% CI 50.0%–64.0%) than 
those from the Delta-dominant period (46.4%, 95% CI 
34.9%–53.0%; p = 0.03). The overall vaccination cover-
age was higher among persons during the Omicron-
dominant period (79.3%, 95% CI 64.0%–73.6%) than 
during the Delta-dominant period (69.0%, 95% CI 
74.4%–83.6%; p = 0.002). The secondary attack rate 
(SAR) was higher in contacts during the Omicron-
dominant period (58.2%, 95% CI 51.8%–64.3%) than 
during the Delta-dominant period (80.9%, 95% CI 
75.0%–86.9%; p<0.001) (Appendix Table). 

Risk Factors for Infection among Contacts
During the Delta-dominant period, independent risk 
factors associated with infection were unvaccinated 
status (aOR 5.42, 95% CI 1.6–18.6), elapsed time since 
last vaccine dose (pooled aOR 1.63, 95% CI 1.1–2.4), 
and older age (pooled aOR 1.48, 95% CI 1.1–1.9) (Ta-
ble 1). We observed a protective association between 
unvaccinated status of index cases and infection risk 
of contacts (aOR 0.30, 95% CI 0.1–0.8) in the Delta-

dominant period (Table 1). We did not observe any 
associations between study variables and infection 
risk for contacts during the Omicron period (Table 
2). Only 1 of 9 contacts with a previous SARS-CoV-2 
infection was re-infected during the Delta-dominant 
period (p = 0.002), but we did not observe this effect 
during the Omicron-dominant period (Tables 1, 2).

Infection Risk for Contacts during Delta- versus 
Omicron-Dominant Periods
The adjusted RR of infection among contacts was 
3.87-fold (95% CI 2.4–6.2-fold) higher during the 
Omicron-dominant period than the Delta-dominant 
period. Analysis of RR of infection was restricted to 
the first and last tertiles of the study period for vac-
cinated and unvaccinated contacts and index case-
patients (Table 3). Contacts during the Omicron-
dominant period showed a higher RR of infection 
than those in the Delta-dominant period for all strata 
studied. However, this effect was more prominent 
among contacts who were vaccinated <20 weeks 
before contact with the index-case patient (RR 9.16, 
95% CI 3.4–25.0) compared with those who were 
vaccinated >20 weeks before contact with the index-
case patient (RR 2.91, 95% CI 0.8-10.2).

To explore the time lag effect since vaccine ad-
ministration, we stratified the group of vaccinated 
contacts according to the IQR and number of weeks 
that elapsed since their last vaccination dose and 
compared each group with unvaccinated contacts. 
We found a protective effect for VET in vaccinated 
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Figure 2. Selection process of 
participants in a study of SARS-
CoV-2 secondary attack rates 
in vaccinated and unvaccinated 
household contacts during 
replacement of Delta with Omicron 
variant, Spain. Index case-patients 
were those who first showed 
clinical symptoms of infection in 
a specific household and sought 
diagnosis or treatment at a primary 
healthcare center. Contacts were 
defined as persons who had 
spent >15 min with the index 
case-patient in an indoor space 
without intervention measures, 
such as masks, during the 48 
hours before COVID-19 diagnosis 
was confirmed for the index case-
patient. Contacts with no RT-PCR 
results and negative Ag-RDT were 
excluded from the study. Ag-RDT, 
rapid antigen detection tests; RT-
PCR, reverse transcription PCR.
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compared with unvaccinated persons in the first 2 
strata that were closer to the vaccination date during 
the Delta-dominant period after adjusting for age (OR 
0.21, 95% CI 0.1–0.7, p = 0.007, and OR 0.26, 95% CI 
0.1–0.9, p = 0.03), but not for the Omicron-dominant 
period (Figure 3). This protective effect disappeared 
during the Delta-dominant period, in the upper IQR 
strata (>20 weeks) (Figure 3).

 We observed no significant differences for age 
of contacts in all time lag strata. We reassessed these 
results using only data for contacts who had received 
2 or 3 vaccine doses and observed similar results. We 
plotted age against time elapsed since vaccination af-
ter stratifying according to the infection status of con-
tacts and used linear regression analysis to visualize 
the effects of age on infection risk during the 2 study 
periods (Appendix Figure 1).

Discussion
Our results show a high SAR among household 
contacts for both the Delta-dominant (58.2%) and 
Omicron-dominant (80.9%) periods; we found a 2- to 
6-fold higher risk of infection for household contacts 
of symptomatic index case-patients during the Omi-
cron-dominant period. SARs in our study were high-
er than that observed in a previous study conducted 
in the same geographic area in 2020, which showed a 
secondary infection rate of 48.3% when the ancestral 
SARS-CoV-2 strain responsible for the first infection 
wave was predominant (9). This previous study (9) 
classified hospitalized persons as index case-patients, 
and the mapping of those index cases demonstrated 
clear clustering in geographic areas with lower socio-
economic status. In our study, we did not observe 
geographic aggregation of index case-patients and 
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Table 1. Crude and adjusted risk factors for infection among contacts in the Delta-dominant period in a study of SARS-CoV-2 
secondary attack rates in vaccinated and unvaccinated household contacts during replacement of Delta with Omicron variant, Spain* 

Variable No. patients† 
Crude OR 

 
Adjusted OR‡ 

OR (95% CI) p value OR (95% CI) p value 
Vaccination status, contacts 

   
 

  

 Vaccinated 88/167 Referent 
 

 Referent 
 

 Unvaccinated 58/84 2.00 (1.2–3.5) 0.01  5.42 (1.6–18.6) 0.007 
 1 dose 8/17 Referent 

 
 Referent 

 

 2 doses 77/146 1.25 (0.5–3.4) 0.7  1.26 (0.4–3.8) 0.7 
 3 doses 3/4 3.37 (0.3–39.3) 0.3  2.12 (0.2–27.2) 0.5 
Time since vaccination, wk 

   
 

  

 1–13 11/31 Referent 
 

 Referent 
 

 14–20 20/50 1.21 (0.5–3.1) 0.7  0.98 (0.4–2.7) 0.9 
 21–25 32/54 2.64 (1.1–6.6) 0.04  1.74 (0.6–5.0) 0.3 
 >25 25/31 7.58 (2.4–24.1) 0.001  4.17 (1.1–15.3) 0.03 
 Missing data 0/1      
 Pooled 

 
1.96 (1.4–2.8) <0.001  1.63 (1.1–2.4) 0.01 

Age of contacts, y 
   

 
  

 0–12 45/70 Referent   Referent  
 13–18 7/18 0.35 (0.1–1.0) 0.06  1.50 (0.3–6.8) 0.6 
 19–35 14/32 0.43 (0.2–1.0) 0.05  1.62 (0.4–6.4) 0.5 
 36–45 24/46 0.61 (0.3–1.3) 0.2  2.68 (0.7–10.1) 0.1 
 >45 53/81 1.05 (0.5–2.1) 0.9  4.45 (1.1–18.3) 0.04 
 Missing data 3/4 1.7 (0.2–16.9) 0.5    
 Pooled  1.03 (0.9–1.2) 0.7  1.48 (1.1–1.9) 0.003 
Vaccination status, index patients  

  
 

  

 Vaccinated 114/180 Referent   Referent  
 Unvaccinated 32/71 0.48 (0.3–0.8) 0.009  0.30 (0.1–0.8) 0.02 
Age of index patients, y 

   
 

  

 0–12 21/48 Referent   Referent  
 13–18 4/6 2.57 (0.4–15.4) 0.3  0.54 (0.1–4.6) 0.6 
 19–35 20/38 1.43 (0.6–3.4) 0.4  0.40 (0.1–1.4) 0.1 
 36–45 46/69 2.57 (1.2–5.5) 0.02  0.71 (0.2–2.3) 0.6 
 >45 55/90 2.02 (1.0–4.1) 0.05  0.57 (0.2–1.9) 0.4 
 Pooled 

 
1.20 (1.0–1.4) 0.03  0.94 (0.7–1.2) 0.6 

Number of housemates 
   

 
  

 <2 70/104 Referent   Referent  
 >2 58/116 0.52 (0.3–0.9) 0.01  0.63 (0.3–1.2) 0.1 
Sex 

   
 

  

 M 79/132 Referent   Referent  
 F 67/118 1.13 (0.7–1.9) 0.6  1.03 (0.6–1.8) 0.9 
 Missing data 0/1      
*OR, odds ratio. 
†Values are number infected/total number of patients in each strata.  
‡Adjusted analysis only included participants who had all data available. 
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contacts in either variant-dominant period, which 
might indicate intrinsically higher infectious capacity 
and community penetrance of the Delta and Omicron 
variants compared with previous variants and ex-
plain their markedly high SAR. Despite high vaccine 
coverage, infection during the Delta- and Omicron-
dominant periods occurred regardless of other socio-
economic factors previously observed, such as the 
number of housemates (10). Furthermore, for the Del-
ta variant, the SAR observed in our study was higher 
than those reported among household contacts in 
England (25%) (11), Denmark (21%) (F.P. Lyngse et 
al., unpub. data, https://www.medrxiv.org/content
/10.1101/2021.12.27.21268278v1), Japan (25.2%) (12), 
Northern Spain (24%) (13), and those published in a 
systematic review and meta-analysis (22.5%) (14) but 
was similar to the 43.1% SAR reported in South Korea 
(15). For the Omicron variant, the SAR in our study 

was higher than those reported in Denmark (31%) 
(F.P. Lyngse et al., unpub. data), Japan (31.8%) (12), 
and the United States (52.7%) (16), and an overall rate 
of 42.7% (14). In our study, we included only symp-
tomatic index case-patients. Symptomatic SARS-
CoV-2–infected patients might be more efficient 
transmitters of the virus (17) because they maintain 
higher viral loads for a longer period (18) and might 
spread the infection more efficiently through sneez-
ing or coughing (19). The higher SARs in our study 
might also reflect a low level of compliance with iso-
lation measures among index case-patients within 
households or different testing and inclusion strate-
gies. Nevertheless, our results indicate that the Omi-
cron variant and, to a lesser extent, the Delta variant 
have an extremely high transmission capacity among 
close contacts, irrespective of vaccination status and 
other co-factors.
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Table 2. Crude and adjusted risk factors for infection among contacts in the Omicron-dominant period in a study of SARS-CoV-2 
secondary attack rates in vaccinated and unvaccinated household contacts during replacement of Delta with Omicron variant, Spain* 

Variable No. patients† 
Crude OR 

 
Adjusted OR‡ 

OR (95% CI) p value OR (95% CI) p value 
Vaccination status, contacts       
 Vaccinated 135/170 Referent   Referent  
 Unvaccinated 39/45 1.69 (0.7–4.3) 0.3  1.86 (0.6–6.2) 0.3 
 1 dose 25/29 Referent   Referent  
 2 doses 90/113 0.63 (0.2–2.0) 0.4  0.75 (0.2–2.9) 0.7 
 3 doses 19/27 0.38 (0.1–1.5) 0.2  0.36 (0.1–1.9) 0.2 
 Missing data 1/1      
Time since vaccination, wk       
 1–13 36/48 Referent   Referent  
 14–20 28/35 1.33 (0.5–3.8) 0.6  2.17 (0.5–9.3) 0.3 
 21–25 34/41 1.62 (0.6–4.6) 0.4  2.41 (0.7–7.8) 0.1 
 >25 36/45 1.33 (0.5–3.6) 0.6  1.91 (0.6–5.7) 0.2 
 Missing data 1/1      
 Pooled  1.12 (0.8–1.5) 0.5  1.26 (0.9–1.8) 0.2 
Age of contacts, y       
 0–12 36/42 Referent   Referent  
 13/18 22/27 0.73 (0.2–2.7) 0.6  0.99 (0.2–4.4) 0.9 
 19/35 38/47 0.70 (0.2–2.2) 0.5  0.94 (0.2–3.8) 0.9 
 36/45 33/42 0.61 (0.2–1.9) 0.4  0.83 (0.2–3.3) 0.8 
 >45 45/57 0.63 (0.2–1.8) 0.4  0.82 (0.2–3.2) 0.8 
 Pooled  0.90 (0.7–1.1) 0.4  0.94 (0.7–1.2) 0.6 
Vaccination status, index patients       
 Vaccinated 134/161 Referent   Referent  
 Unvaccinated 40/54 0.56 (0.3–1.2) 0.1  0.98 (0.2–3.9) 0.9 
Age of index patients, y       
 0–12 36/50 Referent   Referent  
 13–18 13/15 2.53 (0.5–12.7) 0.3  2.79 (0.4–20.4) 0.3 
 19–35 35/44 1.51 (0.6–3.9) 0.4  1.47 (0.4–5.8) 0.6 
 36–45 51/59 2.48 (0.9–6.5) 0.07  2.27 (0.5–10.5) 0.3 
 >45 39/47 1.90 (0.7–5.0) 0.2  1.84 (0.4–8.8) 0.4 
 Pooled  1.20 (0.9–1.5) 0.1  1.09 (0.8–1.5) 0.6 
Number of housemates       
 <2 60/70 Referent   Referent  
 >2 114/145 0.61 (0.3–1.3) 0.2  0.62 (0.3–1.4) 0.3 
Sex       
 M 93/115 Referent   Referent  
 F 81/100 1.13 (0.7–1.9) 0.6  0.97 (0.5–2.0) 0.9 
*OR, odds ratio. 
†Values are number infected/total number of patients in each strata.  
‡Adjusted analysis only included participants who had all data available. 
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Vaccine evasion might be a contributor to the 
higher transmissibility of the Omicron variant in 
areas with high vaccine coverage (F.P. Lyngse et 
al., unpub. data). This conclusion is supported by 
the substantial RR of SARS-CoV-2 infection in con-
tacts during the Omicron-dominant period who 
were vaccinated within 20 weeks before infection 
by the index case-patients but not in contacts vacci-
nated at >20 weeks before infection (Table 3). These 
observations are consistent with the reduction of 
neutralizing antibodies against Omicron observed 
in experimental studies (20,21) and a notable du-
ration of infectious shedding of the Omicron virus 
in vaccinated persons (22). The protective effect of 
vaccination against SARS-CoV-2 infection in the 
Delta-dominant period was consistent with previ-
ous reports on the Delta VOC, which had similar but 
limited results (6,21,23–26). However, we could not 
ascertain if the booster dose was effective for reduc-
ing transmission, likely because of the low sample 
size (only 46 contacts had booster vaccines admin-
istered during the Delta-dominant period). The pro-
tective effect against the Delta variant diminished as 
the time since vaccination increased, which has also 
been previously reported (5,24,26). Our estimates 
suggest a nonlinear trend for reduction of vaccine 
protection, culminating at ≈20 weeks after vaccina-
tion. The underlying mechanisms might include a 
rapid decline of vaccine-induced peak IgA, which is 
a mucosal antibody with more potent neutralizing 
activity than IgG (27) against the spike protein (28). 
A substantial reduction of IgA was also observed 
3 months following natural infection (29), which is 
compatible with our results, considering that IgA re-
mains longer in mucosal fluids than serum (29).

We cannot conclude that the vaccination sta-
tus of the index case-patients provided protection 
against infection for their contacts. However, we 
suggest that a complex relationship exists between 
vaccination status, immunity, and age. Children, 

who have shown a lower susceptibility to SARS-
CoV-2 infection (30), might have a lower ability to 
transmit the infection (31–33) and tended to be un-
vaccinated in our sample. However, older persons 
tend to have better vaccine coverage but lose vac-
cine-induced immunity more rapidly than younger 
persons (34,35) and develop symptoms (36). Finally, 
vaccinated persons might have a lower inclination 
to practice social distancing than unvaccinated per-
sons (37). Overall, these factors might explain the 
protective association against infection between 
unvaccinated index case-patients and their contacts 
during the Delta-dominant period. These interac-
tions could have implications for vaccination strat-
egy and deserve further examination; however, they 
might have had little or no effect during the Omi-
cron-dominant period. Risk factors related to infec-
tion with the Omicron variant might only be ascer-
tained with a larger sample size of Omicron-infected 
households. A recent large cohort study conducted 
in Spain found that booster mRNA vaccine doses 
were moderately effective in preventing infection 
with the SARS-CoV-2 Omicron variant for >1 month 
after administration, after which protection rapidly 
diminished compared with the protection observed 
against the Delta variant (38).

Our study’s first limitation is that we relied on the 
assumption that the classification of 2 periods on the 
basis of molecular epidemiologic surveillance of SARS-
CoV-2 variants was an acceptable proxy to compare 
the epidemiologic behavior of the Omicron and Delta 
variants. However, a misclassification of the Delta and 
Omicron variant clusters might have occurred, espe-
cially during the middle tertile of our study period, 
when variants within the population overlapped. We 
overcame this limitation by restricting data analysis to 
the first and last tertiles (Table 3); however, we used 
all data for the remaining analyses to maintain statisti-
cal power of the study. Second, we could not confirm 
which persons were the true index case-patients and, 
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Table 3. Risk of infection among contacts relative to vaccination status in a study of SARS-CoV-2 secondary attack rates in vaccinated 
and unvaccinated household contacts during replacement of Delta with Omicron variant, Spain* 

Variable 
Delta-dominant period 

 
Omicron-dominant period 

RR§ (95% CI) p value Patients† p value‡ Patients† p value‡ 
Vaccination status, contacts        
 Vaccinated 50/101 (49.5) 0.1  112/124 (90.3) 0.3 6.48 (3.0–13.8) <0.001 
 Unvaccinated 35/56 (62.5) 28/29 (96.6) 10.4 (1.2–82.5) 0.03 
 Vaccinated, <20 wk 23/62 (37.1) 0.002  59/65 (90.8) 0.8 9.16 (3.4–25.0) <0.001 
 Vaccinated, >20 wk 27/39 (69.3) 52/58 (89.7) 2.91 (0.8–10.2) 0.1 
Vaccination status, index        
 Vaccinated 67/112 (59.8) 0.02  108/120 (90.0) 0.2 3.99 (2.0–8.1) <0.001 
 Unvaccinated 18/45 (40.0) 32/33 (97.0) 43.5 (5.1–369.9) 0.001 
*RR, relative risk 
†Values are no. infected/total no. (%) patients in each strata. 
‡p values for differences between vaccinated and unvaccinated groups. 
§RR between Omicron vs. Delta variant, adjusted by age of contact. 
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therefore, some misclassification of index cases versus 
contacts may have occurred. In this regard, the effects 
of the variables studied, such as index and contact vac-
cination effects, might have been diluted in the study. 
Third, we cannot exclude the possibility that, in some 
households, contacts were not infected by the same 
index case-patient or were infected elsewhere in the 
community, which might again dilute the factors as-
sociated with contacts. Finally, the percentages of in-
fected contacts in the excluded group (14% of contacts 
during the Delta-dominant period and 22% during the 
Omicron-dominant period) were lower than those for 
the cohort included in the study, which might have 
skewed the results by increasing the estimated SAR 
during both periods. Ultimately, full confirmation 
of our findings will require a longitudinal study that 
includes a long-term follow-up of participants and 
household-level genotyping results.

Our results underscore the need for continuous 
community-based surveillance studies to character-
ize the epidemiologic phenotypes of SARS-CoV-2 
variants in vaccine-covered populations, especially 
considering the emergence of new variants, such 
as Omicron subvariants BA.4 and BA.5 (Appendix 
Figure 2). Given the increased infectiousness of the 
Omicron variant compared with previous VOCs, we 
should focus on developing vaccines with long-last-
ing protection against severe disease rather than only 
infectivity. Sustained public health measures focused 
on the most vulnerable populations, such as the con-
sistent use of masks in public settings to limit infec-
tion of SARS-CoV-2, should remain a cornerstone of 
pandemic management. The results from this study 

could help healthcare policy makers formulate effec-
tive prevention policies for newly emerging VOCs.
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Human papillomavirus (HPV) is usually 
thought of as a sexually transmitted infection. 

However, HPV also can spread through oth-
er forms of contact. New research indicates 
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Diverse influenza A viruses are found in aquatic 
waterfowl, poultry, swine, horses, aquatic mam-

mals, bats, and domestic pets such as cats and dogs. 
Although there is a diversity of virus hemagglutinin 
(H1–H16) and neuraminidase (N1–N9) subtypes in 
aquatic birds, more restricted numbers of virus sub-
types are established in other species, including chick-
en (1). The high mutation rates associated with an er-
ror-prone virus replication complex and the presence 
of a segmented genome enables genetic reassortment 
of gene segments of viruses of different species and in-
terspecies transmission and adaptation to new hosts.

Influenza A virus subtypes H9 and H6 have 
formed established lineages in domestic chicken and 

game birds (quail, pheasant) farmed for consumption 
in Asia (2). The internal gene constellation of H9N2 
viruses contains hemagglutinin (HA) and neuramini-
dase (NA) genes acquired from aquatic waterfowl to 
generate H5N1, H5N6, H7N9, and H10N8 viruses 
through genetic reassortment, and many of these vi-
ruses also became established in poultry, subsequently 
posing zoonotic and pandemic threats (3–5). A novel 
influenza A(H3N8) virus has been recently reported to 
cause zoonotic infection in Henan Province, China (6).

In this context, we report detection of novel H3N8 
viruses recently identified in chicken in live poultry 
markets and chicken farms in Hong Kong, China, that 
are genetically similar to the zoonotic H3N8 viruses 
reported in mainland China (6). We also report that 
these recent H3N8 viruses have arisen in a manner 
akin to zoonotic H5N1, H7N9, and H10N8 viruses 
and that there is little cross-reactive immunity in the 
human population to these chicken H3N8 viruses.

Methods

Influenza A Virus Surveillance and Virologic  
Testing of Poultry Farms
The Department of Agriculture, Fisheries and Con-
servation in Hong Kong routinely conducts viro-
logic surveillance on each batch of chickens from lo-
cal farms before release for sale. The surveillance is 
conducted on 30 unvaccinated sentinel chickens co-
housed with each chicken flock. During December 14, 
2021–January 21, 2022, we obtained oropharyngeal 
and cloacal swab samples from 30 chickens on each 
of 28 poultry farms. We combined samples into pools 
of 6 and placed each pool into a vial of virus transport 
medium (medium 199 plus antimicrobial drugs).

In a follow-up investigation of 4 farms found pos-
itive for H3N8 virus, we conducted more intensive 
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Zoonotic and pandemic influenza continue to pose threats 
to global public health. Pandemics arise when novel influ-
enza A viruses, derived in whole or in part from animal or 
avian influenza viruses, adapt to transmit efficiently in a 
human population that has little population immunity to 
contain its onward transmission. Viruses of previous pan-
demic concern, such as influenza A(H7N9), arose from 
influenza A(H9N2) viruses established in domestic poul-
try acquiring a hemagglutinin and neuraminidase from in-
fluenza A viruses of aquatic waterfowl. We report a novel 
influenza A(H3N8) virus in chicken that has emerged in 
a similar manner and that has been recently reported to 
cause zoonotic disease. Although they are H3 subtype, 
these avian viruses are antigenically distant from con-
temporary human influenza A(H3N2) viruses, and there 
is little cross-reactive immunity in the human population. 
It is essential to heighten surveillance for these avian 
A(H3N8) viruses in poultry and in humans.
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surveillance during May 2022 to check for any con-
tinuing evidence of on-farm viral circulation. We 
sampled a total of 50 chickens by using oropharyn-
geal and cloacal swabbing, again in pools containing 
6 specimens.

Influenza A Surveillance in Live Poultry Markets
The School of Public Health of The University of Hong 
Kong routinely conducts surveillance in live poultry 
market stalls in Hong Kong (n = 116) by sampling from 
each stall fecal droppings (n = 10), drinking water in 
poultry cages (n = 2), and chopping boards and the in-
ner wall and outer surface of defeathering machines 
used (n = 3) in preparation of slaughtered poultry for 
sale (7). All 116 poultry stalls were sampled every 3 
months. Samples were individually collected and 
placed into vials of virus transport medium (medium 
199 plus antimicrobial drugs), and samples were kept 
in cool packs for transport to the laboratory.

Real-Time Reverse Transcription PCR for  
Detection of Influenza A Viruses
We extracted viral RNA from chicken oropharyngeal 
and cloacal swab specimens by using the MagNA 
Pure 96 DNA and Viral NA Small Volume Kit (Roche, 
https://lifescience.roche.com) according to the man-
ufacturer’s instructions. We tested eluted specimen 
RNA by using real-time reverse transcription PCR 
(RT-PCR) for the influenza A virus matrix (M) gene 
as described (8).

We tested swab specimen supernatants of all in-
fluenza A virus M gene–positive swab specimens by 
RT-PCR for H5, H7, and H9 (9) and for virus isolation. 
We identified virus subtype of M gene–positive swab 
specimens negative for H5, H7, and H9 by using  

genetic sequencing of the virus isolate or directly 
from the swab specimen.

Virus Isolation
We inoculated 0.2 mL of swab specimen supernatant 
of all influenza A virus M gene–positive swab speci-
mens into the allantoic cavity of three 9–11-day-old 
specific pathogen–free embryonated eggs and incu-
bated at them at 36°C (± 2°C) for 4 days. We candled 
the eggs daily, and harvested allantoic fluid. We sub-
typed virus isolates by using hemagglutination inhi-
bition (HI) tests and reference panels of antiserum to 
a range of influenza virus A subtypes (7).

Genetic Sequencing of Virus Isolates and  
Phylogenetic Analysis
We deduced near full-length genomes from virus 
grown in allantoic fluid samples by using an Illu-
mina Sequencing Protocol (https://www.illumina.
com) as described (5,10–12). We removed low-quality 
base pairs in the raw data by using Fastp (13) and se-
lected reference sequence by using SPAdes (11) and 
BLAST (14). We generated consensus sequences by 
using BWA (http://arxiv.org/abs/1303.3997) and 
Pilon (15) and aligned sequences by using MUSCLE 
(16) and public sequences from GenBank and GISAID 
(https://www.gisaid.org) (Appendix Table, https://
wwwnc.cdc.gov/EID/article/28/10/22-1067-App1.
pdf). We constructed phylogenic trees by using 
IQtree (17) with the general time-reversible plus gam-
ma model and 1,000 bootstrap replicates.

DNA Bar Coding
We conducted PCR amplification of the mitochon-
drial cytochrome oxidase I gene for host-species- 
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Table 1. Virologic results for local farm chickens positive for avian influenza A(H3N8) virus under active surveillance, Hong Kong, China* 

Farm Date sample collected No. vials 
No. (%) positive by RT-PCR 

 
No. (%) positive by virus isolation 

H9 H3 H9 H3 
A 2021 Dec 14 10 0 6 (60)  0 6 (60) 
B 2022 Dec 28 10 0 6 (60)  0 3 (30) 

2022 Feb 21 10 0 0  0 1 (10) 
2022 Mar 7 10 0 6 (60)  0 5 (50) 

2022 Mar 21 10 0 1 (10)  0 1 (10) 
C 2022 Jan 12 10 0 6 (60)  0 6 (60) 
D 2022 Jan 21 10 0 6 (60)  0 6 (60) 
*No other influenza virus subtypes were detected. RT-PCR, reverse transcription PCR. 

 

 
Table 2. Retrospective seroprevalence of antibodies to A/chicken/Hong Kong/22-10782/2022 influenza A(H3N8) virus in chicken 
serum samples collected from affected farms, Hong Kong, China* 
Farm Date samples collected No. H3N8 HI titer >1:16, no. (%) H3N8 GMT (95% CI) 
A 2022 Feb 16 30 26 (86.7) 28.51 (20.01–40.61) 
B 2022 Feb 9 30 2 (6.7) 1.35 (0.96–1.91) 
C 2022 Feb 16 30 29 (96.7) 46.31 (31.97–67.09) 
D 2022 Feb 24 30 26 (86.7) 16 (10.25–24.99) 
*Serologic study was conducted on 28 farms in January‒February 2022. Only data for 4 farms positive for H3N8 virus are shown. GMT, geometric mean 
titer; HI, hemagglutination inhibition. 
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identification as described (18). We sequenced the 
amplified ≈700-bp PCR fragment of the cytochrome 
oxidase I gene by using the 3730xl DNA Analyzer 
(Applied Biosystems, https://www.thermofisher.
com) and analyzed by using the barcoding soft-
ware bold, which provides a taxonomic assignment 
to the query sequence by using a linear search to 
collect nearest neighbors (lowest percentage di-
vergence) from a global alignment of all reference  
sequences (19).

Serologic Analysis
We used the HI test to detect the seroprevalence to 1 
of the novel H3N8 viruses, A/chicken/Hong Kong/
MKT-AB13cp/2022, and human seasonal virus A/
Switzerland/8060/2017 (H3N2) in a panel of age-
stratified blood donor serum samples collected dur-
ing 2019–2020. The study protocol was approved by 
the University of Hong Kong. We also tested HI titers 
of a World Health Organization reference antiserum 
to A/Switzerland/8060/2017 against A/chicken/
MKT-AB13cp/2020 H3N8 virus (original serum di-
lution provided was 1:128) in comparison with the 
homologous virus A/Switzerland/8060/2017. The 
HI tests were conducted as described (20,21). We ana-
lyzed the effect of age-stratified seroprevalence on the 
reproduction number (R0) and population immunity 
as described (22).

Results
During routine virologic surveillance on chicken 
farms, H3N8 viruses were first identified on samples 
collected from 2 broiler farms (farms A and B) in De-
cember 2021 and subsequently detected on 2 other 
broiler farms in January 2022 (farms C and D) (Table 

1). On 1 of the farms (B), H3N8 virus was detected on 
3 other occasions during February and March 2022.

Of the 4 chicken farms that had positive virologic 
results, all had serologic evidence (HI titers >16) of 
past influenza A(H3N8) virus infection; 3 of 4 farms 
had >26 of 30 birds sampled on each farm in Febru-
ary 2022 test serologically positive (Table 2). Chicken 
producers were subsequently advised to conduct 
thorough disinfection and strengthen farm biosecu-
rity to prevent further spread and eliminate the virus.

Follow-up virologic testing in May 2022 of 150 
chickens from each of the 4 positive farms yielded 
negative results (Table 3). As of the end of June 2022, 
there has been no additional detection of H3N8 on 
any farms.

During January 2022–June 2022, we collected 
and tested 3,525 environmental swab samples of fe-
cal droppings, drinking water in poultry cages, and 
chopping boards and defeathering machines in live 
poultry markets and stalls sampled (Table 4). An en-
vironmental swab specimen collected from a chick-
en defeathering machine on January 12 and a swab 
specimen collected from a poultry chopping board 
on January 20 from 2 different live poultry markets 
were positive for influenza A(H3N8) viruses. The sec-
ond market only sells chicken, and the first market 
additionally sells chilled dressed duck slaughtered 
elsewhere. The species of origin from both swab spec-
imens was determined by DNA bar coding to be do-
mestic chicken (Gallus domesticus).

We sequenced 7 H3N8 viruses in this study and 
submitted them to GISAID (Table 5). Phylogenet-
ic analysis of the full-genome sequence of poultry 
H3N8 viruses showed that the chicken H3N8 viruses 
from farms and poultry markets are closely related to 
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Table 3. Follow-up virologic results for local chicken farms previously positive for avian influenza A(H3N8) virus, Hong Kong, China* 

Farm 
Date samples 

collected No. samples† 
No. (%) positive by RT-PCR 

 
No. (%) positive by virus isolation 

H9 H3 H9 H3 
A 2022 May 10 50 0 0  0 0 
B 2022 May 11 50 0 0  0 0 
C 2022 May 10 50 2 (4) 0  0 0 
D 2022 May 11 50 0 0  0 0 
*RT-PCR, reverse transcription PCR. 
†Includes oropharyngeal and cloacal samples. 

 

 
Table 4. Samples tested in live poultry markets and those positive for influenza A virus, Hong Kong, China, 2022* 

Month 
No.  swabs 

tested 
No. markets 

sampled 
No. stalls 
sampled 

No. (%) positive by RT-PCR 
 

No. (%) positive by virus isolation 
H9 H6 H3 H9 H6 H3 

Jan 555 25 37  0 2 (0.36)  0 0 2 (0.36) 
Feb 435 16 29 6 (1.38) 2 (0.46) 0  4 (0.92) 1 (0.23) 0 
Mar 705 34 47 4 (0.57) 0 0  1 (0.14) 0 0 
Apr 585 27 39 2 (0.34) 0 0  0 0 0 
May 630 25 42 0 0 0  0 0 0 
Jun 615 32 41 2 (0.33) 0 0  2 (0.33) 0 0 
Total 3,525 159 235 14 (0.40) 2 (0.06) 2 (0.06)  7 (0.20) 1 (0.03) 2 (0.06) 
*No other influenza A virus subtypes were detected. RT-PCR, reverse transcription PCR 
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Table 5. Influenza A (H3N8) viruses genetically sequenced in from chicken farms, live poultry markets, and the Mai Po Wetlands, 
Hong Kong, China 

Virus name 
Date of 

collection 
Place and site of 

collection DNA barcoding GISAID accession no.* 
A/chicken/Hong Kong/21-17040/2021 (H3N8) 2021 Dec 13 Farm A Not relevant ON909094-ON909101 
A/chicken/Hong Kong/21-17632/2021 (H3N8) 2021 Dec 28 Farm B Not relevant ON909102-ON909109 
A/Env/Hong_Kong/MKT_TYEB_13d2/2022 
(H3N8) 

2022 Jan 12 Live poultry market, 
defeathering machine 

gallus EPI_ISL_13566013 

A/Env/Hong_Kong/MKT_AB_13cp/2022 (H3N8) 2022 Jan 20 Live poultry market, 
chopping board 

gallus EPI_ISL_13566014 

A/Env/HongKong/MP16_1834/2016 (H3N8) 2016 Dec 21 Mai Po wetlands Anas acuta EPI_ISL_13566015 
A/Env/HongKong/MP18_0131/2018 (H3N8) 2018 Nov 14 Mai Po Wetlands Anas clypeata EPI_ISL_13566016 
A/Env/HongKong/MP18_0135/2018 (H3N8) 2018 Nov 14 Mai Po Wetlands Anas clypeata EPI_ISL_13566017 
*GISAID, https://www.gisaid.org. 

 

Figure. Phylogenetic analysis of influenza 
A(H3N8) viruses isolated from chicken farms, 
live poultry markets, and the Mai Po Wetlands, 
Hong Kong, China (bold). A) Hemagglutinin 
gene segment; B) neuraminidase gene segment; 
C) polymerase basic 2 gene segments. 
Strains listed in Table 5 were analyzed with 
other relevant virus sequence data available 
in public databases (accession numbers in 
Appendix Table, https://wwwnc.cdc.gov/EID/
article/28/10/22-1067-App1.pdf). Trees were 
generated by using IQ-tree (https://www.iqtree.
org) with the general time reversible plus gamma 
model. Bootstrap values >80% are shown. Scale 
bars indicate estimated genetic distances.
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each other and to an H3N8 virus associated with zoo-
notic disease in mainland China (Figure; Appendix 
Figure). The polymerase basic 1, polymerase basic 2, 
polymerase acidic, NA, nonstructural protein, and M 
gene segments were derived from the G57 sublineage 
of influenza A(H9N2) viruses commonly found in 
mainland China (23), whereas the HA gene sequences 
belong to the Eurasian avian H3 lineage, which has 
been detected in ducks and other wild birds (24).

The NA gene sequences of the poultry A(H3N8) 
viruses belonged to the North American lineage, but a 
closely related N8 NA sequence had previously been 
detected in A/Env/Hong_Kong/MP16_1834/2016 
(H3N8), a virus isolated on December 21, 2018, from 
the Mai Po Wetlands, Hong Kong, in 2018, obtained 
from a fecal specimen identified by DNA bar coding to 
be derived from a Northern pintail duck (Anas acuta) 
(Table 5). Two other H3N8 viruses isolated from fe-
cal droppings collected from the Mai Po Wetlands on 
November 14, 2018, identified to be from a Northern 
shoveler duck (Anus clypeata) were genetically unrelat-
ed in all gene segments to the chicken H3N8 viruses. 
The N8 gene segment sequence also is closely related 
to other aquatic wild bird H3 viruses from mainland 
China. Other than for the N8 NA gene segment, none 
of the other gene segments of the poultry H3N8 vi-
ruses were derived from the wild bird H3N8 viruses 
detected in the Mai Po Wetlands of Hong Kong. These 
viruses were distinct from chicken H3N8 viruses pre-
viously reported in mainland China (25). However, 1 
sequence of a virus from chicken similar in all 8 gene 
segments to our Hong Kong H3N8 viruses is available 
in virus genetic sequence databases (Figure).

The HI titer of the World Health Organization 
reference antiserum to human seasonal H3N2 virus 
A/Switzerland/8060/2017 against the homologous 
virus antigen was 1:128, and the titer against A/
chicken/Hong Kong/MKT-AB13cp/2022 was <1:10, 
suggesting limited antigenic cross-reactivity of cur-
rent human seasonal H3N2 viruses with these novel 
avian H3N8 viruses. The overall seroprevalence (HI 
titer >1:40) to A/chicken/Hong Kong/MKT-AB-
13cp/2022 (H3N8) in age-stratified human serum 
samples was 3.2% (Table 6). In contrast, as expected, 
we found high (58.7%) seroprevalence to a recent hu-
man seasonal A/Switzerland/8060/2017 (H3N2) vi-
rus in this same panel of serum samples.

Human population immunity to a potentially 
zoonotic virus is a major parameter that is included in 
the risk assessment of animal viruses for a pandemic 
threat. We have described an approach to assess that 
risk by estimating the effect of age-stratified immu-
nity in the human population by using HI tests on R0 
of such a virus if it were to become transmissible in 
humans (22). We found that the observed seropreva-
lence in humans would provide little or no resistance 
to such a virus, if it were to acquire other factors re-
quired for transmission between humans (Table 7).

Discussion
We report detection of chicken influenza A(H3N8) 
viruses from live poultry markets and farms in Hong 
Kong. These viruses were genetically similar to each 
other and to a recently reported zoonotic H3N8 vi-
rus in mainland China (6). The viruses were novel 
reassortants that have virus internal gene segments 
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Table 6. Seroprevalence of antibodies to human seasonal influenza virus A/Switzerland/8060/2017 (H3N2) and A/chicken/Hong 
Kong/MKT-AB13cp/2022 (H3N8) virus in age-stratified human serum samples from blood donors, Hong Kong, China, 2020* 

Age group, y No. 
H3N2 HI titers, no. (%) 

 
H3N8 HI titer, no. (%) 

H3N2 GMT (95% CI) H3N8 GMT (95% CI) >1:10 >1:40 >1:10 >1:40 
10–19 10 10 (100)  9 (90)  0 0 183.8 (74.8–451.7) 5 (5–5) 
20–29 10 7 (70) 7 (70)  0 0 37.32 (11.8–118.6) 5 (5–5) 
30–39 10 5 (50) 5 (50)  0 0 20 (6.7–59.9) 5 (5–5) 
40–49 10 8 (80) 6 (60)  3 (30) 1 (10) 30.31 (12.6–73.1) 7.071 (4.4–11.5) 
50–59 10 3 (30) 0  2 (20) 0 7.1 (4.6–10.8) 5.743 (4.7–7.1) 
60–69 10 9 (90) 9 (90)  1 (10) 1 (10) 56.6 (25.8–123.9) 6.156 (3.9–9.9) 
70–79 3 1 (33) 1 (3)  0 0 12.6 (0.2–671.9) 5 (5–5) 
Total 63 43 (68.3) 37 (58.7)  6 (9.5) 2 (3.2) 32.8 (22.1–48.8) 5.6 (5.1–6.2) 
*GMT, geometric mean titer; HI, hemagglutination inhibition. 

 

 
Table 7. Estimates of effect of observed seroprevalence on human population immunity and reproductive numbers needed to cause a 
pandemic for novel zoonotic avian influenza virus A(H3N8) virus in chicken, Hong Kong, China* 

Virus used 

Estimate (95% CI) 
Proportion of population 

immune 
Relative reduction in 
reproduction number 

Smallest reproductive number 
needed to cause a pandemic 

A/Switzerland/8060/2017(H3N2) 0.393 (0.337–0.446) 0.375 (0.317–0.43) 1.601 (1.464–1.755) 
A/chicken/Hong Kong/MKT0AB13cp.2022 (H3N8) 0.029 (0.012–0.058) 0.032 (0.013–0.061) 1.033 (1.013–1.066) 
*See Nguyen et al. (17) for the methods used. 
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derived from H9N2 lineage genotype 57 viruses (A/
chicken/Zhejiang/HJ/2007-like) established in poul-
try in mainland China, but the H3 and N8 gene seg-
ments were derived from wild aquatic bird influenza 
A viruses. The H9N2 virus internal gene cassette 
was previously reported to facilitate the emergence 
of reassortant influenza A viruses of zoonotic poten-
tial (26). These chicken H3N8 viruses in Hong Kong 
were distinct from H3N8 viruses reported from poul-
try in mainland China (25), but a A/chicken/China/
Guangdong_01/2022 (H3N8) virus genetically simi-
lar to these viruses in all 8 gene segments is reported 
in public databases (Appendix Table). These H3N8 
viruses were also distinct from H3N8 viruses report-
ed in horses, dogs and cats (27–29).

These novel H3N8 viruses appear to have arisen 
in a manner analogous to the emergence of previ-
ous zoonotic H7N9 and H10N8 viruses, in which the 
H9N2 viruses enzootic in chicken and other game 
birds in China acquired HA and NA gene segments 
from wild, aquatic bird viruses. Wild aquatic birds 
share ecosystems with domestic ducks, and it is in-
evitable that influenza viruses will also be shared 
in such ecosystems. Subsequent trade systems in 
which domestic ducks and chickens (and other 
game birds) are mixed in close proximity within 
wholesale and retail poultry markets provide the 
opportunity for H9N2 viruses in chicken to acquire 
HA and NA gene segments from domestic ducks, as 
has been postulated in the emergence of H7N9 and  
H10N8 viruses (4).

Pandemics emerge when influenza viruses of 
birds, swine, or other mammals adapt to transmis-
sion between humans and when the human popu-
lation lacks immunity to the hemagglutinin of the 
newly emerged virus. Cross-reactive immunity 
in humans is 1 parameter that is considered when 
risk assessing the pandemic threat from a newly 
emerged animal influenza virus (30). Our data sug-
gest that there is little antigenic cross-reactivity be-
tween contemporary seasonal H3N2 viruses and the 
H3N8 virus. The overall HI test seroprevalence at a 
titer >1:40 to H3N8 in age-stratified serum samples 
collected from blood donors in Hong Kong was 
3.2%, and the estimated proportion of the popula-
tion immune (weighted for age structure) was 2.9% 
(95% CI 1.2%–5.8%). We estimated that if this H3N8 
virus acquired transmissibility between humans 
and acquired an R0 >1.033, cross-reactive population 
immunity would fail to impede its onward trans-
mission in the human population. For comparison, 
similar estimation of the minimal R0 required for 
the 2009 pandemic H1N1 virus to spread in face of  

population immunity before its emergence and 
spread in 2009 was 1.231 (95% CI 1.185–1.292), a 
markedly higher threshold to cross (22).

In conclusion, we report the emergence of a novel 
influenza A(H3N8) virus in chickens in Hong Kong. 
This virus might have major zoonotic and pandemic 
potential. Our results indicate the need to enhance 
surveillance for this virus in poultry, carry out com-
prehensive risk assessment of such a virus, and pre-
pare pandemic seed vaccine strains if justified by 
such risk assessment.
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Mathematical models of infectious disease trans-
mission are widely used to help develop infec-

tious disease policy, estimate the potential effect of in-
terventions, and provide insight into disease dynamics 
and natural history. Many models incorporate patterns 
of mixing between different sections of the popula-
tion, most commonly between different age groups.  

Simulated mixing patterns can have a considerable effect 
on model dynamics (1), underscoring the importance of 
simulating realistic mixing patterns. Mixing patterns are 
frequently shaped by social contact data (i.e., empirical 
data collected from respondents about the persons with 
whom they had contact during a set period) (2).

Most social contact data collection has focused on 
close contacts, using a definition of contacts that re-
quired a 2-way face-to-face conversation of >3 words, 
close proximity (e.g., within 2 meters), physical con-
tact, or some combination of those criteria (2). Those 
types of contact may approximate reasonably well 
the types of contact that are relevant for infections 
that are transmitted primarily through direct contact, 
short range aerosols, droplets, or some combination 
of these modes. For obligate, preferential, or oppor-
tunistic airborne infections such as measles, Myco-
bacterium tuberculosis, and SARS-CoV-2, however, 
this definition probably excludes many potentially 
effective contacts because transmission of airborne 
infections can occur between anybody sharing air in 
inadequately ventilated indoor spaces, regardless of 
whether conversation occurs, and over distances >2 
meters (3). For airborne infections, estimates of casual 
contact time may therefore be more appropriate, cal-
culated as the time spent in indoor locations multi-
plied by the number of other persons present.

Tuberculosis also differs from most respiratory 
infections in terms of the long periods during which 
persons are potentially infectious; an estimated 9–36 
months elapses between disease development and 
diagnosis (or notification) in 11 countries with high 
tuberculosis incidences (4). Therefore, transmission 
to repeated contacts can partially saturate (even  
allowing for reinfection), making the relationship be-
tween contact time and infection risk nonlinear (5). 
This effect is most pronounced for contact between 
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Data on social contact patterns are widely used to param-
eterize age-mixing matrices in mathematical models of 
infectious diseases. Most studies focus on close contacts 
only (i.e., persons spoken with face-to-face). This focus 
may be appropriate for studies of droplet and short-range 
aerosol transmission but neglects casual or shared air con-
tacts, who may be at risk from airborne transmission. Using 
data from 2 provinces in South Africa, we estimated age 
mixing patterns relevant for droplet transmission, nonsatu-
rating airborne transmission, and Mycobacterium tubercu-
losis transmission, an airborne infection where saturation 
of household contacts occurs. Estimated contact patterns 
by age did not vary greatly between the infection types, 
indicating that widespread use of close contact data may 
not be resulting in major inaccuracies. However, contact in 
persons >50 years of age was lower when we considered 
casual contacts, and therefore the contribution of older age 
groups to airborne transmission may be overestimated.
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household members (5). Household membership 
and repeated contacts are rarely explicitly simulated 
in mathematical models, and therefore the effects of 
contact saturation need to be incorporated into the 
mixing matrices used to parameterize the models.

In this article, we describe methods for estimating 
age-mixing patterns relevant for nonsaturating air-
borne transmission and M. tuberculosis transmission 
by using a novel weighted approach to incorporate 
the effects of household contact saturation into our 
estimates for M. tuberculosis. We generate estimates 
of age mixing using data on close and casual contacts 
from 2 communities in South Africa and compare the 
estimated mixing patterns with those typically used 
in mathematical modeling studies (i.e., generated 
using close contact numbers, and more suitable for 
droplet or short range aerosol transmission).

Methods
We collected social contact data in 2 study communi-
ties in South Africa: 1 in KwaZulu-Natal Province and 
1 in Western Cape Province. Both communities have 
high rates of unemployment, high prevalence of HIV, 
and high incidence of tuberculosis compared with the 
other provinces as a whole. The study community in 
KwaZulu-Natal consisted of a population of ≈46,000, 
living in the predominantly rural and peri-urban ar-
eas in the catchment areas of 2 primary care clinics 
and within a demographic surveillance area (DSA). 
The study community in Western Cape was a peri-
urban community of ≈27,000 and was an established 
research site with biennial censuses.

Data Collection
We collected the KwaZulu-Natal data during March–
December 2019. We sampled 3,093 adults (>18 years 
of age) at random from an estimated population of 
33,288, stratified by residential area (small-scale divi-
sions with ≈350 households per area) and with prob-
ability proportional to the number of eligible persons 
in each area, based on the most recent DSA census 
conducted before area entry. We made up to 3 at-
tempts to contact sampled persons.

We collected the Western Cape data during May–
October 2019. In total, we selected 1,530 adults (>15 
years of age) from an estimated population of 20,633, 
by using age- and sex-stratified random sampling, 
based on a census conducted in the study popula-
tion in February and March 2019. We made up to 5 
attempts to contact selected persons on different days 
of the week (including weekends).

For both surveys, we conducted interviews face-
to-face at the respondents’ homes, by using interview  

administered questionnaires on tablet computers. We 
conducted interviews in isiZulu in KwaZulu-Natal 
and in English or isiXhosa in Western Cape. We asked 
respondents about their movements on a randomly 
assigned day during the preceding week in KwaZulu-
Natal, and on the day before the interview in Western 
Cape. To allow casual contact time (defined as time 
spent “sharing air” indoors or on transport) to be esti-
mated, we asked respondents to list the places they had 
visited (including their own home) and transport they 
had used. For each location, questions asked included:

• What type of location was it? (Appendix 
Figure 5, https://wwwnc.cdc.gov/EID/
article/28/10/21-2567-App1.pdf) 

• How long did you spend there? (recorded in 
hours and minutes)

• How many persons were there halfway 
through the time you were there?

We did not ask respondents for the ages of per-
sons present because it was thought that respondents 
would not be able to accurately remember and es-
timate the ages of all persons present in all indoor 
locations visited and transport used. We also asked 
respondents about their close contacts, defined as 
persons with whom the respondent had a face-to-face 
conversation. We first asked respondents to make a 
numbered list of all their contacts, with help from the 
interviewer. We then asked respondents questions 
about 10 contacts (selected at random by number by 
the tablet computers) or all of their contacts if they 
reported <10. Questions included:

• Is this contact a member of your household?
• How old do you think they are?
• How much time did you spend with them  

in total?

We also collected respondents’ basic demograph-
ic information. For the KwaZulu-Natal community, 
we obtained data on household size and residency 
(i.e., urban, peri-urban, or rural) from the most recent 
DSA census. We collected all other data directly from 
the respondents.

Data Analysis
We estimated close contact numbers and times by 
using data on persons with whom the respondents 
reported having a face-to-face conversation. We gen-
erated 95% plausible intervals for the age-mixing ma-
trices by using bootstrapping.

We estimated casual contact time in a loca-
tion as the duration of time the respondent reported  

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022	 2017



RESEARCH

spending there multiplied by the reported number of 
persons present. We generated central estimates for 
casual contact time age-mixing matrices by using the 
method outlined in McCreesh et al (6). In brief, because 
data were collected on numbers of total persons and 
children present in indoor locations only, and not the 
ages of adults, we need to estimate the age distribution 
of adult casual contacts. We therefore assumed that the 
age distribution of adult contacts in each location type 
matched the weighted age distribution of respondents 
who reported visiting locations of that type. Again, we 
generated 95% plausible ranges by using bootstrapping.

We adjusted the age-mixing matrices to be 
symmetric by using the study community age 
structures. We used data on adult contact numbers 
and time with children to estimate child contact 
numbers and time with adults, assuming that over-
all contact numbers and time between children and 
adults in each age group is equal to overall con-
tact numbers and time between adults in each age 
group and children. To enable comparison between 
the 2 study communities, the lowest respondent 
age group was set at 15–19 years for both surveys. 
Because persons 15–17 years of age were not inter-
viewed in KwaZulu-Natal, we assumed that con-
tact patterns in persons 18–19 years of age were 
representative of contact patterns in all persons 
15–19 years of age (Appendix).

Generating Age-Mixing Matrices for Droplet  
and Nonsaturating Airborne Transmission and  
Mycobacteria tuberculosis
We set age-mixing matrices relevant for droplet 
transmission to be equal to age-mixing matrices  

calculated using close contact numbers (Figure 1). We 
set age-mixing matrices relevant for nonsaturating 
airborne transmission to be equal to the unweighted 
sum of the household close contact time matrices and 
the nonhousehold casual contact time matrices. We 
used close contact time between household members 
for household estimates, as opposed to casual con-
tact time occurring in households. We did so because 
most contact between household members is likely to 
meet the definition of close contact, and because this 
approach enabled the age structures of households 
to be more accurately reflected in the age-mixing 
matrices. We set age-mixing matrices relevant for 
M. tuberculosis transmission to be equal to the sum 
of the household close contact number matrices and 
the nonhousehold casual contact time matrices. We 
weighted these matrices to reflect empirical estimates 
of the proportion of tuberculosis that results from 
household transmission (central estimate 12% [range 
8%–16%]) (5).

To enable direct comparisons to be made be-
tween the different age-mixing matrices, we adjusted 
the matrices for nonsaturating airborne transmission 
and M. tuberculosis transmission to give the same 
mean contact intensity between adults as the matrices 
for droplet transmission. We used bootstrapping to 
generate plausible ranges (Appendix). 

Results

Recruitment
Of the 3,093 persons sampled in KwaZulu-Natal, 
1,723 (56%) were successfully contacted, 299 (10%) 
were dead or reported to have out-migrated, and 
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Figure 1. Summary of data 
used to estimate age-mixing 
matrices for a study of social 
contact patterns for airborne 
transmission of respiratory 
pathogens, KwaZulu Natal and 
Western Cape Provinces, South 
Africa, 2019. Diagram showing 
how age-mixing matrices 
relevant for the transmission 
of droplet infections, airborne 
infections, and Mycobacterium 
tuberculosis were estimated 
using empirical data on close 
contact numbers, close contact 
time, and casual contact time.
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1,071 (35%) could not be contacted. Of those success-
fully contacted, 1,704 (99%) completed an interview.

Of the 1,530 persons sampled in Western Cape, 
1,214 (93%) were successfully contacted, 117 (8%) had 
moved or died, 193 (13%) had had incorrect informa-
tion listed in the census, and 6 were uncontactable. 
Of the 1,214 persons contacted, 77 (6%) refused to be 
interviewed and 14 were ineligible (because of dis-
ability or lack of fluency with English and isiXhosa). 
Of 1,123 persons interviewed, unexplained technical 
issues meant that data from 8 interviews were lost be-
tween collection and transfer to the database, leaving 
1,115 (92%) completed interviews.

For both populations, the recruited sample was 
a reasonable match to the target population in terms 

of sex, age, and residence type (urban, peri-urban, or 
rural) (Table). Respondents in Kwa-Zulu-Natal also 
were a close match to the target population in terms 
of employment status (Appendix). No data on em-
ployment status for the target population were avail-
able for Western Cape.

Contact Numbers and Time
We stratified household and nonhousehold close 
contact numbers and time and casual contact time 
in KwaZulu-Natal and Western Cape, by sex, age, 
and household size (Figure 2, 3; Appendix Tables 
1–6). Overall, close contact numbers and time, as 
well as casual contact time, were higher for women 
than for men in both communities; however, the 
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Table. Characteristics of respondents and target population for study of social contact patterns for airborne transmission of respiratory 
pathogens, KwaZulu Natal and Western Cape Provinces, South Africa, 2019 

Characteristic 
KwaZulu Natal  Western Cape 

Sample, no. (%) Target population, %* Sample, no. (%) Target population, %* 
Sex      
 M 751 (44) 41  553 (50) 52 
 F 953 (56) 59  562 (50) 48 
Age group, y      
 15–17 0 9.1  56 (5) 4.5 
 18–19 118 (6.9) 5.6  84 (7.5) 4.5 
 20–29 495 (29) 26  412 (37) 33 
 30–39 308 (18) 21  358 (32) 37 
 40–49 227 (13) 13  142 (13) 15 
 >50 556 (33) 25  63 (5.7) 6.5 
Residence      
 Rural 867 (51) 59  0 0 
 Peri-urban 716 (42) 33  1,115 (100) 100 
 Urban 121 (7.1) 8  0 0 
Monthly household income, South African rands 
 <1,000 416 (24)   111 (10)  
 1,000–2,500 785 (46)   261 (23)  
 2,500–5,000 302 (18)   374 (34)  
 5,000–10,000 125 (7.3)   179 (16)  
 >10,000 65 (3.8)   61 (5.5)  
 Unknown/missing 11 (0.65)   129 (12)  
Employment      
 Full-time 329 (19)   403 (36)  
 Part-time/casual 68 (4)   213 (19)  
 None 1299 (76)   492 (44)  
 Missing 8 (0.5)   7 (0.6)  
Household size      
 1 115 (6.7) 4.1  203 (18) 19 
 2–4 287 (17) 26  683 (61) 66 
 5–7 488 (29) 33  195 (17) 13 
 8–10 375 (22) 20  26 (2.3) 1.6 
 >11 439 (26) 17  8 (0.72) 0.4 
Day reported      
 Monday 239 (14)   203 (18)  
 Tuesday 242 (14)   202 (18)  
 Wednesday 239 (14)   187 (17)  
 Thursday 251 (15)   138 (12)  
 Friday 261 (15)   80 (7.2)  
 Saturday 245 (14)   98 (8.8)  
 Sunday 227 (13)   207 (19)  
Total 1,704 33,288  1,115 20,633 
*Target population refers to persons in the populations >15 years of age. 
†In KwaZulu-Natal, urban is defined as KwaMsane Municipality, peri-urban as other areas with a population density >400/km2, and rural as areas with a 
population density <400/km2. 
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differences were generally not large (close contact 
time 46% higher for women in KwaZulu-Natal and 
8%–22% higher for other contact measures and set-
tings) and not significant for close contact numbers 
or casual contact time in Western Cape. We observed 
a tendency for casual contact time to decrease slight-
ly with age in both communities, and close contact 
numbers and time were substantially higher in per-
sons 15–19 years of age than in older age groups in 
Western Cape only (Western Cape close contact num-
bers: 11 in persons 15–19 years of age, 7.7–8.7 in older 
age groups [p<0.001]; close contact time: 80 hours in 
persons 15–19 years of age, 49–63 in older age groups 
[p<0.001]). Close contact numbers and time, as well 
as casual contact time, increased with increasing  

household size in both communities, driven by in-
creases in contact with household members. Con-
tact between household members made up a higher 
proportion of total contact in KwaZulu-Natal than in 
Western Cape for all types of contact (close contact 
numbers: 62% in KwaZulu-Natal, 27% in Western 
Cape; close contact time: 79% in KwaZulu-Natal, 60% 
in Western Cape; casual contact time: 55% in KwaZu-
lu-Natal, 31% in Western Cape).

Age Mixing
We generated estimated age-mixing matrices for 
droplet transmission non-saturating airborne trans-
mission, and M. tuberculosis transmission for Kwa-
Zulu-Natal and Western Cape (Figure 4, 5). We also 
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Figure 2. Household and nonhousehold close contact numbers (A), close contact time (B), and casual contact time (C) for study of 
social contact patterns for airborne transmission of respiratory pathogens, KwaZulu-Natal Province, South Africa, by sex, age group, and 
household size. Error bars show 95% CIs for total contact numbers or time. For KwaZulu-Natal, household size data were taken from 
census data and did not always correspond exactly with respondents’ views of who they considered to be household members. For this 
reason, some contact with household members was reported by respondents who we recorded as having a household size of 1.
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generated 95% plausible ranges for these matrices 
(Appendix Figure 1, 2).

Estimated contact patterns by age did not vary 
greatly between the infection types in either com-
munity. However, age-mixing patterns were less 
assortative in the nonsaturating airborne and M. tu-
berculosis matrices compared with the droplet matri-
ces in both communities (Appendix). The exception 
to this pattern was contact between persons 15–19 
years of age in KwaZulu-Natal, which was more 
intense in the nonsaturating airborne and M. tuber-
culosis matrices than the droplet matrices. In both 
communities, relative to other adult age groups, 
overall contact intensities were lower in persons >50 
years of age when considering contact relevant for  

nonsaturating airborne transmission or the trans-
mission of M. tuberculosis compared with contact 
relevant for droplet transmission.

Discussion
Using data from 2 provinces in South Africa, we es-
timated contact and age-mixing patterns relevant for 
the transmission of droplet infections, nonsaturat-
ing airborne infections, and M. tuberculosis. In our 
communities, contact patterns did not vary greatly 
between contacts relevant for droplet infections and 
those relevant for nonsaturating airborne or M. tu-
berculosis transmission. However, using close contact 
data in models of the transmission of M. tuberculosis 
or other airborne infections in our study communities 
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Figure 3. Household and nonhousehold close contact numbers (A), close contact time (B), and casual contact time (C) in Western Cape 
Province, South Africa, by sex, age, and household size, for study of social contact patterns for airborne transmission of respiratory 
pathogens. Error bars show 95% CIs for total contact numbers or time. In Western Cape, contact with household members was reported 
by a small proportion of respondents who had reported having no household members, most likely reflecting errors in the data.
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may mean that the importance of adults >50 years of 
age to transmission is overestimated.

Very few data are available on casual contact pat-
terns from any setting. Previous studies in the same 
community in Western Cape have found greater 
drops in casual contact time than in close contact 

numbers in older age groups (6) and decreases in in-
door casual contact numbers with age (7). Another 
study in the same community found high levels of 
age-assortative mixing with respect to casual contact 
time in schools and workplaces (8). More data are 
needed on casual contact patterns, and age-mixing 
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Figure 4. Age-mixing matrices relevant for droplet transmission (A, B), nonsaturating airborne transmission (C, D), and Mycobacterium 
tuberculosis transmission (F, G) for study of social contact patterns for airborne transmission of respiratory pathogens, KwaZulu-Natal 
Province, South Africa. Panels A, C, and F show absolute contact intensities between respondents and contacts in each age group; 
panels B, D, and G show intensities of contact between each member of each age group; panels E and H show intensities for airborne 
infections and M. tuberculosis compared with intensities for droplet infections, respectively. Numbers shown in panel A are the mean 
number of contacts respondents in each age group have with contacts in each age group per day. Numbers shown in panel B are the 
rate of contact between each person in the population per day, expressed as rates × 105. Numbers and rates in panels C, D, F, and G 
are standardized so that the mean overall contact intensity by reported by adult respondents is the same as the mean number of overall 
close contacts reported by adult respondents (panel A). Contact numbers between child respondents and contacts in each age group 
were estimated from data on contact between adult respondents and child contacts.
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patterns in particular, to determine whether the find-
ings of this study are generalizable to other settings 
and to improve the predictions from mathematical 
models of the transmission of M. tuberculosis and oth-
er airborne infections.

Our approaches to generating the separate drop-
let and airborne transmission matrices are necessarily 

simplifications, and many infections will not fit neat-
ly into these 2 categories. In addition, considerable 
uncertainty exists about the role of different trans-
mission routes to the spread of many infections. 
Droplets have traditionally been considered to be the 
main transmission route for most respiratory viruses; 
however, there is evidence that airborne transmission 
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Figure 5. Age-mixing matrices relevant for droplet transmission (A, B), nonsaturating airborne transmission (C, D), and Mycobacterium 
tuberculosis transmission (F,G) for study of social contact patterns for airborne transmission of respiratory pathogens, Western Cape 
Province, South Africa. Panels A, C, and F show absolute contact intensities between respondents and contacts in each age group; 
panels B, D, and G show intensities of contact between each member of each age group; panels E and H show intensities for airborne 
infections and Mycobacterium tuberculosis compared with intensities for droplet infections, respectively. Numbers shown in panel A are 
the mean number of contacts respondents in each age group have with contacts in each age group per day. Numbers shown in panel B 
are the rate of contact between each person in the population per day, expressed as rates × 105. Numbers and rates in panels C, D, F, 
and G are standardized so that the mean overall contact intensity by reported by adult respondents is the same as the mean number of 
overall close contacts reported by adult respondents (panel A). Contact numbers between child respondents and contacts in each age 
group were estimated from data on contact between adult respondents and child contacts.
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can occur for a wide range of pathogens, including 
influenza, respiratory syncytial virus, Middle East 
respiratory syndrome coronavirus, and SARS-CoV-2 
(9). One model using data on household transmis-
sion of influenza A suggested that airborne trans-
mission was responsible for about half of infections 
(10). For infections where both airborne and droplet 
or short range aerosol transmission are thought to 
play an important role in transmission, an interme-
diate matrix may be preferable.

There are 2 main differences between our droplet 
and airborne or M. tuberculosis age-mixing matrices. 
The first is the type of nonhousehold contacts con-
sidered: close (face-to-face conversation) or casual 
(sharing space indoors). The second is that the air-
borne and (nonhousehold component of the) M. tu-
berculosis matrices are based on contact time, rather 
than unique contact numbers. The primary reason for 
using contact time for casual contacts is that respon-
dents are unlikely to be able to estimate unique casual 
contact numbers for many locations they visit, neces-
sitating the use of contact time or assumptions about 
the rate of turnover of unique persons in a location. 
For our droplet transmission matrices, we chose to 
use unique contact numbers in a 24-hour period be-
cause that is the most commonly used method (2) and 
therefore enables comparisons to be made with what 
is typically done. However, we should note that both 
the choice of a 24-hour time period and the lack of any 
weighting or restrictions by contact duration or other 
measures of closeness are relatively arbitrary choices.

Robust evidence as to the types of contact most 
relevant to transmission are limited for respiratory 
infections. Several studies have compared the fit to 
data on varicella, parvovirus B19, or influenza A sero-
prevalence by age of models parameterized by using 
contact patterns generated from close contact data in 
a range of different ways (11–13). Overall, those stud-
ies suggest that analysis methods that give greater 
weight to more intimate contacts may be preferable 
in some circumstances; for instance, restricting what 
counts as a contact to those involving physical touch 
or a minimum contact duration or using contact time 
rather than contact numbers. Approaches based on 
contact numbers may be more suitable for more high-
ly transmissible infections such as measles, where 
only a short duration of contact is needed for trans-
mission, whereas approaches based on contact time 
may be more suitable for less transmissible infections, 
where repeated or longer contacts are needed (14).

Fewer studies have considered expanding the 
pool of contacts beyond close contacts only, to also 
include casual contacts. However, a study that had 

paired individual-level contact data and pandemic 
influenza A serologic data found that models that in-
cluded a variable for number of locations visited were 
strongly supported over those that only included 
variables for age and close contact numbers (15). This 
finding suggests that airborne transmission may play 
a role in the spread of influenza A, or that the stan-
dard close contact definition misses a substantial pro-
portion of contacts at risk for droplet transmission.

Other factors may also influence airborne and M. 
tuberculosis transmission risk, which are not account-
ed for in the analyses. Ventilation rates play a large 
role in determining airborne infection risk (16), and 
giving less weight to contact occurring in better ven-
tilated settings would improve our airborne and M. 
tuberculosis matrices. Unfortunately, few data on ven-
tilation rates by location type are available, and they 
show large amounts of variation between locations 
and between the same location on different days (17). 
Saturation of contacts may occur for infections other 
than M. tuberculosis, particularly highly transmissible 
pathogens such as measles virus. An approach based 
on casual contact numbers may be preferable for 
these infections but would be highly dependent on 
assumptions made about how unique contact num-
bers are related to estimates of cross-sectional num-
bers of persons present.

There are several limitations when using casual 
contact data to estimate mixing patterns. First, esti-
mates of contact time in places where large numbers 
of persons are present are likely to be less reliable be-
cause a person’s estimates of the number of persons 
present are likely to be poor and because the assump-
tion that a risk for transmission exists between all per-
sons present in the space may not be true in larger 
spaces. Estimates may be poorer when asking about 
a random day in the past week (as we did in KwaZu-
lu-Natal) than when asking about the day before the 
interview (as we did in Western Cape). In our main 
analysis, when estimating contact time, we cap the 
number of persons at risk for transmission at 100. In 
our sensitivity analyses, we show that using a cap of 
20 persons or not capping the numbers of persons has 
a moderate effect on casual contact time age-mixing 
matrices (Appendix). Conducting similar sensitivity 
analyses may be necessary when using age-mixing 
matrices calculated using casual contact time in math-
ematical models.

A second limitation is that the approach we use 
to determining the ages of adults present in locations 
other than respondents’ own homes is indirect and 
relies on the assumption that the age distribution of 
adults present in a location type reflects the duration 
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of time respondents of different ages reported spend-
ing in that location type. This assumption may not 
always be reasonable if different age groups tend to 
visit different locations of the same type (or at differ-
ent times) or substantial mixing occurs with persons 
from outside the study community. These issues are 
discussed further in McCreesh et al. (6).

An additional limitation of our estimates for 
KwaZulu-Natal only is that we did not recruit per-
sons 15–17 years of age and instead assumed in the 
analysis that contact by persons 18–19 years of age 
was representative of contact by all persons 15–19 
years of age. This assumption is unlikely to be true 
given that contacts by persons 15–17 and 18–19 years 
of age differ greatly in Western Cape (Appendix Fig-
ure 9). For this reason, our estimates for persons 15–
19 years of age in KwaZulu-Natal should be treated 
with caution. 

To conclude, our estimated age-mixing matri-
ces for droplet transmission, nonsaturating airborne 
transmission, and M. tuberculosis transmission were 
not substantially different from each other for either 
community. This finding provides some reassur-
ance that the widespread use of close contact data to 
parameterize age-mixing matrices for transmission 
models of airborne infections may not be resulting in 
major inaccuracies. Some differences were observed, 
however, particularly in the oldest age group, and 
our data were from 2 communities in South Africa 
only. We recommend that future social contact sur-
veys collect data on casual contacts as well as close 
contacts to determine whether the similarity between 
different types of contact pattern is true across other 
settings. We would also urge mathematical modelers 
to consider whether unique close contact numbers 
in a 24-hour period are the most appropriate con-
tacts for the infection and scenario they are simulat-
ing and to consider performing sensitivity analyses 
when uncertainty exists as to the most appropriate 
contact definition.
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Since the 2015 Zika virus outbreak in the Americas, transmission 
of this vectorborne disease has substantially decreased.  

But Zika virus doesn’t spread only through mosquito bites…it  
also spreads through sexual transmission, blood transfusions,  
breastfeeding, and even needlestick injuries in laboratories.

Stringent safety protocols minimize the risk of laboratory- 
associated exposures. But on rare occasions, researchers are  
accidentally exposed to the disease they are trying to solve.

 In this EID podcast, Dr. Susan Hills, a medical epidemiologist at 
CDC in Fort Collins, Colorado, describes the biosafety lessons  

exemplified by four cases of laboratory-associated Zika infection.
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Human enteroviruses (HEVs) are ubiquitous and 
responsible for a spectrum of acute diseases in 

humans, including aseptic meningitis, encephalitis, 
acute flaccid paralysis, myocarditis, type 1 diabetes, 
and neonatal enteroviral sepsis through fecal-oral 
transmission (1,2). Belonging to the Picornaviridae 
family, HEVs are classified into 4 species (HEV-A, 
HEV-B, HEV-C, and HEV-D) covering >116 sero-
types, including the polioviruses, members of the 
HEV-C species, which are divided into 3 serotypes 
named PV1, PV2, and PV3 (3).

The World Health Organization (WHO) recom-
mended clinical surveillance of polioviruses by in-
vestigating cases of acute flaccid paralysis (AFP) in 
children <15 years of age, an age group considered 
high risk for infection. The last confirmed wild po-
liovirus (WPV) case in Senegal was reported in the 
Kaolack health district; the patient experienced AFP 
on April 30, 2010. The last supplementary immuni-
zation activities using the trivalent oral polio vaccine 
(OPV) took place in April 2016 in the Dakar region 
after identification of an ambiguous vaccine-derived 
poliovirus (VDPV) serotype 2 (aVDPV2) (4).

The Global Polio Eradication Initiative (GPEI) 
has established the testing of environmental or raw 
sewage samples to detect VDPV and WPV to comple-
ment AFP surveillance in children <15 years of age 
in polio-free countries in Africa (5–7). The reason for 
this surveillance is that 99% of poliovirus infections 
are asymptomatic and therefore not detected by AFP 
surveillance, but the virus is shed for weeks in the 
feces of infected persons. Environmental surveil-
lance has played a pivotal role in detecting VDPVs 
in raw sewage samples and has provided meaning-
ful data on the presence of polioviruses in commu-
nities (7,8). As of October 2021, the GPEI has initi-
ated environmental surveillance in 309 sites from 36 
countries (6,9,10), which enabled the identification 
of polioviruses in sewage and helped WHO to initi-
ate investigations in the communities and confirm 
an outbreak of VDPV serotype 2 (VDPV2) in a low 
vaccination coverage area (11).

In Senegal, scarce data were collected during 
2007–2015 through surveillance projects carried out 
at Institut Pasteur de Dakar (12). In 2017, environ-
mental surveillance for polioviruses was initiated 
as part of a collaboration between the Prevention 
Office at the Senegalese Ministry of Health and So-
cial Action (MoHSAS), the Dakar Medical Region, 
Institut Pasteur de Dakar, the National Office of 
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Environmental surveillance for poliovirus is increasingly 
used in poliovirus eradication efforts as a supplement to 
acute flaccid paralysis (AFP) surveillance. Environmental 
surveillance was officially established in 2017 in Senegal, 
where no poliovirus had been detected since 2010. We 
tested sewage samples from 2 sites in Dakar monthly for 
polioviruses. We identified a vaccine-derived poliovirus 
serotype 2 on January 19, 2021, from a sample collected 
on December 24, 2020; by December 31, 2021, we had 
detected 70 vaccine-derived poliovirus serotype 2 iso-
lates circulating in 7 of 14 regions in Senegal. Sources 
included 18 AFP cases, 20 direct contacts, 17 contacts 
in the community, and 15 sewage samples. Phylogenetic 
analysis revealed the circulation of 2 clusters and provid-
ed evidence on the virus introduction from Guinea. Be-
cause novel oral polio vaccine serotype 2 was used for 
response activities throughout Senegal, we recommend 
expanding environmental surveillance into other regions.



RESEARCH

Sanitization in Senegal, and WHO. Sewage sam-
ples were collected monthly from 2 sites located in 
the city of Dakar (Khourounar lifting station and 
Cambérène sewage treatment site). A circulating 
VDPV2 (cVDPV2) isolate was detected in a sewage 
sample collected at the Khourounar site on Decem-
ber 24, 2020 (13). Data received from the reference 
sequencing laboratory for polio at the US Centers 
for Disease Control and Prevention (Atlanta, GA, 
USA) suggested an introduction of the cVDPV2 
from the Ratoma district in Guinea (13). This noti-
fication alerted the MoHSAS to the occurrence of a 
poliomyelitis outbreak caused by cVDPV2; investi-
gations were initiated in the communities.

We describe the data from a 7-year AFP and 
environmental surveillance program in Senegal for 
early detection of cVDPV2 and provide insights 
into virus circulation through the country since De-
cember 2020. As part of the GPEI, our study did not 
directly involve human participants but included 
stool samples and cell-culture isolates from AFP 
cases collected as part of routine surveillance for 
polio for public health purposes in Senegal. WHO 
and the national ethical committee at the Ministry of 
Health and Social Actions approved and supervised 
our study, considering all applicable national regu-
lations governing the protection of human subjects. 
We obtained cleared oral consent from all patients or 
their parents or relatives.

Methods

Stool Sample Collection
In Senegal, AFP cases are ascertained either by sur-
veillance focal points in medical districts that send 
notification to the Epidemiologic Surveillance Unit at 
MoHSAS within 72 hours of identification (4). As rec-
ommended by WHO, we collected 2 fecal specimens 
for laboratory investigations >24 hours apart and <14 
days from the onset of paralysis from cases of AFP to 
identify the causative enterovirus agent. Specimens 
were tested in the intercountry WHO-accredited 
laboratory at Institut Pasteur de Dakar. We reported 
laboratory data from AFP cases in children to MoH-
SAS and WHO country and African Region (AFRO) 
offices each week.

Sewage Sample Collection
We collected sewage samples monthly from 2 sites by 
grab method as described in WHO guidelines for envi-
ronmental surveillance (11,12,14). In brief, we collect-
ed 1 liter of sewage sample using a bucket, with strict 
compliance to safety requirements. We transferred 

sewage samples to the laboratory within 2–4 hours 
under cold chain container maintained at 4°C and 
transported to the WHO Intercountry Reference Lab-
oratory for Poliomyelitis at Institut Pasteur de Dakar 
for processing. We reported data to MoHSAS and the 
WHO country and AFRO offices each week.

Sewage Sample Processing
We processed sewage samples by polyethylene gly-
col precipitation method as previously described (11). 
We performed virus isolation using 3 flasks (25 cm2) 
of L20B and 2 flasks of rhabdomyosarcoma (RD) cell 
line, in accordance with standard WHO protocols 
(15,16). We monitored the inoculated cell lines for 
development of cytopathic effect (CPE) for 5 days. If 
CPE appeared in any cell line, we performed cross-
passage to the opposite cell line. If no effect appeared, 
we performed a blind passage in the same cell line 
and monitored cells for cytopathic effect for 5 addi-
tional days. Samples with no CPE in both cell lines, 
even after the blind passage, were considered nega-
tive, whereas RD-positive and L20B-negative sam-
ples were classified as nonpolio enterovirus. We clas-
sified L20B-positive isolates as suspected poliovirus 
and subjected them to real-time reverse transcription-
PCR using a qScript XLT qPCR Toughmix system kit 
(Quantabio, https://www.quantabio.com) with the 
intratypic differentiation kit (version 5.2) as recom-
mended for identification of a poliovirus strain (17). 
The kit included primers for panenterovirus, pan-
poliovirus (pan-PV), Duplex wild poliovirus type 1 
(WPV1), African wild poliovirus type 3 (AFR WPV3), 
and South Asian wild poliovirus type 3 (SOAS 
WPV3).

Sequencing
We spotted the PV2-positive isolates on FTA cards 
and sent to the CDC reference sequencing laborato-
ry for polio. Samples were later processed for high-
throughput RNA sequencing; complete sequences of 
the poliovirus viral protein (VP) 1 genomic region, 
which contains a major neutralizing antibody bind-
ing site, were generated (18,19). The number of mu-
tations within the VP1 region of the live attenuated 
OPV strain was determined; genetically divergent 
VDPV strains had been classified as cVDPV2. In ad-
dition, a phylogenetic analysis was conducted to de-
termine the poliovirus sequence most likely related to 
the virus (19).

Phylogenetic Tree Inference
We performed Bayesian phylogenetic analysis for 
estimation of data quality and selection of the best-

2028	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022



Vaccine-Derived Poliovirus, Senegal, 2020–2021

fit nucleotide substitution model using ModelFinder 
test (20) on the IQ-TREE version 1.6.3 web server 
(http://iqtree.cibiv.univie.ac.at) (21). We constructed 
a maximum-likelihood tree with sequences of VP1 
using FastTree version 2.1.7 (22) with the best-fit nu-
cleotide substitution model to our sequence dataset. 
We labeled nodes with local support values, which 
were computed with the Shimodaira-Hasegawa test 
(for 5,000 replications, and visualized the topology 
with FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree).

Results

Temporal Distribution of Isolated Enteroviruses
During 2015–2021, we received a total of 2,971 stool 
samples and 281 sewage samples from the AFP and 
environmental surveillance in Senegal. The AFP sur-
veillance includes all human specimens (AFP cases, 
close contacts, and community contacts). No wild or 
VDPV serotype 1 or 3 were isolated in Senegal during 
this surveillance period; 1 VDPV2 was isolated from 
a sewage sample collected on December 24, 2020 and 
later classified as cVDPV2. In 2021, we identified a 

total of 79 cVDPV2-positive isolates in 14 laborato-
ry-confirmed sewage samples and 65 stool samples 
from 18 AFP cases, 20 direct contacts, and 17 contacts 
in the community. During this 7-year surveillance 
period, we detected a total of 28 Sabin-like (SL) po-
lioviruses (12 SL1, 2 SL2, and 15 SL3) from AFP sur-
veillance and 63 (21 SL1, 16 SL2 and 26 SL3) from en-
vironmental surveillance (Appendix Table, https://
wwwnc.cdc.gov/EID/article/28/10/22-0847-App1.
pdf). We recorded the highest prevalence of SL po-
lioviruses in 2015–2016, with a total of 17 isolates 
from AFP surveillance in 2015 and 33 isolates from 
environmental surveillance in 2016. In addition, we 
detected 469 nonpolio enterovirus from AFP surveil-
lance and 152 from environmental surveillance. Of 
interest, the highest number of nonpolio enterovirus 
isolates, 206, was identified from AFP surveillance in 
2021. We detected 12 mixtures from AFP surveillance 
during 2015–2017 and 7 from environmental surveil-
lance in 2021 (Figure 1). No homotypic mixture has 
been found. However, from AFP surveillance, we 
detected 2 trivalent mixtures (SL1+SL2+SL3) in 2015–
2016 and detected a total of 10 bivalent mixtures (5 
SL1+SL2 and 2 SL1+SL3 in 2015, 2 SL1+SL2 in 2016, 
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Figure 1. Temporal distribution 
of enterovirus isolates detected 
in Senegal during 2015–2021. 
A) Enteroviruses detected 
from acute flaccid paralysis 
surveillance, including all human 
specimens (cases, close contacts, 
and community contacts). B) 
Enteroviruses detected from 
environmental surveillance. 
cVDPV2, circulating vaccine-
derived poliovirus serotype 2; 
NPEV, nonpolio enterovirus; PV-
SL, Sabin-like poliovirus.



RESEARCH

and 1 SL1+SL3 in 2017). Seven bivalent mixtures (5 
SL1+cVDPV2, 1 SL1+SL3, and 1 SL3+cVDPV2) were 
detected from environmental surveillance.

Geographic Distribution of cVDPV2 in Senegal
As of December 31, 2021, a total of 70 cVDPV2 se-
quences were recorded from Senegal, including 18 
AFP cases, 20 direct contacts, 17 contacts in the com-
munity, and 15 from sewage samples. One of the pos-
itive sewage samples collected in the Dakar region on 
May 6, 2021, was a mixture of cVDPV2 and VDPV1. 
The VDPV1 from Senegal has 10 nt differences from 
the VP1 sequence of Sabin 1 and was not genetically 
linked to any previously sequenced VDPV1s (data 
not shown). We identified cVDPV2 in 7 of 14 regions 
in Senegal: 24 isolates from Diourbel, 17 from Dakar, 
11 from Thiès, 8 from Fatick, 6 from Matam, 2 from 
Louga, and 2 from Kaolack (Appendix Figure).

Phylogenetic Analyses
We submitted sequences to GenBank (accession nos. 
ON604861–950). The general time-reversible with a 
gamma distribution of 4 categories rate was the best 
nucleotide substitution model for our sequences da-
taset. We inferred maximum-likelihood trees in Fast-
Tree version 2.1.7 (22); phylogenetic analysis revealed 
that these new characterized cVDPV2 sequences from 
Senegal belonged to the NIE-JIS poliovirus lineage, 
which emerged from Nigeria in 2005 (23) and clus-
tered closely with isolates sampled in neighboring 
countries such as Guinea, The Gambia, and Maurita-
nia in 2021 (Figure 2). 

Since its first introduction into Senegal in Decem-
ber 2020, VDPV has separated into 2 phylogenetic 
clades. Clade 1 comprised only the isolates from Da-
kar, Thiès, Fatick, Kaolack, and Matam. However, 
clade 2 comprised sequences from Dakar, Diourbel, 
Thiès, and Louga and grouped with isolates from 
Guinea, Mauritania, and The Gambia. Of interest, se-
quences from Mauritania were related to the isolates 
from the Thiès region, and sequences from The Gam-
bia were related to the isolates from the Dakar region, 
whereas the isolates from Guinea emerged before 
those from the Dakar and Matam regions. The phylo-
genetic data confirm the epidemiologic data received 
from the CDC reference sequencing laboratory for 
polio regarding the introduction of cVDPV2 in Sen-
egal from Guinea and the virus spread from Senegal 
to The Gambia (Figure 2).

Discussion
WHO has included environmental surveillance as a 
supplement to AFP surveillance in the strategic plan 

of the Global Polio Eradication Initiative. Examining 
sewage samples has been shown to be a more sen-
sitive method to detect low-level circulation of WPV 
and VDPV; combining this environmental surveil-
lance for polioviruses with enhanced AFP surveil-
lance is expected to support eradication (7,9).

Excretion of poliovirus may contaminate surface-
water sources for drinking water, recreational activi-
ties, aquaculture, and irrigation. The amount of virus 
so excreted can reach 107 infectious dose/day/person 
(8); such an environment could lead to reintroduction 
of poliovirus in certified polio-free areas, especially 
in population groups with low immunization cover-
age. Oral poliovirus vaccine strains, VDPV, and even 
WPV strains may remain infectious for as long as 2 
months in sewage depending upon environmental 
factors, including inactivation by sunlight and high 
temperatures (7,8). Circulation of enteroviruses in 
sewage is a proven indicator of their presence in 
some communities (5,8). Environmental surveillance 
can provide valuable information on virus circulation 
or reintroduction, particularly in urban populations 
with no active surveillance (6,7,9).

Since 2017, several genetically-distinct cVDPV2 
outbreaks continue to be reported across the WHO 
AFRO area; the virus emerged in 28 countries in Afri-
ca, including Senegal, during January 2020–June 2021 
(24–26). Through GPEI programs, WHO has imple-
mented outbreak response measures in 21 countries, 
including Senegal, in response to the ongoing cVD-
PV2 outbreak (25).

The detection of cVDPV2 from sewage in Senegal 
in December 2020 led to a major public health inves-
tigation that identified the source as a virus import-
ed from Guinea. Thereafter, the virus was detected 
in sewage, in the community, and from AFP cases. 
The epidemiologic data showed that 2 additional in-
dependent introductions have been recorded during 
this 2020–2021 cVDPV2 outbreak and the virus cir-
culated in 7 of the 14 regions in Senegal. The second 
introduction was reported on February 18, 2021, in 
the Diourbel region from Mali, and the third one was 
recorded in August 2, 2021, in the Thiès region from 
Côte d’Ivoire (13). In addition, epidemiologic data 
showed an evidence of virus spread from the Dakar 
region in Senegal to The Gambia in June 2021 and Bis-
sau Guinea in October 2021 (data not shown).

Our data demonstrated not only the importance of 
environmental surveillance to complement AFP sur-
veillance, but also its sensitivity to detect all serotypes 
of poliovirus, as previously reported (7,27). Mass vac-
cination using a vaccine based on the inactivated po-
liovirus vaccine (28) was ruled out as a public-health 
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Figure 2. Maximum-likelihood tree based on complete viral protein 1 sequences of cVDPV2 isolates circulating in Senegal during 2020–
2021. The tree is midpoint-rooted; nodes are labeled with local support values computed using the Shimodaira-Hasegawa test for 5,000 
bootstrap replications. Strain identifiers are designated as follows: SEN-XXX-XXX-21-xxx indicates an isolate from an acute flaccid 
paralysis (AFP) cases; SEN-XXX-XXX-21-xxx-Cx, close contact of an AFP case; SEN-XXX-XXX-21-xxx-CCxx, community contact of an 
AFP case; ENV-XXX-XXX-XXX-XXX-21-xxx, isolate from a sewage sample; SEN-ENV-XXX-XXX-XXX-21-Cx-XXX, community contact 
around a positive environmental site. Isolate names are color-coded as follows: dark blue, new characterized isolates from the Diourbel 
region (SEN-DIO); green, the Thiès region (SEN-THI); red, the Dakar region (SEN-DAK); pink, the Louga region (SEN-LOU); purple, the 
Matam region (SEN-MAT); gray, the Fatick region (SEN-FAK); brown, the Kaolack region (SEN-KAO); black, Guinea (GUI), Mauritania 
(MAU), and The Gambia (GAM), and previous sequences of cVDPV2 from West Africa countries. Asterisk * indicates the first sequence 
isolated from sewage in Senegal in December 2020. cVDPV2, circulating vaccine-derived poliovirus serotype 2.
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response in the Touba district, Diourbel region in June 
2021 because no dose of the improved novel oral polio 
vaccine serotype 2 (nOPV2) was available in the country 
at that time (29). Fortunately, the immunizations done 
on a smaller scale have highly contributed to reduce 
the number of confirmed cVDPV2 cases in that region. 
However, the virus successively emerged in new plac-
es including the Dakar, Thiès, Fatick, Kaolack, Louga, 
and Matam regions; 2 mass vaccination response cam-
paigns based on the nOPV2 that contains a genetically 
stabilized serotype 2 strain less prone to reversion (30) 
were implemented at country level on December 17–19, 
2021, and February 25–29, 2022 (31). These 2 mass vac-
cination response campaigns based on the nOPV2 (29) 
have contributed to interrupt cVDPV2 transmission in 
Senegal since the last cVDPV2 confirmed contact was 
identified on November 19, 2021, in the Matam region 
(13). Because serotype 2 immunity could decline in the 
years following vaccination campaigns, further seroep-
idemiologic studies would provide a quantitative basis 
for supporting decisions on the magnitude of future 
vaccination response when new detections are identi-
fied, particularly in countries that do not have environ-
mental surveillance program (6).

Environmental surveillance in Senegal is restrict-
ed to the Dakar region. The probable silent circulation 
of these cVDPV2 isolates for several months before 
the first isolation in Dakar in December 2020 could 
have been caused by the lack of surveillance in the 
other 13 regions, which had limitations, such as lo-
gistics issues, for sample transportation and difficulty 
finding convergent sewage effluent from sufficiently 
large catchment populations. Actions such as increas-
ing the number of sewage collection sites, ensuring 
regular environmental testing and expanding the 
testing to other geographic regions, especially those 
with high incidence of polio circulation, would sup-
port investigation of cVDPV2 circulation in Senegal 
and monitor the rollout of nOPV2 (6).

The phylogenetic data have demonstrated virus 
introduction to Senegal from Guinea, likely caused 
by population movement across the borders. The vi-
rus spread within Senegal could have been caused 
by the absence of immunity against poliovirus sero-
type 2 in most children born after the global vaccine 
switch (12). The sequences generated in this study 
could serve in further phylodynamics studies and 
could include complete VP1 sequences from more 
West Africa countries to determine the circulation dy-
namics of the virus and the number of introduction 
events in each country during this cDVPV2 outbreak. 
They could be also useful in analyses targeting the 
exact period of divergence of these Senegal isolates 

from their most recent common ancestor. Sequences 
of cVDPV2 from other neighboring countries such as 
Mali, Bissau-Guinea, and Côte d’Ivoire are not pub-
licly available at this time.

Because the international spread of VDPV contin-
ues to be a public health emergency of international 
concern, the GPEI should reinforce capacity of coun-
tries involved in both clinical and public health func-
tions including surveillance, diagnosis, prevention, 
treatment, community immunization response, and 
research and health promotion targeting particularly 
the immunocompromised children, who can excrete 
the virus for several months, to limit its global trans-
mission (32). Considering the introduction in Malawi 
and Mozambique of serotype 1 wild poliovirus im-
ported from Pakistan (33,34), GPEI should imple-
ment urgent measures to forestall its spread such as 
routine immunization for members of the susceptible 
population who were missed or were only partially 
protected, to complement routine immunization and 
regular supplemental immunization activity in polio-
free countries to prevent introduction of WPV and 
minimize the risk of circulating VDPV (35,36).
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Swine are critical hosts for influenza A viruses 
(IAV) because they can be co-infected with IAV 

from multiple host species (1). Swine also have close 
proximity with humans through agricultural inter-
faces, making them a focus as a reassortment vessel 
for IAV with pandemic potential (1,2). The origin of 
the 2009 influenza A(H1N1) pandemic is attributed to 
North American swine, highlighting the effect of this 
host species on novel IAV emergence (3–5). 

Swine-origin IAV that infects humans, also known 
as variant IAV, is reportable to the Centers for Disease 
Control and Prevention in the United States. Since 
2011, >475 confirmed variant IAV cases have been  

reported in the United States (6). Most of these variant 
cases have reported swine contact at agricultural fairs 
before infection (7–13). At local county fairs, hundreds 
of pigs may commingle in the same barn for >1 week. 
When only a few pigs arrive at the fair infected with 
IAV, ample time has passed by the end of the fair for 
viral amplification, and we detected very high preva-
lence in the swine (14,15). The time afforded for infec-
tion to spread throughout exhibition swine within a 
single fair, probably drives the high viral load in the 
barn, which can increase the risk for zoonosis.

In the United States, although commercial swine 
operations often have a higher level of biosecurity 
than their exhibition swine counterparts, diverse lin-
eages of IAV originating from commercial swine are 
annually found in exhibition swine (16,17). These vi-
ruses move with the exhibition swine as they travel 
within complex networks of shows across the coun-
try (13,18). This commingling with hundreds to thou-
sands of other pigs leads to viral reassortment, dis-
semination, and ultimately interspecies transmission 
of IAV (13,18). This system provides a unique hu-
man–animal interface as a conduit for zoonotic emer-
gence of IAV.

Variant cases of IAV are most often reported in 
association with fairs that have very high IAV preva-
lence within their exhibition swine population (8,9). 
Accordingly, zoonotic transmission mitigation strat-
egies should target reduction of IAV prevalence in 
swine. Previous risk assessment for IAV mitigation 
at agricultural fairs had shown that exhibitions with 
>200 pigs had a greater risk for having IAV-positive 
pigs; therefore, fewer pigs commingling in the barn 
together at any one time was hypothesized to de-
crease the prevalence of viral shedding, but few other 
risk factors were identified (19).

Shortening Duration of  
Swine Exhibitions to Reduce  

Risk for Zoonotic Transmission  
of Influenza A Virus
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Reducing zoonotic influenza A virus (IAV) risk in the 
United States necessitates mitigation of IAV in exhibi-
tion swine. We evaluated the effectiveness of shortening 
swine exhibitions to <72 hours to reduce IAV risk. We 
longitudinally sampled every pig daily for the full dura-
tion of 16 county fairs during 2014–2015 (39,768 nasal 
wipes from 6,768 pigs). In addition, we estimated IAV 
prevalence at 195 fairs during 2018–2019 to test the 
hypothesis that <72-hour swine exhibitions would have 
lower IAV prevalence. In both studies, we found that 
shortening duration drastically reduces IAV prevalence 
in exhibition swine at county fairs. Reduction of viral 
load in the barn within a county fair is critical to reduce 
the risk for interspecies IAV transmission and pandemic 
potential. Therefore, we encourage fair organizers to 
shorten swine shows to protect the health of both ani-
mals and humans.
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In an effort to prevent zoonotic transmission from 
occurring between swine and humans at agricultural 
exhibitions, the Swine Exhibitions Zoonotic Influen-
za Working Group, consisting of animal and public 
health officials, drafted Measures to Minimize Influ-
enza Transmission at Swine Exhibitions, 2013 (20), 
which has been updated in subsequent years. The 
measures are divided into practices for use by exhi-
bition organizers and exhibitors before, during, and 
after the swine exhibition period. Those measures in-
clude, but are not limited to, becoming familiar with 
clinical signs of illness in both pigs and humans, re-
porting observed clinical signs to the proper authori-
ties, practicing common hygiene practices (e.g., hand-
washing), using a 7-day downtime between swine 
exhibitions, and shortening the duration of exhibi-
tions to 72 hours. Recommendations, including the 
72-hour recommendation, had been outlined previ-
ously by the Indiana State Board of Animal Health 
(21). Although those practices are based on common 
public and animal health theories, most of the mea-
sures were not based on existing scientific evidence 
for preventing swine-to-human IAV transmission.

We sought to evaluate the recommendation to 
limit swine exhibitions to <72 hours. During 2014 and 
2015, we conducted daily IAV testing at 8 agricul-
tural fairs in the United States, in which we sampled 
all exhibition swine every day to measure changes in 
prevalence longitudinally during the exhibitions. We 
then evaluated IAV in swine at agricultural fairs that 
had implemented the shortened, 72-hour recommen-
dation for swine exhibitions compared with fairs that 
did not during 2018 and 2019.

Materials and Methods

Longitudinal Study (2014 and 2015)
We enrolled 8 agricultural fairs (4 in Ohio and 4 in In-
diana) to participate in the study on the basis of 3 fac-
tors: >350 swine typically being exhibited; previous 
IAV recovery in pigs, humans, or both associated with 
the exhibition; and the fair organizer’s willingness to 
participate. Investigators coordinated with each fair 
organizer to determine the most accommodating 
schedule to collect samples at 24-hour intervals. The 
sample collection start time varied across the exhibi-
tions in relation to hours after arrival of swine.

We collected nasal wipes from swine as previ-
ously described and in accordance with The Ohio 
State University Institutional Animal Care and Use 
Committee protocol (no. 2009A0134) (22,23). We re-
corded individual pig identification numbers. Origin 
time for each fair corresponds with the first time pigs 

could be identified, were required to be in place in the 
swine barn, or both. Four of the sampled fair events 
(fairs A and B in 2014 and 2015) included a weigh-
in event shortly after the swine arrived on the fair-
grounds. Origin time for those fairs is the weigh-in 
time and for all other fairs is the arrival deadline for 
swine. We preserved samples on dry ice for transpor-
tation to the laboratory, where we kept them in long-
term storage at −80°C.

We screened samples collected from the first 
and last days of the exhibitions with real-time re-
verse transcription PCR (rRT-PCR). We used Mag-
Bind Viral DNA/RNA (Omega Bio-Tek, Norcross, 
https://www.omegabiotek.com) according to manu-
facturer’s protocol for RNA extraction. We also used 
DiaControlRNA (Diagenode Diagnostics, https://
www.diagenodediagnostics.com) as an internal posi-
tive control to ensure validity of our extraction and 
PCR. We used National Veterinary Services Labo-
ratory PCR primer protocol (no. SOP-BPA-9034.04) 
with SuperScript One-Step RT-PCR (Invitrogen, 
https://www.thermofisher.com) according to the 
manufacturer’s protocol. If samples collected on the 
first or last days of the fair were positive for IAV, we 
screened all remaining samples by using the same 
technique. We completed virus isolation attempts 
on select rRT-PCR–positive samples collected on the 
first and last day of individual exhibitions, as previ-
ously described (14). Any fairs from which we were 
not able to isolate any IAV in MDCK cell culture we 
considered to be negative. 

One fair (2015 D) had 5 rRT-PCR–positive sam-
ples, none of which resulted in successful culture of 
IAV. We attributed these rRT-PCR positives to prob-
ably be carryover from previous infection or con-
tamination from home-farm environment and not 
reflective of a productive IAV infection in the pigs 
at that fair. 

We calculated the estimated hazard of IAV infec-
tion by using the time from the origin of each fair un-
til the detection of IAV infection or censoring in each 
pig. We did not consider swine to be at risk until the 
first sampling after weigh-in for fairs that included a 
weigh-in as described previously. For each fair, we 
smoothed the increments of the Nelson–Aalen cumu-
lative hazard estimate by using an Epanechnikov ker-
nel function, which is the default in Stata version 14 
(StataCorp LLC, https://www.stata.com).

72-hour Recommendation (2018 and 2019)
After our longitudinal study in 2014 and 2015, some 
fairs began to adopt the recommendation to reduce 
swine shows to <72 hours. As a part of our ongoing 
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surveillance program in 2018 and 2019, we collected 
>20 nasal samples per fair as described previously 
(15,22). We collected samples from exhibition swine 
at 195 individual fair events on the last day of the 
fair and selected pigs for sampling to evenly rep-
resent all spatial areas of the barn. This sampling 
scheme was designed to maximize detection of any 
IAV present in exhibition swine, which primarily 
have subclinical infections (15). We tested samples 
for IAV with the VetMAX-Gold SIV Detection rRT-
PCR Kit (Life Technologies, https://www.thermo-
fisher.com) and conducted virus isolation (MDCK 
cells) to estimate prevalence at each fair as previous-
ly described (18). We used virus isolation to estimate 
prevalence at these fairs because we expected it to 
reflect animals actively shedding IAV, which is the 
risk factor of concern regarding interspecies trans-
mission. We calculated swine exhibition duration on 
the basis of the number of days between arrival and 
our sample collection. We classified levels of imple-
mentation into 3 categories: fairs that did not reduce 
duration to <72 hours, fairs that released any portion 
of their pigs at <72 hours, and fairs that released or 
sold all swine before 72 hours. To evaluate differenc-
es in IAV prevalence between the different 72-hour 
implementation categories, we used a Kruskal–Wal-
lis test followed by Dunn’s test for pairwise compar-
isons, applying the Benjamini–Hochberg method to 
control the false-discovery rate. We used Stata ver-
sion 14.2 for statistical analyses.

Results

Longitudinal Surveillance within Fairs
During 2014 and 2015, we collected 39,768 nasal 
wipes from 6,768 individual pigs exhibited at 8 agri-
cultural fairs (16 total fair events) (Table 1). We col-
lected samples from all pigs present on each day of 
the fair; however, not all pigs remain present for the 

full duration of the fair. Many pigs were removed 
before the formal end of the fair, resulting in fewer 
pigs still at the fair on the last day compared with 
the beginning (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/28/10/22-0649-App1.pdf). 
On the basis of fair structure, we expected this right 
censoring would be unrelated to health status of  
individual pigs. 

We recovered IAV isolates from swine at 4 fairs in 
2014 and 2 fairs in 2015, for a total of 6 IAV–positive 
fair events, at which we collected 15,162 samples; of 
those, 2,514 (16.6%) tested positive for IAV by rRT-
PCR across all sampling times. Examining the rRT-
PCR prevalence at each fair over time, we observed 
a clear increasing trend, providing strong evidence 
that these fair events had active IAV outbreaks ongo-
ing in the exhibition swine population (Figure 1). IAV 
prevalence in all 6 fairs was relatively low through 
the first several 24-hour timepoints but increased dra-
matically by the end of the fair events as the outbreak 
spread throughout the swine barn. The exception to 
this trend was fair 2014 E. Although fair 2014 E did 
have an increasing trend in prevalence, it ended with 
only 6 rRT-PCR–positive samples of the 309 collected 
on the last day.

By the end of fair 2014 B, we observed the high-
est IAV prevalences, 98.7% by rRT-PCR and 77.5% 
by virus isolation (Figure 1; Appendix Table 1). Also 
at fair 2014 B, using rRT-PCR, we detected IAV in 
only 16 (3.8%) of samples 15 hours after arrival at 
the second sampling, which highlights how critical 
the duration of swine shows can be as a factor in 
an IAV outbreak at any individual county fair. As 
expected in a growing outbreak, the estimated haz-
ard increased with time (Figure 2). Visible in the in-
creasing prevalence (Figure 1) and hazard estimates 
(Figure 2), very little leveling off occurred. The risk 
for IAV infection in swine continued to rise through-
out the duration of the fairs. Given enough time, we 
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Table 1. Longitudinal sampling efforts of swine at 16 agricultural fairs included in study of IAV transmission, Ohio and Indiana, USA, 
2014 and 2015* 

Fair 

2014 

 

2015 
No. swine 

exhibited at fair 
No. samples 

collected HA–NA subtypes 
No. swine 

exhibited at fair 
No. samples 

collected HA–NA subtypes 
Fair A 377 1,927 H1N1, H3N2, mixed  400 2,092 H1N2, H3N2, mixed 
Fair B 424 2,741 H1N1, H3N2, mixed  414 2,719 H3N2 
Fair C 274 1,200 Negative  281 1,233 Negative 
Fair D 367 2,858 Negative  349 2,732 Negative 
Fair E 465 2,568 H1N1  434 2,525 Negative 
Fair F 286 1,339 Negative  325 2,099 Negative 
Fair G 597 3,813 Negative  659 3,258 Negative 
Fair H 523 3,115 H3N2  593 3,549 Negative 
Total 3,313 19,561 

 
 3,455 20,207 

 

*The number of swine exhibited at fair refers to the total number of individual pigs enrolled in the study. The number of samples collected is the total 
number of nasal wipes collected during the entire fair. The HA-NA subtypes we isolated are included for the IAV-positive fairs. HA, hemagglutinin; IAV, 
influenza A virus; NA, neuraminidase. 
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found that most of the swine at a fair become in-
fected with IAV, resulting in high viral load within 
the barn that could lead to zoonotic transmission to 
humans. These data provide strong support for the 
recommendation to limit the amount of time swine 
spend at a fair to curtail the interspecies transmis-
sion of IAV at county fairs.

Acceptance of the 72-hour Limitation
We collected surveillance samples from 195 county 
fairs during the summers of 2018 and 2019. Based on 
the date of entry for swine, 144 of those fairs had not 
released swine before 72 hours. We sampled 38 fairs 
whose organizers stated that they released a portion 
of their swine before 72 hours onsite. In addition, 13 of 
the fairs at which we sampled had fully implemented 
the 72-hour recommendation and released all of their 
swine in <72 hours. Although the recommendation 

to shorten swine exhibitions had been around for >5 
years, the adoption of this recommendation was still 
quite limited at the county fairs at which we collected 
samples. We compiled and categorized additional 
characteristics for the 195 county fairs sampled, in-
cluding state, size, month, and IAV vaccine require-
ment (Appendix Table 2).

Among 2018 and 2019 county fairs that tested 
positive for IAV, those that did not apply the 72-hour 
recommendation had the highest average estimated 
prevalence (Table 2). The overall Kruskal–Wallis 
test (p = 0.0425) indicated that estimated prevalence 
is not the same across fairs that applied the 72-hour 
recommendation at the 3 different levels. Pairwise 
tests revealed that fairs that released all pigs before 
72 hours had significantly lower prevalence estimates 
compared with fairs that did not release any pigs (p 
= 0.0176) (Table 2). Although fairs that released some 
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Figure 1. Percentage of pigs 
that tested positive for IAV by 
real-time reverse transcription 
PCR at 6 IAV-positive 
agricultural fairs, Ohio and 
Indiana, USA, 2014 and 2015. 
Each data point represents the 
prevalence at that sampling 
timepoint connected with 
colored lines to indicate trend 
over time for each individual 
fair. IAV prevalence rises 
steeply through the latter half 
of each fair, indicating the 
strong role of lengthy show 
duration in increased viral 
amplification in each swine 
population. The reference 
line shows the recommended 
72-hour cutoff for swine show 
duration. IAV, influenza A virus.

Figure 2. Estimated smoothed 
hazard of IAV infection over the 
number of hours since the origin 
of the fair for individual pigs at 
risk at 6 IAV-positive agricultural 
fairs, Ohio and Indiana, USA, 
2014 and 2015. All 6 IAV-positive 
fairs from our longitudinal study 
are shown individually. Overall, 
hazard estimates increase 
throughout the duration of 
the fair. The exceptionally low 
hazards for fair 14E correspond 
to the low incidence of IAV 
documented in Figure 1 and 
Appendix Table 1
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pigs before 72 hours had lower prevalence estimates 
on average, we did not detect a significant difference 
between those fairs and fairs that did not release any 
pigs early (p = 0.3346) (Table 2). In addition, the only 
other fair characteristic found to be associated with 
IAV prevalence among IAV-positive fairs was that In-
diana fairs had lower IAV prevalence compared with 
those in Ohio (Appendix Table 3).

Discussion
Through 2 active IAV field surveillance efforts, we 
found strong evidence that shortening the duration 
of swine exhibitions greatly reduces IAV prevalence 
in swine. In our longitudinal study sampling every 
pig every day, the IAV prevalence and hazard esti-
mate at each IAV-positive fair rose consistently with 
increasing time at the fair, as we expected in the case 
of a growing infectious disease outbreak. Accord-
ingly, if fairs had shortened their swine exhibitions, 
the maximum prevalence by the end of the fair would 
have been greatly reduced. For example, fair 2014 H 
and fair 2015 B displayed relatively parallel growth 
curves (Figure 1), and both had a PCR prevalence of 
19.8% at the sixth sampling interval (121 hours after 
arrival at fair 2014 H and 110 hours after arrival at 
fair 2015 B). A critical difference between the 2 fairs, 
however, is that 2014 H ended after that sampling, re-
sulting in the second-lowest end-of-fair prevalence in 
our study. In stark contrast, 2015 B had pigs on site 
through 153 hours and ended with 94.2% IAV PCR 
prevalence, the study’s second-highest peak preva-
lence. Despite a rise in IAV-positive samples through 
the first 6 days, in ending ≈2 days earlier, IAV preva-
lence at 2014 H never exceeded 20%, greatly reducing 
the viral load in the barn at the end of the fair and 
reducing the risk for zoonotic transmission.

Among the 6 fairs that tested IAV-positive, we 
found considerable variation in the rate at which the 
outbreaks grew. Only fair 2014 E maintained very 
low IAV prevalence, never exceeding 2% preva-
lence. The reason this fair’s prevalence remained so 
low compared with the other IAV-positive shows is 
unclear, but identification of management practices 
within fairs that can effectively flatten IAV spread in 

the swine barn should be an area of ongoing research. 
Reducing the transmission rate of IAV within fairs 
is a mitigation strategy for keeping IAV prevalence 
low, in addition to reducing the duration of fairs. A 
previous survey of swine exhibitors at jackpot shows 
found that most of those exhibitors supported many 
of the recommendations to minimize IAV risk (24). 
However, an advantage of mitigation measures like 
the 72-hour cutoff is that they can be applied at the 
fair level and do not require individual exhibitor 
compliance. For example, the effectiveness of the rec-
ommendation to not show any pigs with clinical signs 
of IAV infection is highly dependent on individual 
exhibitor education, awareness, and acceptance. As 
a result, we expect that, to varying degrees, pigs are 
likely to arrive infected with IAV (14). Therefore, rec-
ommendations that limit spread of IAV once it has 
been introduced to a county fair and can be put in 
place by fair organizers is a critical step toward reduc-
ing IAV prevalence in swine and the risk for zoonotic 
transmission of IAV.

Another control measure commonly recom-
mended is vaccinating swine against IAV. Fair B test-
ed positive in both 2014 and 2015 and had extraordi-
narily high peak IAV prevalence (98.7% in 2015 and 
94.2% in 2015). Despite similarly high viral loads by 
the end, in 2015 the growth curve was flatter, cross-
ing the 72-hour threshold at <10% IAV prevalence 
compared with >30% in 2014. In 2015, fair B added 
a required influenza vaccine for swine. Although we 
can only speculate as to whether the slower spread 
was attributable to vaccination, this finding would 
be consistent with previous work demonstrating that 
vaccination against IAV resulted in a shorter period 
of virus shedding and lower peak nasal titers in swine 
challenged with a heterologous IAV (25). Combining 
vaccination against IAV with reduced show duration 
could prove to be highly effective in reducing the risk 
for zoonotic transmission of IAV.

In all 4 fair events with a weigh-in upon arrival, 
the first sampling timepoint had a much higher PCR 
prevalence than did the second timepoint. Infected 
swine deposit IAV onto shared surfaces during these 
weigh-in events, which can lead to mass exposure of 
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Table 2. Number of county fairs sampled and number of fairs with swine testing positive for IAV, by categorical level at which the 72-
hour recommendation was implemented, Ohio, Indiana, and Michigan, USA, 2018 and 2019* 
Categorical level of implementation of 72-hour 
recommendation Total no. fairs 

No. IAV-positive 
fairs 

Mean estimated 
IAV prevalence, %† p value‡ 

No implementation 144 26 40.9 Referent 
Some swine released 38 10 33.2 0.3346 
All swine released 13 3 6.1 0.0176 
*Number of county fairs sampled and number of fairs that tested IAV-positive in 2018 and 2019 are shown by the categorical level at which the 72-hour 
recommendation was implemented. IAV, influenza A virus. 
†Mean estimated IAV prevalence among the IAV-positive county fairs was estimated by using virus isolation data. 
‡By Dunn’s test. Pairwise comparisons were completed by using “no implementation” as the reference category.  
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noninfected swine as they arrive (26). Because the na-
sal wipe samples primarily collected nasal secretions 
from the exterior of the nostrils, we detected numer-
ous contaminations through PCR upon first sam-
pling. It is improbable that all of those swine were 
actively shedding IAV while arriving at the fair, espe-
cially considering the drastic drop in prevalence for 
the following days, when we sampled the same pigs 
at their individual pens in the barn. However, this 
pattern illustrates that >50% of the pigs at some fairs 
are exposed to IAV almost immediately after arrival. 
In these cases, ending the fair before 72 hours is not 
necessarily preventing IAV infection in exposed pigs. 
Rather, by not affording ample time for infection and 
amplification, the shortening eliminates the concen-
tration of swine at the fair and thereby does not ex-
pose fairgoers to the high IAV viral load that could be 
present if the pigs remained in the barn. In addition 
to shortening the time pigs are at the fair, we recom-
mend that fair organizers alter the structure of their 
weigh-in events to reduce infectious disease trans-
mission. In addition to the washing and disinfect-
ing procedures previously recommended (26), using 
owner-declared pig weights or open scales available 
for use in the barn over longer periods of time could 
also limit the effect of weigh-in on IAV transmission.

In our investigation in 2018 and 2019, we found 
extremely limited implementation of the 72-hour rule. 
We detected IAV at only 3 county fairs that had fully 
implemented the 72-hour rule in 2018 and 2019, which 
reduced our statistical power to detect differences. 
However, the downward trend in prevalence at fairs 
that release swine before 72 hours (Table 2) provides 
strong evidence that the recommendation results in 
fewer swine actively shedding IAV by the end of a fair 
and therefore reduces the risk for zoonotic IAV trans-
mission. Although we saw a dramatic decrease in IAV 
prevalence for the 3 IAV-positive fairs that released all 
swine before 72 hours, the effect was less pronounced 
and not statistically significant for the 10 fairs that only 
released some pigs. We did not have enough IAV-
positive fairs in this sample to build a model adjusting 
for other risk factors associated with fair prevalence. 
However, we did not identify any additional risk fac-
tors associated with IAV prevalence (Appendix Table 
3). The only exception was fairs in Indiana, which had 
significantly lower IAV prevalence compared with 
Ohio despite a high proportion of fairs testing IAV-
positive in Indiana (18). Because Indiana encouraged 
its county fairs to implement the 72-hour recommen-
dation compared with other states, the 72-hour swine 
release is more proximate in the causal pathway ex-
plaining IAV prevalence in this system.

Although we do expect population size and 
density to play a role in infectious disease outbreak 
growth (27), we also expect contact network structure 
to strongly influence transmission dynamics (28). On 
the basis of the findings at weigh-in, many arriving 
swine are exposed to IAV early during a fair. If swine 
are often infected before 72 hours but do not begin 
actively shedding virus until closer to the end of the 
fair, then reducing the population density will have 
limited influence on outbreak spread. Because aero-
solized IAV is shed into the air at county fairs (29), the 
reduced number of swine shedding IAV in the barn 
still reduces the overall viral load and therefore zoo-
notic transmission risk associated with that fair. Ani-
mals that return home early may already be exposed 
to IAV and introduce infection to the home farm. 
These animals are still infected but are no longer on 
public display, which reduces public health risk at 
the fair but can still result in pathogen dissemination 
and complicates home–farm transmission and down-
stream network implications when swine attend ad-
ditional shows (13,18). Although our study is limited 
to IAV surveillance data, other agriculturally relevant 
pathogens have been detected in exhibition swine 
and are probably also affected by these transmission 
mechanisms (30,31).

Culturally, agricultural exhibitions are impera-
tive to attracting the interest of and training the next 
generation of agriculturalists, upon whom we rely for 
safe and secure food sources. However, contracting 
IAV from swine at agricultural exhibitions not only 
poses a local and global public health risk but could 
also deter youth exhibitors and undermine the pub-
lic image of and confidence in agriculture and food 
production. Because IAV is consistently introduced to 
county fairs from upstream sources (13–15,17,18), it is 
imperative that we provide measures to reduce IAV 
risk within an individual fair. Shortening the dura-
tion of swine exhibitions at county fairs reduces IAV 
prevalence in exhibition swine and the subsequent 
risk for harmful zoonotic emergence.
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Diagnosis and appropriate case management of 
Plasmodium falciparum infection has greatly im-

proved in many malaria-endemic settings through 

the use of rapid diagnostic tests (RDTs) that detect 
the histidine-rich protein 2 (HRP2) antigen (1). As 
the only Plasmodium species infecting humans to 
produce this antigen, the P. falciparum parasite ex-
presses HRP2 in abundance and releases it into the 
bloodstream during blood-stage infection, making 
this marker a very sensitive and specific target for 
falciparum malaria (1,2). The pfhrp2 gene is located 
on chromosome 8 of the parasite genome, and a 
paralogous gene (pfhrp3) is located on chromosome 
13. The 2 protein products share common epitopes 
for diagnostic antibodies, enabling the HRP3 an-
tigen to also be detected to some extent by HRP2-
based RDTs (3–6).

P. falciparum produces large quantities of these 
antigens during human blood-stage infection, but 
their biologic functions are not well elucidated, and 
pfhrp2-deleted and pfhrp3-deleted parasites still com-
plete the human–mosquito lifecycle successfully (7). 
Reports of these gene deletions have increased over 
the past decade from multiple countries in Africa, 
South America, and Asia (https://apps.who.int/
malaria/maps/threats) (8). For countries that rely on 
HRP2-based RDTs for diagnosis of P. falciparum infec-
tion, those reports affirm the need to monitor the per-
formance of this tool because deleted parasites could 
emerge and elicit false-negative results.

P. falciparum infection represents ≈99.7% of all 
malaria cases in sub-Saharan Africa, and ≈300 million 
HRP2-based RDTs are used in this region annually 
(9). Studies in the east Africa countries of Eritrea (10) 
and Ethiopia (11,12) have found high prevalence of 
pfhrp2/pfhrp3 deletions, forcing changes away from 
HRP2-based RDTs to accurately diagnose P. falci-
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Deletions of pfhrp2 and paralogue pfhrp3 (pfhrp2/3) genes 
threaten Plasmodium falciparum diagnosis by rapid diag-
nostic test. We examined 1,002 samples from suspected 
malaria patients in Djibouti City, Djibouti, to investigate 
pfhrp2/3 deletions. We performed assays for Plasmodi-
um antigen carriage, pfhrp2/3 genotyping, and sequenc-
ing for 7 neutral microsatellites to assess relatedness. By 
PCR assay, 311 (31.0%) samples tested positive for P. 
falciparum infection, and 296 (95.2%) were successfully 
genotyped; 37 (12.5%) samples were pfhrp2+/pfhrp3+, 
51 (17.2%) were pfhrp2+/pfhrp3–, 5 (1.7%) were pfhrp2– 
/pfhrp3+, and 203 (68.6%) were pfhrp2–/pfhrp3–. Histidine-
rich protein 2/3 antigen concentrations were reduced with 
corresponding gene deletions. Djibouti P. falciparum is 
closely related to Ethiopia and Eritrea parasites (pairwise 
GST 0.68 [Ethiopia] and 0.77 [Eritrea]). P. falciparum with 
deletions in pfhrp2/3 genes were highly prevalent in Djibou-
ti City in 2019–2020; they appear to have arisen de novo 
within the Horn of Africa and have not been imported.
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parum infections in these countries. Furthermore, it 
is unknown whether these deleted genotypes are a 
result of importation and expansion or whether de 
novo deletions are arising from local P. falciparum lin-
eages. A recent report from Djibouti, which borders 
both Eritrea and Ethiopia, investigated 79 P. falci-
parum–infected patients and found ≈80% of parasites 
were lacking both pfhrp2 and pfhrp3 genes (13). Trig-
gered by health workers’ reports of false-negative 
RDT results, we report data from an investigation of 
1,002 suspected malaria patients enrolled in Djibouti 
City during December 2019–March 2020. Data were 
generated for infection-causing Plasmodium species, 
pfhrp2/3 genotype, concordance with laboratory anti-
gen detection, and relatedness to other global P. falci-
parum parasites.

Materials and Methods

Patient Enrollment and Ethics Statement
This activity was considered by the Ministry of 
Health of Djibouti, the World Health Organization 
(WHO) Ethical Review Committee, and Centers 
for Disease Control and Prevention (CDC) human 
subjects office as nonresearch and as public health 
surveillance (0900f3eb81abbef6). In December 2020, 
a study was initiated to investigate presence of  
pfhrp2/3 deletions in Djibouti because of 4 specimens 
that tested negative by HRP2-based RDT (CareStart 
Malaria Combo RDT; Access Bio, https://access-
bio.net) but were positive for P. falciparum lactate 
dehydrogenase (pf-LDH) (Bioline Malaria Ag Pf 
[HRP2/pLDH] Test; Abbott, https://www.abbott.
com) and also confirmed for P. falciparum infection 
by microscopy. During January 29–March 11, 2020, 
consecutive patients of varying ages experienc-
ing symptoms of malaria who sought care at Gé-
néral Peltier Hospital, Djibouti City, were tested by 
malaria RDT with the First Response Malaria Ag 
(pLDH/HRP2) Combo Card Test (Premier Medical 
Corporation, https://www.premiermedcorp.com) 
and routine venipuncture for hematologic and 
electrolyte profiling.

Dried Blood Spot Creation
Dried blood spots (DBS) were prepared from remain-
ing venous blood with 50–75 µL of remnant in EDTA 
tubes spotted on Whatman Protein Saver cards 903 
or Whatmann 3M filter paper (Cytiva Life Sciences, 
https://www.cytivalifesciences.com). The spots 
were dried for >4 hours at room temperature and then 
stored with desiccant in sealable bags and shipped to 
the CDC (Atlanta, GA, USA).

Plasmodium Antigen Detection by Laboratory  
Multiplex Assay
DBS processing and testing for Plasmodium antigens 
were performed at CDC as described previously 
(14,15). A 6-mm punch was taken from each DBS for 
elution in blocking buffer (final whole blood dilution 
of 1:20) for the bead-based multiplex antigen detec-
tion assay of pan-Plasmodium aldolase and lactate de-
hydrogenase (LDH), HRP2 (and HRP3), and P. vivax 
LDH (PvLDH). Assay plates were run on a MAGPIX 
machine (Luminex Corp., https://www.luminex-
corp.com) with a target of 50 beads per region.

Plasmodium Species Identification by PCR  
and pfhrp2 and pfhrp3 Genotyping
We selected DBS samples positive for any Plasmo-
dium antigens for DNA extraction (DNA Mini Kit; 
QIAGEN, https://www.qiagen.com) and Plasmo-
dium species–specific photo-induced electron trans-
fer (PET) PCR and quantification of DNA (16). Sam-
ples positive for P. falciparum DNA had nested PCR 
reactions for single-copy pfmsp1 and pfmsp2 genes 
as quality control for DNA quantity and integrity 
(17,18). We further assayed only those samples am-
plifying both control genes to determine presence 
or absence of pfhrp2 and pfhrp3 genes. Genotyp-
ing for pfhrp2 was performed by a single-step PCR 
amplifying pfhrp2 inclusive of both exons (19), and 
genotyping for pfhrp3 was through 2 nested PCR 
reactions with primers specific for exon 1–2 and 
exon 2 regions (17,18). All genotyping reactions 
were run by 2 independent operators on different 
days and by a third operator if amplification results  
were discordant.

Genetic Haplotypes through Neutral Microsatellites
To assess multiplicity of infection and relatedness of 
P. falciparum parasites, we selected 7 neutral microsat-
ellite (NMS) genetic markers: TA1 on chromosome 6, 
poly-α on chromosome 4, PfPK2 on chromosome 12, 
2490 on chromosome 10, C2M34–313 on chromosome 
2, C3M69–383 on chromosome 3, and TA109 on chro-
mosome 6 (10,20). We determined the sizes of the am-
plification products by capillary electrophoresis on an 
Applied Biosystems 3130xl Genetic Analyzer (Thermo-
Fisher Scientific, https://www.thermofisher.com) and 
analyzed data by using GeneMarker version 3.0.0 (Soft-
Genetics, https://softgenetics.com). We considered in-
fections monoclonal if all 7 NMS had only 1 allele call. 
We used NMS data from previous studies to compare 
Djibouti results to P. falciparum parasites from other 
countries (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/28/10/22-0695-App1.pdf).
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Statistical Analysis
We compared lognormal means for HRP2/3 antigen 
concentration by genotype by using the 2-tailed Stu-
dent t test with equal variance. For secondary analy-
ses, we divided antigen assay signals for the entire 
sample set into low and high HRP2/3 antigen levels 
by comparing them with levels of the pLDH and pAl-
dolase antigens as described previously (21). In brief, 
if blood samples were positive for pan-Plasmodium 
LDH or aldolase and negative for HRP2/3 antigens 
or had atypically low amounts of HRP2/3 relative to 
the pan-Plasmodium targets, we selected them as high-
priority specimens with phenotypic evidence for pf-
hrp2/3 gene deletions (Appendix Figure 1).

We assessed NMS data and measures of relat-
edness by using the PopGenReport package in R 
(R Foundation for Statistical Computing, https://
www.r-project.org) (22). For all countries, we used 
monoclonal infections and polyclonal infections with 
distinct haplotypes or dominant haplotypes for the 
relatedness and principal component analysis.

Results
During January 29–March 20, 2020, of the suspected 
malaria cases registered at Général Peltier Hospital, 
998 DBS were collected; an additional 4 samples previ-
ously collected in December 2019 were included in the 
sample set because they were identified as highly sus-
picious of pfhrp2/3 deletions on the basis of RDT results 
(Figure 1). Laboratory antigen screening revealed 630 
(62.9%) samples were negative for all antigens; those 
samples were not investigated further because there 
was no suspicion of Plasmodium spp. infection. 

We extracted DNA from the remaining 372 
(37.1%) Plasmodium antigen–positive samples for fur-
ther molecular investigation. Of those 372 samples, 
detectable Plasmodium DNA was absent in 17 (4.6%) 
samples, and 44 samples (11.8%) were found to be P. 
vivax single-species infections; samples within these 
2 groups were not considered further for pfhrp2/3 de-
letion reporting. Of the remaining 311 samples con-
taining P. falciparum DNA, 15 (4.8%) did not amplify 
both pfmsp1 and pfmsp2 single-copy genes and were 
not eligible for reporting of pfhrp2/3 genotypes. Of the 
296 P. falciparum infections that qualified for reporting 
genotyping, 37 (12.5%) were a genotype of pfhrp2+/
pfhrp3+, 51 (17.2%) were pfhrp2+/pfhrp3–, 5 (1.7%) 
were pfhrp2–/pfhrp3+, and 203 (68.6%) were a double-
deletion genotype of pfhrp2–/pfhrp3– (Figure 1). For 
all 296 samples of P. falciparum infections successfully 
genotyped, 208 (70.3%) demonstrated a P. falciparum 
infection with pfhrp2 deletion and 254 (85.8%) showed 
deletion in the pfhrp3 gene.

Using the hypothetical selection method (see 
Methods) based on levels of pan-Plasmodium anti-
gens compared with HRP2/3 antigens, of the 372 
antigen-positive samples, 241 (64.8%) had a com-
plete absence of HRP2/3 assay signal, 20 (5.4%) 
had an atypically low amount of HRP2/3 relative 
to other pan-Plasmodium antigens, and 111 (29.8%) 
had high levels of HRP2/3 relative to other pan-
Plasmodium antigens (Appendix Figure 1). Of all 241 
samples negative for HRP2/3 signal, 183 (75.9%) 
were appropriate for pfhrp2/3 genotyping, and all 
demonstrated a pfhrp2 deletion. When categorized 
into the low HRP2/3 category, of the 18 samples 
that qualified for genotyping, 6 (33.3%) showed a 
deletion of the pfhrp2 gene. If categorized into the 
high HRP2/3 category, of 90 samples that qualified 
for genotyping, the pfhrp2 gene was amplified in 
most (74 [82.2%]).
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Figure 1. Flow diagram for reporting pfhrp2 and pfhrp3 
genotype for all specimens in study of Plasmodium falciparum 
parasites with pfhrp2 and pfhrp3 deletions, Djibouti, 2019–
2020. Terminal boxes display number of samples successfully 
genotyped for pfhrp2/3.
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We found that concentrations of the HRP2  
antigen (with potential supplemented signal from 
HRP3) were strongly associated with the different pf-
hrp2/3 genotypes (Figure 2). With the exception of 1 
specimen, all samples found to be positive for the pf-
hrp2 gene (n = 88) showed high concentrations of the 
HRP2/3 antigen; the pfhrp2+/pfhrp3+ genotype samples 
showed a log-normal mean concentration of 10,794 pg/
mL, and the pfhrp2+/pfhrp3– genotype samples showed 
a log-normal mean concentration of 18,017 pg/mL (Fig-
ure 2, panel A). Blood samples from infections with P. 
falciparum parasites lacking the pfhrp2 gene showed, on 
average, much lower concentrations of HRP2/3 anti-
gens: log-normal mean of 421 pg/mL in pfhrp2–/pfhrp3+ 
samples and log-normal mean of 2.0 pg/mL in pfhrp2–/
pfhrp3– samples. Concentration was significantly lower 
in the blood samples from pfhrp2–/pfhrp3– parasite infec-
tions than in pfhrp2+/pfhrp3+ (p<0.001), pfhrp2+/pfhrp3– 
(p<0.001), and pfhrp2–/pfhrp3+ (p = 0.049) parasite infec-
tions. Of the 5 infections with pfhrp2–/pfhrp3+ parasites, 
2 (40.0%) showed an absence of HRP2/3 antigen signal, 
compared with 185/203 (91.1%) of pfhrp2–/pfhrp3– in-
fections. Density plots of HRP2/3 antigen concentration 
by infecting parasite genotype illustrate these trends by 
genotype category (Figure 2, panel B).

In total, 65 of the Djibouti infections were chosen 
for NMS sequencing: 20 pfhrp2+/pfhrp3+, 20 pfhrp2+/
pfhrp3–, 5 pfhrp2–/pfhrp3+, and 20 pfhrp2–/pfhrp3–. Of 
those, 52/65 (80.0%) were found to be monoclonal in-
fections, and this finding did not differ significantly 
by genotype: pfhrp2+/pfhrp3+ (16/20 [80.0%]), pfhrp2+/
pfhrp3– (15/20 [75.0%]), pfhrp2–/pfhrp3+ (4/5 [80.0%]), 
pfhrp2–/pfhrp3– (17/20 [85.5%]). Three of the genotypes 
(all except for pfhrp2–/pfhrp3+) showed a high degree 
of independent clustering by principal component 
analysis (Figure 3). Both the Jost pairwise D and Hen-
dricks pairwise GST measures of gene differentiation 
found the pfhrp2–/pfhrp3– genotype to be most related 
to pfhrp2–/pfhrp3+ parasites (Appendix Table 2).

Comparing relatedness of P. falciparum by coun-
try (regardless of pfhrp2/3 genotype) found distinct 
clustering by the area of the world in which the par-
asites originated (Figure 4, panel A). Both Jost pair-
wise D and Hendricks pairwise GST found parasites 
from Djibouti and other parts of Africa more related 
to each other than to isolates from South America or 
Asia (Appendix Table 3, Figure 2). When repeating 
the analysis with only parasites from Africa, Djibouti 
and Ethiopia parasites were found to be most relat-
ed in comparison with P. falciparum from the other 
5 African countries (Appendix Figure 3). For global 
isolates with pfhrp2 deletions, South America and Af-
rica parasites were not strongly related to each other; 
Peru and Suriname parasites had the highest princi-
pal component 1 values as well as highest Jost pair-
wise D and Hendricks pairwise GST in comparison 
with African pfhrp2-deleted parasites (Table; Figure 
4, panel B). The pfhrp2 deleted parasites from Sudan, 
Eritrea, Ethiopia, and Djibouti showed relatively sim-
ilar principal component 1 values, and Ethiopia and 
Djibouti pfhrp2-deleted genotypes demonstrated the 
closest overall clustering. Among these deleted para-
sites, Djibouti P. falciparum was most closely related 
to Ethiopia (pairwise GST 0.68) pfhrp2-deleted P. falci-
parum, followed by Eritrea (0.77), Sudan (0.97), Peru 
(0.98), and Suriname (0.99). If assessing relatedness 
among parasites lacking only the pfhrp3 gene, we not-
ed similar findings; the highest degree of relatedness 
was seen among the Djibouti and Ethiopia parasites 
(Appendix Figure 4).

Discussion
Confirmatory diagnosis of P. falciparum malaria 
through testing for the presence of HRP2 antigen by 
RDT has been a substantial improvement for provid-
ing appropriate case management in many malaria-
endemic countries. Discovery of pfhrp2 gene deletions 
in natural P. falciparum populations has led to doubts 
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Figure 2. Distributions 
of HRP2/HRP3 antigen 
concentrations by pfhrp2 
and pfhrp3 genotype for 
specimens in study of 
Plasmodium falciparum 
parasites with pfhrp2 and 
pfhrp3 deletions, Djibouti 
2019–2020. A) Individual 
antigen concentrations for 
all 296 samples successfully 
genotyped for pfhrp2/3. 
Dashed line denotes the  
assay level of quantitation.  
B) Smoothed kernel density plots for log-transformed HRP2/3 concentration by the four pfhrp2/3 genotypes. HRP2/3, histidine-rich 
protein 2/3.
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about the sustained use of this antigen for diagnostic 
purposes (1). To date, most P. falciparum–endemic set-
tings that rely heavily on RDTs for routine diagnos-
tics have been found to have populations of parasites 
that express high amounts of HRP2 and HRP3 anti-
gens (8,15,18,21,23,24). The ability to evade HRP2-
based diagnostics (and subsequent treatment) might 
lead to a selective advantage for parasites with gene 
deletions (25). Routine surveillance of P. falciparum–
endemic populations is required to ensure that pri-
mary diagnostic tools are still accurate.

Multiple recent studies in the Horn of Africa have 
demonstrated a high proportion of P. falciparum in the 
region with pfhrp2 gene deletions and that most iso-
lates also have pfhrp3 deletions. A 2016 Eritrea health 
facility survey found 62.0% of P. falciparum infections 
consisted of parasites with both pfhrp2 and pfhrp3 de-
letions, all of which were also HRP2-negative by RDT 
(10). Of persons enrolled in health facility surveys 
during 2017–2018 in northern Ethiopia, pfhrp2 dele-
tions were responsible for between 11.5%–14.9% of 
false-negative HRP2-RDT results (12). A survey of 3 
health facilities in Djibouti in early 2019 also found 
these concerning results: in a small sample set of 79 P. 
falciparum PCR-positive patients, 86.5% demonstrat-
ed pfhrp2/3 deletions (13).

In light of previous findings, this 2019–2020 study 
was designed to assess the prevalence of pfhrp2/3 
deletions in Djibouti City, relatedness of Djibouti 
P. falciparum to other global isolates, and overall re-
latedness of P. falciparum within the Horn of Africa 
compared with other global sites. Most (63%) of the 
1,002 DBS samples collected from persons with ma-

laria-like symptoms were negative for any Plasmo-
dium antigens and did not undergo molecular assays 
because Plasmodium infection was not suspected. The 
bead-based antigen assay has been shown to detect 
Plasmodium infection at approximately the same lev-
el as standard PCR assays at ≈2 parasites/uL blood 
(15). Among the remaining 372 Plasmodium-positive 
samples, only 111 (29.8%) displayed moderate to high 
levels of HRP2/3 antigen profile indicative of P. falci-
parum with functional pfhrp2 or pfhrp3 genes. By those 
Plasmodium antigen data alone, the pervasiveness of 
low or absent HRP2 levels in 70% of samples from 
symptomatic Plasmodium-infected persons raised sus-
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Figure 3. Relatedness of Plasmodium falciparum parasites from 
Djibouti, 2019–2020, with different pfhrp2 and pfhrp3 genotypes. 
Cluster PC analysis shown for 7 neutral microsatellite data for 
monogenomic infections by subpopulations: pfhrp2+/pfhrp3+ (n 
= 16), pfhrp2+/pfhrp3– (n = 15), pfhrp2–/pfhrp3+ (n = 4), pfhrp2–/
pfhrp3– (n = 17). Plot shown with PC1 on x-axis and PC2 on 
y-axis with 95% confidence ellipses. PC, principal component.

Figure 4. Relatedness of Plasmodium falciparum parasites from Djibouti, 2019–2020 with other global isolates. A) Cluster PC 
analysis shown for neutral microsatellite data for monogenomic infections by collection from different countries: Angola (n = 32), 
Costa Rica (n = 14), Djibouti (n = 52), Eritrea (n = 187), Ethiopia (n = 20), Guyana (n = 27), Haiti (n = 86), Peru (n = 18), Rwanda 
(n = 42), Sudan (n = 37), Suriname (n = 44), Uganda (n = 25). B) Cluster PC analysis shown for neutral microsatellite data for 
monogenomic infections containing pfhrp2 deletions by collection from different countries: Djibouti (n = 21), Eritrea (n = 43), Peru (n 
= 18), Ethiopia (n = 8), Sudan (n = 4), and Suriname (n = 1). Plots shown with PC1 on x-axis and PC2 on y-axis and 95% confidence 
ellipses. PC, principal component.
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picion of either a high frequency of non–P. falciparum 
infections or high prevalence of P. falciparum isolates 
with the pfhrp2/3 genes deleted; both scenarios were 
found to be true in Djibouti. Of the 355 samples with 
detectable Plasmodium DNA by PET-PCR, 44 (12.4%) 
were single-species P. vivax infections; this finding is 
in line with previous reports of P. vivax in Djibouti, 
as well as in neighboring Ethiopia and Eritrea (9,26). 
Most (95%) of the 311 samples with P. falciparum 
DNA were successfully genotyped for single-copy 
control genes (17), reflecting high-density infections 
in the symptomatic study population. Of the 296 P. 
falciparum infections with reportable genotyping re-
sults, only 37 (12.5%) contained wild-type parasites 
with both pfhrp2 and pfhrp3 genes amplified. Only 
pfhrp3 was deleted in 17.2% of parasites, only pfhrp2 
was deleted in 1.7%, and more than two thirds of all 
infections (68.6%) were from P. falciparum lacking 
both genes. The 68.6% prevalence of double-deleted 
parasites in Djibouti City is lower than the 86.5% pre-
viously reported by Iriart et al. (13). This high prev-
alence of pfhrp2/3 dual-deleted infections, coupled 
with our finding that most infections are monoclonal 
(80%), suggests that a high percentage of P. falciparum 
infections in Djibouti City would not be detected by 
HRP2-based RDTs. This level is well beyond the 5% 
threshold recommended by the WHO to consider a 
replacement of exclusive HRP2-based diagnostics 
for detecting P. falciparum (27), and the findings from 
our study have already been shared with the Djibouti 
Ministry of Health and WHO regional partners.

Regarding relatedness to other global isolates, the 
parasites found in Djibouti (regardless of genotype) 
clustered closely with P. falciparum haplotypes from 
Africa and showed greater distance to P. falciparum 
from the New World and Asia. Djibouti City is a 
large port city located on the east central coast and is 
home to approximately half the country’s population. 
Because Djibouti City is a large center of trade and 

population movement, some enrolled patients might 
have contracted P. falciparum infection in a country 
other than Djibouti, but travel history for participants 
was unavailable for this study. However, the objec-
tive genetic data show that even if some infections 
were acquired outside Djibouti, they all appear to be 
Africa-derived from more proximal countries. High 
relatedness (low diversity) of P. falciparum within 
Djibouti has been previously observed for isolates 
collected throughout the country within individual 
surveys and without substantial differences among 
multiple years of collection (28), although genotyping 
for pfhrp2/3 deletions was not performed. The related-
ness of Djibouti and Ethiopia pfhrp2-deleted parasites 
observed in this study was closer when compared 
with Eritrea or Sudan isolates and very distant from 
pfhrp2-deleted P. falciparum from Peru and Suriname. 
The same finding was noted for pfhrp3-only deleted 
parasites, where Djibouti and Ethiopia populations 
practically overlie each other. This evidence points to 
de novo gene deletions and expansion of these deleted 
P. falciparum populations in the Horn of Africa rather 
than importation of deleted parasites from other ar-
eas of the world. Specifically for the Horn of Africa, 
close background lineages by NMS data for pfhrp2- 
and pfhrp3-deleted parasites from Djibouti and Ethio-
pia points to an expansion of common gene-deleted 
populations that exist in these adjacent countries. Er-
itrea parasite lineages from both wild-type and delet-
ed P. falciparum appear to be differentiated from the 
Ethiopia/Djibouti lines, suggesting separate pfhrp2/3 
deletion events on unique P. falciparum strains and a 
more distant common ancestor.

This study and its findings are subject to limi-
tations. Though many patients exhibiting malaria 
symptoms were enrolled in Djibouti City, no other 
areas of the country are represented by this sample 
set, so these conclusions and estimates could not nec-
essarily be applied nationwide. However, Djibouti 
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Table. Genetic relatedness of pfhrp2-deleted Plasmodium falciparum parasites from Djibouti, 2019–2020, compared with those from 
other countries* 
Comparison Country Djibouti Eritrea Ethiopia Peru Sudan 
Jost D pairwise Djibouti 

    
  

Eritrea 0.530 
   

  
Ethiopia 0.444 0.704 

  
  

Peru 0.873 0.888 0.846 
 

  
Sudan 0.920 0.817 0.879 0.994  

 Suriname 0.987 0.831 1.00 0.795 0.962 
Hendrick pairwise GST Djibouti 

    
  

Eritrea 0.772 
   

  
Ethiopia 0.679 0.843 

  
  

Peru 0.977 0.972 0.953 
 

 
 Sudan 0.972 0.917 0.941 0.999  
 Suriname 0.998 0.949 1.000 0.991 0.990 
*Darker shading indicates higher level of relatedness.  
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City accounts for 95% of the country’s malaria case 
load and Général Peltier Hospital is the largest hos-
pital in the region, and previous reports have found 
P. falciparum in Djibouti to be of overall low diversity 
(28,29). Furthermore, the Djibouti Ministry of Health 
considered these results sufficiently representative to 
mandate a nationwide RDT policy change. Without 
the recent travel history of enrolled participants, we 
cannot state all P. falciparum parasites analyzed in 
this study originated in Djibouti. Quality microscopy 
could not be performed uniformly on these blood 
samples, so we were unable to obtain visual confir-
mation of P. falciparum. In addition, because of labo-
ratory workflow, RDT results from enrollment could 
not be reliably linked with venous blood samples and 
therefore were not compared directly with laboratory 
data. However, the 4 samples collected in December 
2019 that triggered this investigation demonstrated 
pfhrp2/3 deletions causing known false-negative re-
sults by HRP2-based RDT.

In conclusion, results from both antigen detection 
and pfhrp2/3 molecular genotyping provide evidence 
of a high prevalence of symptomatic malaria cases in 
Djibouti caused by P. falciparum lacking functional pf-
hrp2/3 genes. These findings, coupled with high occur-
rence of monoclonal infections and single pfhrp2-delet-
ed infections, suggest that nearly 70% of HRP2-based 
RDTs would return negative results for P. falciparum 
infection in Djibouti, which is expected to have serious 
negative health impacts on the community. Djibouti P. 
falciparum parasites with gene deletions are most close-
ly related to other parasites in the Horn of Africa with 
a recent common ancestor or routine importation from 
Ethiopia. Gene-deleted haplotypes show no evidence 
of importation from South America.
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SARS-CoV-2, the pathogen causing COVID-19, 
began infecting humans in Wuhan, China, in De-

cember 2019. Within 1 year, SARS-CoV-2 spread to 
nearly all countries, and >178 million infections and 
3.7 million deaths were reported by April 2021. Tai-
wan, an island with 23.8 million inhabitants, reported 
only slightly more than 1,000 cases by April 2021, 
despite being located close to the original epicenter 
of the COVID-19 outbreak. At that time, most infec-
tions confirmed in Taiwan were acquired abroad, and 
<10% were acquired locally. 

The subsequent emergence of more transmissible 
SARS-CoV-2 variants led to multiple introductions 

from those traveling to and from Taiwan, initiating 
cryptic transmissions in the capital city of Taipei and 
its surroundings in April 2021. Newly detected clus-
ters of the virus led to an explosive growth in cases, 
and daily reported case numbers reached 200 by mid-
May. The sudden increase in cases prompted the gov-
ernment to implement stricter control measures to 
prevent disease spread, and those measures proved 
effective in bringing the epidemic under control by 
the end of July. Those preventive measures included 
restricting public movement, enforcing compulsory 
shortening of business hours, implementing work-
from-home for nonessential businesses, banning in-
restaurant dining, and canceling social and religious 
gatherings. By October 2021, Taiwan was again re-
porting 0 cases daily.

The initial clusters of infections in 2021 were 
linked to international pilots and flight crew mem-
bers, but the major epidemic hotspots were identi-
fied as owners and visitors of tea houses, which are 
landmarks in some districts of Taipei. Although tea 
houses in Taipei typically offer tea and other refresh-
ments during the day, some also conduct business 
in the evening, when the potential for activities that 
increase risk for the transmission of SARS-CoV-2 
(e.g., close physical contact) is greater and timely de-
tection of infections can be hindered (1–3). In night-
life districts across the city, patrons and staff of tea 
houses and other establishments often are unwill-
ing to share contact and travel histories with public 
health officials. Outside of Taipei and New Taipei 
City, clusters of infections were frequently linked to 
factories or other production sites, affecting vulner-
able social groups such as migrant workers. Some 
initial clusters were linked to local markets and initi-
ated by vendors traveling to the Taipei area for com-
mercial purposes.
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An unprecedented surge of COVID-19 cases in Taiwan 
in May 2021 led the government to implement strict na-
tionwide control measures beginning May 15. During the 
surge, the government was able to bring the epidemic un-
der control without a complete lockdown despite the cu-
mulative case count reaching >14,400 and >780 deaths. 
We investigated the effectiveness of the public health 
and social measures instituted by the Taiwan government 
by quantifying the change in the effective reproduction 
number, which is a summary measure of the ability of 
the pathogen to spread through the population. The con-
trol measures that were instituted reduced the effective 
reproduction number from 2.0–3.3 to 0.6–0.7. This de-
crease was correlated with changes in mobility patterns 
in Taiwan, demonstrating that public compliance, active 
case finding, and contact tracing were effective mea-
sures in preventing further spread of the disease.
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The effective reproduction number, Rt, has played 
a pivotal role in evaluating the effectiveness of vari-
ous public health and social measures (PHSMs) dur-
ing the COVID-19 pandemic (4–6). Rt is defined as the 
average number of secondary transmissions caused 
by a primary case at a given time while interventions, 
existing immunity, or other mediating factors are 
present. During the pandemic, Rt was used frequently 
as a data point to inform decision- and policy-mak-
ing processes, because the value of Rt relative to the 
threshold value of 1 can be interpreted as an indicator 
for when PHSMs should be implemented, strength-
ened, or relaxed (7,8). Among the various PHSMs 
that might be used, stay-at-home orders, cancelling 
leisure activities, and restaurant-based interventions 
were found to be largely ineffective in curbing CO-
VID-19 transmission in the United States (9). In con-
trast, strong social distancing, school closures, and 
widespread mask-wearing were found to be quite ef-
fective in mitigating the spread of COVID-19 in both 
the United States and elsewhere (10–12). One study 
found that only strict (complete) lockdowns could 
curb the spread of infections and reduce Rt to <1 (5). 
However, responses to the virus in Taiwan and Japan 
demonstrate that less extreme measures (i.e., without 
the implementation of a complete lockdown) were 
sufficient in preventing a wide, rampant spread of 
COVID-19 during the epidemic and returning daily 
counts to an acceptable level (<10 cases). The gov-
ernment’s response to the surge of COVID-19 cases 
in Taiwan that began in May 2021 presents a strik-
ing example of how public compliance with such less 
extreme preventive measures successfully quelled a 
burgeoning epidemic wave.

Among various possible ways to estimate Rt, the 
instantaneous reproduction number based on the 
method of Cori et al. (13) has often been used during 
the COVID-19 pandemic to describe current epidemi-
ologic situations (14,15) or to forecast future incidence 
(16). Predicting the real-time Rt value and accounting 
for covariates has been recognized as an important 
step toward the future real-time monitoring of dis-
ease spread in different countries (17–21).

Taiwan reported extremely low numbers of con-
firmed COVID-19 cases in 2020, offering an example 
of a relatively efficient prevention strategy against the 
spread of SARS-CoV-2 (22). The government institut-
ed a 4-level system to efficiently contain and mitigate 
COVID-19 epidemics (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/28/10/22-0456-App1.
pdf). Before April 2021, the largest cluster of locally 
acquired infections had only 22 confirmed cases (23). 
Of the various factors contributing to Taiwan’s early 

pandemic success, the key components were strict 
border control, public compliance with untargeted 
PHSMs (e.g., mask-wearing, proactive case finding, 
and contact tracing), and use of digital technologies, 
such as QR codes (24). However, the increased trans-
missibility of subsequent SARS-CoV-2 variants and 
low levels of vaccine coverage posed significant chal-
lenges for COVID-19 containment in Taiwan in 2021. 
We investigated the effectiveness of the public health 
and social measures instituted by the Taiwan govern-
ment during the 2021 COVID-19 surge by quantifying 
the change in Rt.

Methods

Data Collection
We retrieved line list data from publicly available 
sources and Taiwan Centers for Disease Control re-
ports (25). The combined dataset from these sources 
contained de-identified case records, including infor-
mation on symptom onset date (when available), case 
confirmation date, confirmed date of death, level of 
severity of the infection (asymptomatic/mild, moder-
ate, severe), and information on residency. The 3 cat-
egories of disease severity (mild, moderate, severe) 
were assigned in accordance with the World Health 
Organization definition (26). We extracted mobility 
metrics from community reports provided by Google 
(27). The 6 metrics used fell into the following cate-
gories: “grocery and pharmacy,” “parks,” “residen-
tial,” “retail and recreation,” “transit stations,” and 
“workplaces.” We quantified each metric by a daily 
change in the median mobility when compared with 
the baseline median for the 5-week period January 3–
February 6, 2020.

Estimating Epidemiologic Parameters
We fitted time intervals from symptom onset to case 
confirmation, onset to severe disease, onset to death, 
and onset to report of death (as well as from death to 
report of death) to a mixture of 3 distributions (gamma, 
Weibull, and log-normal) (23). We then fitted the serial 
interval distribution to left-shifted gamma, Weibull, 
and log-normal distributions (to account for negative 
values). We estimated all parameters within a Bayesian 
framework, using a doubly censored likelihood with 
right truncation and Markov chain Monte Carlo simu-
lations (28,29). To improve convergence of the mixture 
model, we set the mean and SDs to be common to the 3 
distributions, as has been proposed for Bayesian model 
averaging (M. Keller et al., unpub. data, https://doi.
org/10.48550/arXiv.1711.10016). We estimated the re-
porting delay, which is the time from symptom onset to 
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case confirmation, under 2 scenarios: when the distribu-
tion was unchanged over time, and when the param-
eters of the distribution were varied in time (30).

We estimated Rt using date of symptom onset 
and date of infection (13,31). When Rt was classified 
by date of symptom onset, the expected case count on 
day t was proportional to Rt and a convolution of case 
counts on previous days with the serial interval dis-
tribution. When Rt was classified by date of infection, 
the formula had a more complicated form and con-
tained a double convolution, involving the incubation 
period and profile of infectiousness (31,32) (Appen-
dix). Because some case records did not contain in-
formation on symptom onset date, we back-projected 
those cases from the date the case was confirmed to 
a presumptive date of symptom onset, using a time-
varied distribution of the reporting delay.

Results

Epidemiologic Situation
Little to no local transmission of SARS-CoV-2 was re-
ported in Taiwan before April 2021. Vaccine coverage 
was also arbitrarily low (<1%) at that time. There were, 
however, multiple clusters of infections during the lat-
ter half of April 2021, followed by a wave of COVID-19 
cases at the beginning of May 2021 (Figure 1, panel A). 
A total of 14,442 cases associated with the epidemic 
wave were confirmed by August 25, 2021, including 
5,029 (34.8%) persons who were asymptomatic at the 
time of testing and 3,093 (21.4%) persons recognized 
as having severe disease. Among patients requiring 
hospitalization, 238 (1.6%) had nonsevere pneumonia, 
2414 (16.7%) had severe pneumonia, and 441 (3.1%) 
had acute respiratory distress syndrome (Table). A 
total of 779 persons (5.4%) died during the epidemic 
wave. Most (701, 90%) of the deceased patients had 
known underlying chronic conditions. Eight addition-
al deaths among patients in the study population were 
unrelated to SARS-CoV-2 infection.

The median age of persons with confirmed cases 
was 51 years; 23.9% were >65 years of age, 51.9% 45–
64 years of age, 18.3% 18–44 years of age, and 5.9% 
<18 years of age. Only 0.4% of patients <18 years 
were categorized as having moderate disease, and 
half (50.3%) of these younger patients were reported 
as asymptomatic at the time of testing. In contrast, 
46.6% of those >65 years of age experienced moderate 
symptoms, and 22.3% were asymptomatic at the time 
of testing. The median age of patients who died was 
72 years, and 79.8% of deaths were reported among 
those >65 years of age. Men accounted for most 
deaths (63.5%). Geographically, a substantial portion 

of the infections (1,874 cases, 13.0% of the total) were 
confirmed among residents of Wanhua District in 
Taipei (Figure 1, panel B).

The median time from date of symptom onset to 
date of case confirmation was estimated at 3.0 days 
(95% CI 0.7–11.9 days). The time required for disease 
progression from symptom onset to severe disease 
was an average of 7.7 days (95% CI 2.1–28.5 days). 
Death was observed, on average, 13.3 days after 
symptom onset (95% CI 1.1–92.4 days). Deaths were 
reported an average of 3.5 days thereafter (95% CI 
1.0–12.3 days). 

Rt and Efficiency of PHSMs
When quantifying Rt by date of symptom onset, we 
noted that the value remained relatively stable, with 
values of ≈2–3 before the surge of COVID-19 cases 
reported around May 10, 2021 (Figure 2, panel A). 
We estimated the median posterior value of Rt to ex-
ceed 3 during the first week of May, likely because 
of cryptic community transmission; confirmed cases 
with symptom onset in the first week of May had pro-
longed reporting delays of nearly 10 days (Figure 2, 
panel B, orange line), and later cases generally had 
shorter reporting delays of ≈3–4 days. The report-
ing delay quantified by date of case confirmation 
peaked around May 16 (Figure 2, panel B, gray line). 
The test-positivity rate for SARS-CoV-2 also reached 
its highest around the same dates (Figure 2, panel B, 
blue line). These results indicate that cases with ear-
lier symptom onset dates had longer reporting delays 
compared with subsequent cases and serve as an in-
dicator of persistent cryptic transmission of SARS-
CoV-2 in the community between the end of April 
and the beginning of May 2021.

Next, we quantified the effective reproduction 
number by infection date and tied it to PHSMs (Fig-
ure 2, panels C, D). Taiwan adopted a 4-tier system 
of restrictions ranging from level 1 at the lowest to 
level 4 at the highest (Appendix Table 1). Level 2 re-
strictions began on May 11, 2021; level 3 restrictions 
began in Taipei and New Taipei City on May 15 and 
then expanded to the rest of Taiwan on May 19. Level 
3 measures were further strengthened on May 29. We 
estimated the posterior mean Rt in the early stage of 
the epidemic—before level 2 restrictions began—at 
2.85 (95% CI 2.51–3.26). Implementation of level 2 
measures on May 11 was followed by a slightly de-
creased mean of 2.40 (95% CI 1.99–2.86), and level 3 
measures in Taipei City and New Taipei City on May 
15 further decreased the mean value to 1.59 (95% 
CI 1.30–1.90). Nonetheless, these measures were in-
sufficient to bring the Rt consistently below 1. Only  
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after level 3 measures were expanded to all of Taiwan 
on May 19 did the mean Rt decrease to below 1 (0.86 
[95% CI 0.76–0.95]). Rt then dropped even further 

when those measures were strengthened on May 29 
by prohibiting dine-in services and setting up a work-
from-home order (0.65 [95% CI 0.57–0.74]).
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Figure 1. Epidemic wave of COVID-19 in Taiwan, April–August 2021. A) Epidemiologic curve of confirmed COVID-19 cases by reporting 
date, stratified by geographic area. Dashed lines and hexagons indicate timing and description of major public health and social 
measures; variation in hexagon colors shows relative strictness of measures, ranging from light to dark green. B) Geographic distribution 
of cases. The colormap indicates the cumulative number of cases confirmed by August 25, 2021, at district level for Taipei, New Taipei 
City, and Keelung and at county level for all other areas (indicated in gray in panel A). Inset shows location of enlarged area in Taiwan. 
C) Age pyramid of confirmed cases specified by known severity status or death. Age and spatial distribution of fatalities is shown in 
Appendix Figure 4 (https://wwwnc.cdc.gov/EID/article/28/10/22-0456-App1.pdf)
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These estimates prompted our further investiga-
tion into why the initial set of level 3 measures imple-
mented on May 15 for Taipei and New Taipei City 
and on May 19 nationwide were insufficient to bring 
Rt substantially below 1. We estimated Rt by infection 
date using 2 different functions of time. First, Rt was 
modeled by a piecewise constant function of time 
with equidistant time windows (e.g., 5 or 7 days). 
Second, the change in Rt was correlated with the ob-
served change in community mobility across 6 differ-
ent community metrics (see Methods).

When we modeled Rt using a piecewise constant 
function of time, we observed a pattern similar to 
that of Rt by date of symptom onset, except that the 
pattern was time-lagged (compare Figure 3, panel A, 
and Figure 2, panel A). The temporal pattern also re-
sembled the change in various mobility metrics over 
time (compare Figure 3, panel A, and Figure 3, panel 
B). However, the posterior mean of Rt did not increase 
after July 12, even though some mobility metrics pre-
viously recognized as important for explaining the 
transmission potential of COVID-19 (17) (e.g., retail 
and recreation, transit stations, and workplaces) con-
tinued to increase over time. To address this con-
tradiction, we theorized that the basic reproduction 
number (R0) changed over time. The time-variability 
of R0 represented the proxy measure of changing con-
tact rate of infected and susceptible individuals over 
time and served as an indicator of PHSMs, including 
the voluntary changes in public behavior (33). When 
we defined it by a monotonically decreasing sigmoi-
dal function over time, the corresponding model fit 
the data better. We compared a model with a time-
varied R0 with a model with a constant R0 using a 
“leave-one-out” information criteria (LOOIC), which 
is used in Bayesian frameworks for model selection 

(34). The model with a time-varied R0 had a lower 
median LOOIC value (884.2) compared with that of 
the model that used a constant R0 (899.6) (Appendix 
Figure 5). The fit resulted in the change point of R0 on 
approximately July 19, and R0 decreased from a me-
dian of 3.17 at the beginning of the epidemic to 1.72 
at the end of the epidemic (defined as August 14), a 
46% reduction.

We additionally investigated the association of 
different mobility metrics with Rt. The model with 
only 3 mobility metrics showed a fairly indistinguish-
able data fit compared to models with 4 to 6 mobility 
metrics, and the difference in LOOIC values was <2 
(ΔLOOIC ≤1.56). By sequentially fitting the models 
with 1, 2, and 3 metrics, we identified that the most 
significant metrics describing the individual mobility 
were transit stations, workplaces, and grocery stores 
and pharmacies (Figure 3, panel D).

We investigated counterfactual scenarios where-
in level 3 measures had been implemented either ear-
lier or later than the actual May 15 date (Figure 4). If 
the level 3 measures had been delayed by just 3 days, 
the size of the epidemic on August 14 likely would 
have been double that of the baseline scenario (23,900 
cases [95% CI 7,900–61,500)] vs. 12,500 cases [95% CI 
4,000–29,800]) or the actual case count (14,400). Begin-
ning level 3 measures 3 days earlier likely would have 
resulted in only 6,400 cases (95% CI 2,200–15,600) 
(Appendix Figure 6). Varying the date of level 3 im-
plementation revealed a nonlinear, exponential-like 
relationship whereby a longer delay would accelerate 
the increase in the final epidemic size.

Discussion
In this study, we analyzed the spread of SARS-CoV-2 
in Taiwan during April–August 2021 and quantified 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022	 2055

 
Table. Demographic and clinical characteristics of persons with confirmed COVID-19 cases, by geographic region, Taiwan, April 23, 
2021–August 25, 2021* 
 No. (%) 
Characteristic Taiwan Taipei New Taipei City Other counties 
Age group     
 <17 845 (5.9) 225 (4.6) 410 (6.0) 210 (7.7) 
 17–34 2,660 (18.4) 642 (13.2) 1,168 (17.0) 850 (31.0) 
 15–64 7,489 (51.9) 2,629 (54.2) 3,656 (53.3) 1,204 (44.0) 
 >64 3,448 (23.9) 1,354 (27.9) 1,620 (23.6) 474 (17.3) 
Sex     
 F 7,149 (49.5) 2,502 (51.6) 3,387 (49.4) 1,260 (46.0) 
 M 7,293 (50.5) 2,348 (51.6) 3,467 (49.4) 1,478 (54.0) 
Severity     
 Mild/asymptomatic 11,349 (78.6) 3,807 (78.5) 5,309 (77.5) 2,233 (81.6) 
 Severe 3,093 (21.4) 1,043 (21.5) 1,545 (22.5) 505 (18.4) 
Known to be symptomatic     
 No 5,037 (34.9) 1,710 (35.3) 2,193 (32.0) 1,134 (41.4) 
 Yes 9,405 (65.1) 3,140 (64.7) 4,661 (68.0) 1,604 (58.6) 
Total 14,442 4,850 [33.6] 6,854 [47.5] 2,738 [19.0] 
*Parentheses indicate a columnwise fraction of cases within each group. Brackets indicate a rowwise proportion of cases. 

 



RESEARCH

the effectiveness of PHSMs implemented by the gov-
ernment. Initial COVID-19 cases had longer reporting 
delays, and there was a higher test-positivity rate at 
the beginning of the outbreak (Figure 1). Shortening 
of the reporting delay over time (Figure 2, panel B) 
indicated better management of the outbreak in later 
periods. Our results also showed that implementing 
stricter PHSMs on May 29, 2021 (Appendix Table 2), 
was followed by Rt falling below 1. We conclude that 
the timing of introduction of PHSMs by the govern-
ment was judicious, and postponement by >3 days 
would have likely more than doubled the final size 
of the outbreak.

Because the number of cases grows exponentially 
at the beginning of an outbreak, delaying PHSMs by 
just 3 days can lead to a significant increase in the 

disease burden and can double the final epidemic 
size. Given the indications that the healthcare sys-
tem of Taiwan was close to being overwhelmed with 
COVID-19 patients in mid-May, the actual timing of 
level 3 measures on May 15 likely prevented an even 
larger healthcare crisis. Although an earlier introduc-
tion of PHSMs could have substantially improved the 
situation, the low case numbers might have caused 
some public misunderstanding regarding the neces-
sity of strict prevention measures when there was no 
evidence of escalating case counts. It is fortunate that 
the government of Taiwan acted in accordance with 
the country’s 4-level COVID-19 alert system criteria 
by implementing stricter PHSMs as soon as possible 
(Appendix Table 2).

The April–August 2021 epidemic wave was the 
first such large-scale wave seen in Taiwan. Using 
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Figure 2. Comparison of Rt inferred by infection date with Rt by symptom onset date during epidemic wave of COVID-19 in Taiwan, April–
August 2021. A) Rt by infection date (overlay) is notably shifted to the left compared with symptom onset date. Black line indicates mean; 
light gray shading indicates interquartile range; dotted lines indicate 95% CI. Bars indicate the nowcasted daily incidence of COVID-19 
cases; vertical scale is indicated by thick black line on the right. B) Change in the mean reporting delay, which is the time between 
symptom onset date and confirmation date, over time, characterized by either the date of symptom onset (orange) or by confirmation date 
(black). Dark gray shading indicates IQR; light gray shading indicates 95% CI. The blue line indicates the test positivity rate that peaked 
around May 16 (axis on the right). C, D) The estimated Rt by date of infection, linked to public health and social measures (green-shaded 
hexagons, as defined in panel D). Rt, effective reproduction number.
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Bayesian statistical inference of the effective repro-
duction number by date of infection, we were able 
to attribute reductions in Rt to the implementation of 
PHSMs and estimate their effectiveness. The value of 
Rt only fell below 1 (95% CI 0.57–0.74) consistently af-
ter the PHSMs were further strengthened. We base 
this result, however, largely on model assumptions, 
so the association might be confounded by behaviors 
not accounted for in the models.

Even assuming only 1 in 5 COVID-19 cases was 
confirmed, the cumulative number of cases would 
have reached fewer than 100,000 cases, according to our 
models. In 2022, however, Taiwan experienced a much 
larger outbreak associated with the Omicron variant, 
during which the total number of confirmed cases ex-
ceeded 4 million. Given Omicron’s higher transmis-
sibility and greater capacity for evading immunity, 
coupled with pandemic fatigue and high vaccination 
coverage of the Taiwanese population (80.2% for the 

second dose and 60.1% for the booster dose as of May 
2, 2022), the government chose to relax PHSMs such 
as proactive case finding and contact tracing in mid-
May 2022. As a result, a direct comparison between the 
pandemic situation in 2021 we have described and the 
2022 Omicron wave is not possible.

Using mobility metrics, which are the proxies of 
contact rates in different settings, was unable to com-
pletely capture the temporal change in Rt. However, the 
additional assumption of a simultaneous decrease in 
R0 at later stages of the epidemic adequately explained 
the observed dynamics. This decrease could likely be a 
result of higher efficiency in terms of case finding and 
contact tracing when the number of cases was signifi-
cantly lower compared with the efficiency in gathering 
that information at the peak of the epidemic wave.

In regard to study limitations, we did not distin-
guish fully asymptomatic infections from those that 
were asymptomatic at the time of testing but became 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022	 2057

Figure 3. . Rt by infection date and its link to mobility patterns for epidemic wave of COVID-19 in Taiwan, April–August 2021. A) The 
change in Rt modeled by a piecewise constant function with a 7-day time window. B) The Rt inferred based on monotonically decreasing 
basic reproduction number (green) and 6 mobility metrics. C) The temporal dynamics of mobility metrics. D) Comparison of different 
models based on LOOIC values under a restricted number of mobility metrics (numbers defined in panel B). The legend indicates the 
set of metrics with highest probability of selection shown by relative weight. Dashed lines contain the region where the change in LOOIC 
values does not exceed 2 from the minimum, implying a relatively equivalent fit to the data; error bars indicate SD. The blue and yellow 
bars in A and C are the same as in Figure 2, panel A. LOOIC, leave-one-out information criteria; Rt, effective reproduction number.
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symptomatic later. We also did not account for age, 
sex, and spatial structures in our framework for es-
timating Rt; including those factors could have pro-
vided more insight into the transmission dynamics. 
We also did not distinguish high-risk and low-risk 
transmission venues in our statistical model, nor did 
we account for the contribution of superspreading 
events. We noted, with interest, that the Alpha vari-
ant was not the only variant detected among the lo-
cally acquired infections during the investigation 
period. An outbreak associated with the Delta vari-
ant also was reported in June 2021, which surfaced in 
Pingtung County in the south of Taiwan and was con-
tained within 2 weeks. The cluster originated from 2 
travelers who returned to Taiwan from Peru and in-
volved a total of 17 cases.

In 2021, Taiwan’s pandemic response demon-
strated that, despite low levels of vaccine cover-
age, containment and elimination of COVID-19 
remained feasible. The timely introduction of 
PHSMs helped Taiwan to avoid healthcare system 
collapse, and the PHSM strategies employed serve 
as an example for future outbreaks of emerging 
and re-emerging infectious diseases. In the case of 
SARS-CoV-2, the continued evolution of the virus 
toward higher transmissibility and immune eva-
sion poses a continued threat. It is clear from the 
2022 Omicron waves in Taiwan and elsewhere that 
high levels of vaccine coverage, although offering 

protection against severe disease, are insufficient 
in preventing transmission. PHSMs beyond vac-
cination might become necessary again for future 
SARS-CoV-2 epidemic waves.
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Lassa fever is a viral hemorrhagic fever endemic to 
West Africa; an estimated 300,000 cases of Lassa 

fever and 5,000 deaths occur annually (1). Lassa fever 
is currently treated with ribavirin, a nucleoside analog 
that has broad-spectrum antiviral properties (2). De-
spite being recommended in most national treatment 
guidelines (3,4), ribavirin is not formally approved for 
treatment of Lassa fever. Evidence supporting a ben-
eficial effect of ribavirin for treatment of Lassa fever is 
scarce, and the pivotal landmark study (2) showed a 
high risk for bias (5,6). A study focused on evaluation 
of pharmacokinetics of ribavirin to better characterize 
its role in treatment for Lassa fever (7). Severe Lassa 

fever with lethal outcome is associated with encepha-
lopathy, acute kidney injury, and respiratory failure 
(8). Lassa virus (LASV) has been observed in the ce-
rebrospinal fluid of patients exhibiting clinical symp-
toms of encephalitis (9,10). However, it is insufficiently 
understood how LASV causes pathology; in severely 
ill patients, mediators of coagulation, as well as inflam-
matory markers, were found to be dysregulated (11).

Because of the epidemic potential of Lassa fever 
and its high case-fatality rates in hospitalized pa-
tients, Lassa fever was added to the World Health 
Organization blueprint priority list of diseases for 
research and development, urging intensified re-
search, including improved treatments. Based on the 
excess in inflammatory response observed in severe 
Lassa fever patients (12), host directed antiinflamma-
tory treatment has been discussed as adjunct therapy. 
This therapy has been found to be beneficial, as in-
dicated by expert’s opinion in LASV-infected adults 
and pregnant women.

We report 2 patients, 1 who had severe Lassa fe-
ver complicated by COVID-19 and acute kidney in-
jury (patient A), and 1 who had acute kidney injury 
and neurologic complications (patient B) who, in ad-
dition to intravenous ribavirin and supportive care, 
received dexamethasone. Dexamethasone is a gluco-
corticoid agent also successfully used for other severe 
viral infections, such as COVID-19, to reduce damage 
conferred by systemic hyperinflammation (13).

The Study
Patient A was a 72-year-old man who came to Irrua 
Specialist Teaching Hospital (ISTH) in Irrua, Nigeria, 
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Lassa fever is a viral hemorrhagic fever treated with 
supportive care and the broad-spectrum antiviral drug 
ribavirin. The pathophysiology, especially the role of hy-
perinflammation, of this disease is unknown. We report 
successful remission of complicated Lassa fever in 2 
patients in Nigeria who received the antiinflammatory 
agent dexamethasone and standard ribavirin.
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on January 15, 2021, because of reported weakness 
and poor appetite. He had previously been given 
artemether/lumefantrine for suspected malaria for 4 
consecutive days. However, his symptoms persisted. 
His medical history included diabetes mellitus type 2 
and arterial hypertension. At examination, the patient 
was in apparent good clinical condition, afebrile, and 
had normal vital signs and adequate peripheral oxy-
genation at ambient air.

A molecular test of an oropharyngeal swab 
specimen for SARS-CoV-2 showed a positive result 
(reverse transcription PCR [RT-PCR] cycle thresh-
old [Ct] 14.97 for betacoronavirus] and Ct 12.3 for 
SARS-CoV-2). Oral dexamethasone therapy was 
initiated, and the patient was referred to domestic 
quarantine, according to standard local practice. 
Two days later, the patient came again to the hos-
pital and reported progressive worsening of body 
weakness; he appeared pale and in a markedly re-
duced clinical condition.

 He had a body temperature of 38.0°C, heart rate 
105 bpm, blood pressure 115/75 mm Hg, respiratory 
rate 24/min, and 95% oxygen saturation in ambient 
air. Auscultation of the chest and further physical ex-
amination showed no abnormalities.

The patient was admitted to the isolation ward 
and tested for Lassa fever because of persistent fever 
and worsening condition in a zone to which Lassa  

fever is endemic. The result was positive (Ct 33.33, by 
RealStar Lassa Virus RT-PCR Kit; Altona Diagnostics, 
https://www.altona-diagnostics.com).

During hospitalization, the patient required 2–4 
L/min of supplemental oxygen by nasal cannula, re-
ceived intravenous ribavirin according to the Irrua 
regimen (3) and continued therapy with dexameth-
asone (8 mg orally every 8 h). Laboratory diagnosis 
showed anemia and acute renal failure (Table). An 
initial treatment with prophylactic low molecular 
weight heparin was discontinued once Lassa fe-
ver was diagnosed to avoid exacerbation of risk for 
bleeding in viral hemorrhagic fever. The patient had 
progressive normocytic anemia and received 2 blood 
transfusions. Stool for occult blood was negative, and 
there were no further clinical signs of external or in-
ternal bleeding.

Over time, the condition of the patient improved, 
and the creatinine level returned to within the refer-
ence range. The patient had sufficient urinary output 
and did not require dialysis. On day 21 after admis-
sion, repeat PCR testing results for SARS-CoV-2 and 
LASV were negative, and all vital signs were stable. 
The patient was discharged in good health.

Patient B was a 40-year-old woman who was re-
ferred by a peripheral healthcare center to ISTH on 
March 15, 2021. She came to the hospital because of 
fever, headache, and loss of appetite. She was empiri-

 
Table. Laboratory parameters of 2 patients in Nigeria at admission who had Lassa fever, were given ribavirin and dexamethasone, 
and showed favorable outcomes* 
Parameter Patient A Patient B 
Hematology 

  

 Hemoglobin, g/dL 9.8 9.2 
 Packed cell volume, % 26.40 31.40 
 Erythrocytes, × 109 cells/L 3.04 3.77 
 Mean corpuscular volume, fL 88.5 83.3 
 Mean corpuscular hemoglobin, pg  32.2 24.4 
 Mean corpuscular hemoglobin concentration, g/dL 36.4 29.3 
 Red cell distribution width, % 29.2 27.4 
 Platelets/mm3 155,000 140,000 
 Mean platelet volume, fL 12.4 10.3 
 Platelet distribution width, %  28.1 27.4 
 Total leukocytes, x 109 cells/L 7,800 14,400 
 Neutrophils, % 66.40 NA 
 Lymphocytes, % 18.50 NA 
 Monocytes, % 12.40 NA 
 Eosinophils, % 2.40 NA 
 Basophils, % 0.30 NA 
Clinical chemistry 

  

 Creatinine, mg/dL 2.8 1.1 
 Urea, mg/dL 81 57 
 Bilirubin, mg/dL 0.8 0.6 
 Total protein, g/dL 6.8 7.8 
 Alanine aminotransferase, IU/L 6 11 
 Aspartate aminotransferase, IU/L 19 14 
Electrolytes   
 Sodium, mmol/L 136 NA 
 Potassium, mmol/L 5 NA 
*NA, not available. 
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cally given artemether/lumefantrine but symptoms 
persisted. This finding prompted testing for LASV at 
ISTH; result was positive (Ct 31.80, by RealStar Lassa 
Virus RT-PCR Kit).

She had a body temperature of 37.8°C, heart rate 
(tachycardia) 118 bpm/min, blood pressure 89/69 
mm Hg, regular respiration, and 99% oxygen satura-
tion in ambient air. Physical examination showed no 
additional major pathologic findings. 

Antiviral therapy with intravenous ribavirin ac-
cording to the Irrua regimen was initiated. On day 
3 of admission, the patient reported intense head-
aches and had persistent fever of 38.3°C. Examina-
tion showed pronounced neck stiffness that was in-
terpreted as a sign of meningeal irritation. Lumbar 
puncture was not performed to minimize risk for 
bleeding in the context of a viral hemorrhagic fever 
with unknown mechanisms of bleeding and lacking 
availability for coagulation testing.

Based on a clinical diagnosis of meningitis, the 
patient was empirically given intravenous  ceftriax-
one (2 g every 12 h) and intravenous dexamethasone 
(4 mg every 12 h). Over the next few days, fever and 
other complaints subsided gradually and vital signs 
returned to reference ranges. Ceftriaxone and dexa-
methasone were discontinued after 7 days of treat-
ment. On day 13 of admission, headache and neck 
stiffness were markedly reduced, and ribavirin was 
switched to oral therapy. PCR for LASV on day 14 of 
admission was negative. Ribavirin was then discon-
tinued, and the patient was discharged.

Both patients were seen for follow-up. They  
appeared to be in good health and recovered with- 
out sequelae.

Conclusions
Improved treatment options for Lassa fever are ur-
gently needed because convincing evidence for use 
of ribavirin is lacking (5,6). Hyperinflammation is 
a consistent feature in severe Lassa fever (11,12), 
as well as in other severe viral infections. Because 
corticosteroids in general, and dexamethasone as 
a particularly potent derivative, rapidly reduce 
hyperinflammation, their use might address this 
pathophysiologic process. Fear of exacerbation of 
viral replication and thus worsening the outcome 
of Lassa fever has so far prevented its routine use 
for Lassa fever.

In the 2 cases reported, dexamethasone was ini-
tiated for treatment of concomitant infections, rather 
than for indication of Lassa fever. No apparent det-
rimental effects on the clinical course of disease or  
virologic or laboratory features were observed. Both 

patients were severely ill, yet recovered after re-
ceiving dexamethasone and ribavirin therapy and 
showed no sequelae. Patient A had considerable 
risk factors for poor disease outcome of Lassa fever, 
such as  preexisting chronic concurrent conditions 
and co-infection with COVID-19. The disease course 
was complicated by anemia and acute kidney inju-
ry. Treatment with dexamethasone might have also 
contributed to reducing hyperinflammation caus-
ing or contributing to these pathologies and simi-
larly to the clinical signs of meningeal inflammation  
in patient B.

Although these 2 cases of severe Lassa fever can-
not be interpreted as proven evidence of the benefit 
of dexamethasone in Lassa fever therapy, we have 
not observed any considerable side effects, which 
provides reassurance for safe assessment in future 
interventional clinical trials. We suggest that future 
systematic research into the exact pathophysiology 
of Lassa fever and a systematic clinical investigation 
of antiinflammatory and immune-modulatory drugs, 
such as dexamethasone, for ancillary therapy for 
Lassa fever are warranted.
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In the past few decades, fungal agents have surfaced 
as relevant threats to conservation and biodiversity 

among both ectotherms and endotherms (1–3). The 
emerging fungal agent Ophidiomyces ophiodiicola has 
been detected in both captive and free-ranging snakes 
in the United States in the past 16 years (4–7) and more 
recently in the United Kingdom and Czech Republic 
(8). O. ophiodiicola fungus has been associated with a 
variably severe dermatitis but also multisystemic dis-
ease (9). Experimental infections (10) demonstrated the 
causative association between O. ophiodiicola infection 
and snake fungal disease (SFD), the common name at-
tributed to the disease caused by this fungus. The ef-
fect on free-ranging populations of snakes is not com-
pletely understood, but many species of snakes appear 
to be susceptible and different populations appear to 
have been negatively affected (9,11).

A recent article showed that the earliest evidence 
of O. ophiodiicola infection in North America dates 

back to 1945 (12). However, records of O. ophiodiicola 
fungi in Europe date back only to 2010–2016 (8). 
Detection of 2 phylogenetically distinct lineages in 
the United States and Europe consistent with genetic 
differences between the clades, presumably reflects 
independent evolution of the lineages. To acquire 
additional data about the origins of this agent in 
Europe, we obtained skin samples from free-ranging 
snake collections from multiple natural history 
museums in Switzerland.

The Study
We selected 22 skin samples with macroscopic le-
sions consistent with SFD out of 1,100 free ranging 
snakes examined from the collections of 3 natural 
history museums in Switzerland (Table 1; Appendix, 
https://wwwnc.cdc.gov/EID/article/28/10/22-
0564-App1.pdf). We collected tissue samples from 
the integument of snakes showing obvious macro-
scopic lesions consistent with dermatitis (Appendix 
Figure 1). Snake specimens were preserved in 100% 
ethanol. We collected tissue samples using sterile in-
strumentation changed between each sampling. We 
placed each tissue sample in a cryotube containing 
an aliquot of absolute ethanol. Upon delivery at the 
laboratory, tissue samples were split into 2 portions 
for processing for DNA extraction and histopathol-
ogy (Appendix). 

We performed PCR according to various protocols 
aiming to detect multiple gene targets belonging 
to the O. ophiodiicola genome. Initial screening for 
the presence of O. ophiodiicola fungi was performed 
by applying a modified PCR protocol (an original 
protocol performed in a conventional PCR setting) (13) 
targeting the partial sequence of the intergenic spacer 
(IGS). We then tested positive samples and, later, 
negative samples to rule out false-negative results 
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The fungus Ophidiomyces ophiodiicola is the etiologic 
agent of snake fungal disease. Recent findings date US 
occurrence at least as far back as 1945. We analyzed 
22 free-ranging snakes with gross lesions consistent 
with snake fungal disease from museum collections 
from Europe. We found 5 positive samples, the oldest 
collected in 1959. 
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by IGS PCR by using 3 additional newly developed 
protocols targeting distinct genome sequences: the 
5.8–28s RNA internal transcribed spacer (ITS) 2, the 
transcription elongation factor (TEF), and the actin 
genes (Appendix). We used nucleotide sequences 
obtained from each of the readable PCR amplicons 
for phylogenetic analysis. We used partial sequences 
from the amplified ITS, TEF, and actin targets to build 
up a maximum-likelihood phylogenetic tree for each 
of the amplified genomic sequences (Appendix). All 
22 samples examined for the presence of O. ophiodiicola 
genomic DNA were characterized by gross and 
microscopic lesions consistent with dermatitis (Table 
2; Appendix Figures 1–3).

Overall, we observed fungal elements in 14/22 
examined tissue sections. All samples positive for 
SFD by PCR were characterized by the presence 
of intralesional fungal hyphae and heterophilic 
granulomas or microabscesses (Appendix Figures 2, 
3); we observed intradermal granulomas in 1 sample, 
in which we could not histologically detect any 
fungal elements. When we used the original IGS-PCR 
protocol (13), 5/22 samples yielded a detectable band 
(sample numbers 1, 6, 7, 9, and 12). Samples 6, 7, 9, 
and 12 were also confirmed positive when we used 
the ITS primer set. Four of 22 samples (6, 7, 9, and 
12) yielded a detectable band when we used the actin 
primer set. Two of 22 samples (9 and 12) yielded a 
detectable band when we used the TEF primer set. 
Despite positive IGS amplification, we could not 

amplify sample 1 with either the actin or the TEF 
primer sets. We obtained a nonspecific amplification 
with the ITS primer set and consequently did not 
further consider sample 1 for sequence comparison 
and phylogenetic analysis (Appendix, Figure 4).

Sequence alignments, reflected in the phylogenetic 
trees (Appendix Figure 4), showed unique single-
nucleotide polymorphisms clearly separating the 
museum samples from Switzerland into either the 
clade circulating in Europe or the one circulating in 
North America (Figure) (8). Results were consistent 
across the partial sequences of the targeted ITS, TEF, 
and actin genomic regions. Specifically, samples 7 and 
9 from Italy always clustered within the clade from 
Europe, whereas 6 and 12 from Switzerland clustered 
within the clade from North America (Appendix 
Figure 4). 

Conclusions
Our research, conducted similarly to an 

investigation performed in North America, provided 
evidence of the presence of O. ophiodiicola infection 
in free-ranging snakes in Europe at least since 1959 
(12). Our findings were supported by test results for 4 
distinct molecular targets and consistent histological 
findings. Furthermore, all PCR-positive samples 
confirmed by sequencing were also associated 
with the presence of intralesional fungal structures 
consistent with O. ophiodiicola and associated with an 
obvious inflammatory reaction.

 
Table 1. Museum tissue samples from snakes of genuses Natrix and Vipera used in investigation of snake fungal disease in Europe* 
Sample  Museum Species ID  Sex Year Location (country) 
1 NMBE Natrix helvetica 1049780 F 2001 Erlach (Switzerland) 
2† NMBE N. helvetica 1056184 NA 2007 Tavannes (Switzerland) 
3‡ NMBE Vipera aspis 1072979 NA 2015 Grandvillars (Switzerland) 
4 MHNG N. tessellata 1402.040 F 1972 Lake Geneva (Switzerland) 
5‡ MHNG N. natrix 851.077 NA NA NS (Czech Republic) 
6 MHNG N. natrix 1342.87 NA 1963 Thurgau (Switzerland) 
7 MHNG N. helvetica 1137.18 NA 1967 NS (Italy) 
8† MHNG N. tessellata 1386.55 F 1969 Tessin (Switzerland) 
9 MHNG N. helvetica 1397.21 NA 1959 NS (Italy) 
10 MHNG N. helvetica 2430.91 NA 1986 Zurich (Switzerland) 
11† MHNG N. maura 1199.084 F 1971 Haute-Savoie (France) 
12 MHNG N. tessellata 1387.60 F 1961 Maggia (Switzerland) 
13 MZL N. tessellata MZL41123 F 2008 Lake Geneva (Switzerland) 
14† MZL N. tessellata MZL30407 F 2007 Lake Geneva (Switzerland) 
15‡ MZL N. tessellata MZL41142 M 2009 Lake Geneva (Switzerland) 
16 MZL N. tessellata MZL30508 F 2007 Lake Geneva (Switzerland) 
17‡ MZL N. tessellata MZL40905 F 2012 Lake Geneva (Switzerland) 
18 MZL N. tessellata MZL31837 F 2010 Lake Geneva (Switzerland) 
19 MZL N. tessellata MZL30505 NA 2007 Lake Geneva (Switzerland) 
20 MZL N. tessellata MZL41144 F 2009 Lake Geneva (Switzerland) 
21† MZL N. tessellata MZL40911 F 2013 Lake Geneva (Switzerland) 
22 MZL N. tessellata MZL31839 M 2010 Lake Geneva (Switzerland) 
*Bold indicated PCR-positive samples with presence of fungal hyphae. MZL, Museum of Zoology, Lausanne; NMBE, Natural History Museum of Bern; 
MHNG, Natural History Museum of Geneva; NA, not available; NS, not specified. 
†PCR-negative samples with presence of fungal hyphae and with histological lesions similar to those observed in the PCR-positive samples. 
‡PCR-negative samples with presence of fungal hyphae and with histological lesions dissimilar to those observed in the PCR-positive samples. 
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Of note, supporting data are consistent with the 
surprising finding that the proposed clades from both 
North America and Europe (8) have been present at 
least since the early 1960s. Furthermore, because our 
dataset spanned only 1959–2012, O. ophiodiicola fungi 
might have been present in Europe even before 1959. 
The significance of both clades existing in Europe 
will require further investigations. In spite of the 
absence in the United States of any strain proven 
to belong to the clade from Europe, introduction 
cannot be completely ruled out (14). In an alternative 
scenario, the clade from North America might have 
been introduced into Europe before the 1950s. At the 
moment, the colonization of O. ophiodiicola fungi on 
the European continent appears to have occurred 
several decades before proposed (8).  

Detection of O. ophiodiicola fungi in Italy and 
Switzerland north of the Alps, further expands 

its known distribution in Europe. Curiously, 
Switzerland appears to be the only country in 
Europe where the clade of O. ophiodiicola fungi 
from North America has to date been identified. 
However, sampling bias secondary to the restricted 
sampling area selected cannot be ruled out. Finally, 
although the 2 samples from Switzerland that 
clustered with the clade from North America were 
from different regions, the regions are located 
relatively close geographically to one another (160 
km or ≈100 miles).

In summary, this investigation supports the 
presence of O. ophiodiicola fungi in Europe since at 
least 1959 with genomic sequences compatible with 
the 2 known lineages. These results provide critical 
elements for helping to rethink disease ecology 
and global distribution of O. ophiodiicola fungi and 
reconstructing its natural history.

 
Table 2. Histologic findings from investigation of snake fungal disease in Europe* 
Sample  Light microscopy descriptions PAS findings Score† 
1 Epidermal hyperplasia with serocellular crusts and histiocytic 

granulomas; mononuclear to heterophilic dermatitis 
Septate fungal hyphae, 3 µm thick, 

branching both at 90 and 45 degrees 
3 

2 Epidermal hyperplasia with serocellular crusts and microabscesses Rare, septate fungal hyphae, 2–3 µm 
thick, branching at 90 degrees 

2 

3 Epidermal ulceration with heterophilic infiltration and histiocytic 
dermatitis, intralesional bacteria and foreign material 

Septate fungal hyphae, 3 µm thick, 
branching at 90 degrees 

1 

4 Ulcerative dermatitis with serocellular crusts and hyperkeratosis No evidence of fungal hyphae 0 
5 Hyperkeratosis Septate fungal hyphae, embedded in the 

keratin, 2–3 µm thick, branching at 90 
degrees and acute angle 

1 

6 Hyperkeratosis with histiocytic (granulomatous) dermatitis Septate fungal hyphae, 3–4 µm thick, 
branching at acute angle 

3 

7 Heterophilic granulomas and microabscesses in the epidermis Rare fungal hyphae, 3 µm thick embedded 
or associated with the microgranulomas 

3 

8 Hyperkeratosis with serocellular crusts, epidermal microgranulomas 
and lymphocytic dermatitis 

Septate fungal hyphae, 3 µm thick, 
branching at 90 degrees and acute angle 

2 

9 Large crusts surrounded by histiocytic to heterophilic infiltrate and 
multifocal microgranulomas 

Fungal hyphae in the crusts, 2–3 µm thick 3 

10 Few crust fragments admixed with bacteria No detectable fungal hyphae 0 
11 Lympho-histiocytic dermatitis with dermal heterophilic granulomas Rare fragmented hyphae in the 

heterophilic granulomas 
2 

12 Serocellular crusts together with large heterophilic granulomas and 
more diffused histiocytic infiltration; lympho-histiocytic dermatitis 

Septate fungal hyphae, 3 µm thick, 
branching at 90 degrees or acute angle 

3 

13 Small serocellular crusts No evidence of fungal hyphae 0 
14 Small and rare heterophilic granulomas Fragments of fungal hyphae in 

microgranulomas 
2 

15 A small serocellular crust Few fungal septate hyphae, 2–3 µm thick, 
branching at 90 degrees 

1 

16 Severe dermal edema with isolated inflammatory cells No obvious fungal elements 0 
17 Serocellular crusts with intralesional bacteria Fragments of non-septate hyphae 1 
18 Hyperkeratosis with upper keratin heterophilic to histiocytic infiltration No obvious fungal elements 0 
19 Serocellular crust No obvious fungal elements 0 
20 Intradermal heterophilic granulomas No obvious fungal elements 0 
21 Epidermal heterophilic granulomas with serocellular crusts Septate fungal hyphae, 2–3 µm thick, 

branching at 90 degrees 
2 

22 Intraepidermal crusts with heterophilic granulomas and intralesional 
bacteria 

No obvious fungal elements 0 

*PAS, periodic acid–Schiff. 
†Subjective scoring system complementing morphologic and molecular data; 0, PCR-negative with no histologic evidence of fungi; 1, PCR-negative with 
presence of fungi but without lesions consistent with those observed in PCR-positive samples (absence of heterophilic granulomas); 2, PCR-negative with 
presence of fungi and lesions consistent with snake fungal disease; 3, PCR-positive with presence of fungi consistent with Ophidiomyces ophiodiicola. 
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 Ophidiomyces ophiodiicola in Europe

Figure. Nucleotide 
sequence alignment 
of selected sections of 
Ophidiomyces ophiodiicola 
from free-ranging snake 
collections from multiple 
natural history museums 
in Switzerland (bold) 
compared with reference 
sequences. Amplicons 
obtained with different PCR 
primer sets highlight single-
nucleotide polymorphisms 
(SNPs, red boxes) unique 
to either the European 
(pastel gold) or American 
(pastel green) clades. PCR 
primer results: A) actin; B) 
transcription elongation 
factor; and C) internal 
transcribed spacer. The 
isolate UAMH 6688 (UK 
strain) shares 2/5 unique 
SNPs with the members 
of the clade from North 
America, whereas 3 of 
them (single asterisks) 
are shared with strains 
from Europe. These 
differences match the 
divergent branching of this 
strain in the clades from 
both North America and 
Europe. Similarly, 5 others 
fungal isolates (double 
asterisks)—R-3923; 
NWHC 24281-01-04-01, 
Myco_Ariz-An0400001, 
UAMH 11295, and UAMH 
10768, in addition to UAMH 
6688, originating from the 
United States, Australia, 
and the United Kingdom—
shared the internal 
transcribed spacer SNP of 
the clade from Europe and 
clustered consistently in an 
intermediate group in the 
corresponding phylogenetic 
tree (Appendix Figure 4, 
https://wwwnc.cdc.gov/
EID/article/28/10/22-0564-
App1.pdf).
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Verona-integron–encoded metallo-β-lactamase–
producing carbapenem-resistant Pseudomonas 

aeruginosa (VIM-CRPA) and other carbapenemase-
producing organisms (CPOs) are emerging public 
health threats. CPOs cause infections that are of-
ten extensively drug-resistant and associated with 
substantial rates of illness and death. By colonizing 
faucet aerators and wastewater plumbing systems, 
CPOs can spread rapidly within healthcare facilities, 
including to patients (1–9). VIM is a carbapenemase, 
a type of enzyme that inactivates carbapenems and 
other β-lactam antimicrobial drugs that are frequent-
ly encoded on mobile genetic elements, which in turn 
can lead to horizontal spread. 

VIM-CRPA is uncommon in the United States; 
<150 isolates are reported to CDC annually (10). Dur-
ing June 2017–November 2019, in a city of 250,000 
residents in western Texas, USA (city A), 36 patients 
with VIM-CRPA were identified. Most were hospital-
ized for >1 night at an acute-care hospital (hospital 
A) in the 6 months before VIM-CRPA was isolated, 
but patients did not have overlapping hospital stays 
or common procedures. We assessed water sources 
and plumbing in hospital A to identify potential VIM-
CRPA reservoirs. 

Beginning in June 2017, the Texas Department 
of State Health Services asked clinical laboratories 
to voluntarily submit clinical P. aeruginosa isolates 
resistant to imipenem, meropenem, or doripenem 
to the Texas Department of State Health Services 
Laboratory for mechanism testing through the An-
tibiotic Resistance Laboratory Network (https://
www.cdc.gov/drugresistance/ar-lab-networks/
domestic.html). The 2 clinical laboratories that 
served hospitals in city A began submitting all 
CRPA for mechanism testing in June 2017 (hospital 
A) and April 2018 (hospital B). During July 2017–
January 2019, a total of 36 patients with VIM-CRPA 
isolated from clinical cultures were identified from 
city laboratories; 21 (58%) had been admitted to 
hospital A for >1 night in the 6 months before cul-
ture collection. 

We reviewed medical records from hospital A 
of patients with VIM-CRPA. Median patient age 
was 57 (range 9–84) years; 57% were male. VIM-
CRPA was isolated from wounds in 9 (43%) pa-
tients, respiratory sources in 7 (33%), and urine in 
5 (24%). Most patients primarily received care on 
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During June 2017–November 2019, a total of 36 pa-
tients with carbapenem-resistant Pseudomonas aeru-
ginosa harboring Verona-integron–encoded metallo-
β-lactamase were identified in a city in western Texas, 
USA. A faucet contaminated with the organism, identified 
through environmental sampling, in a specialty care room 
was the likely source for infection in a subset of patients.
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either medical/surgical units (n = 13, 62%) or inten-
sive care units (ICU 1 or ICU 2; n = 6, 29%). Among 
persons who had been hospitalized at hospital A in 
the previous 6 months, VIM-CRPA–positive speci-
mens collected by hospital day 2 were classified as 
healthcare-associated, community-onset (n = 11, 
52%); those collected on or after the third hospital-
ization day were considered hospital-onset (n = 10, 

48%). No patients overlapped on the same unit at 
the same time, but 3 were placed in the same room 
in ICU 1, room A, over the 2-year period. A single 
point-prevalence screening of patients in ICU 1 in 
October 2018 did not identify additional P. aerugi-
nosa–colonized patients. On the basis of common 
exposure to room A, we considered the potential 
for an environmental reservoir.

Figure 1. Environmental sampling scheme at hospital A from a study of CRPA in acute-care hospital specialty care unit, Texas, USA. 
A) Collection location in hospital and number of each sample type (icons with numbers underneath) collected (N = 85). We selected 
units and rooms for environmental sampling on the basis of chart review, focusing on where patients who developed clinical infections 
were located; patient rooms were those where patients with VIM-CRPA had been previously located. Three patients developed clinical 
infections while in ICU 1 and 3 while in ICU 2. Thirteen other patients from several medical or surgical units also developed clinical 
infections. Samples from which we recovered >1 VIM-producing isolate are indicated in red. We identified VIM-CRPA from 3 sites related 
to a single sink in room A of ICU 1: the sink drain, the interior surface of the dialysis faucet, and bulk water from a dialysis faucet used as 
the water source for the reverse osmosis unit of portable dialysis machines. We identified VIM-producing Pseudomonas monteilii (†) in 
a single sink basin sample of 1 room in ICU 2. B) Schematic view and heatmap of colony forming units identified by culture at selected 
internal surface locations within the faucet and water supply used for portable dialysis in ICU 1, room A. CRPA, carbapenem-resistant 
Pseudomonas aeruginosa; ICU, intensive care unit; VIM, Verona-integron-encoded metallo-β-lactamase.
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The Study
We conducted an environmental investigation fo-
cused on water supplies and other sites conducive 
to biofilm formation. We collected 85 samples from 
plumbing fixtures and environmental surfaces in 
patient care areas as well as from water intake and 
storage areas, and evaluated for the presence of VIM-
CRPA (Appendix, https://wwwnc.cdc.gov/EID/
article/28/10/22-0731-App1.pdf). 

We identified VIM-CRPA in 3 sites in room A re-
lated to a sink: the drain, bulk water (1 L of tap wa-
ter), and the interior surface of a faucet serving as the 
water source for the reverse osmosis unit of portable 
dialysis machines (Figure 1, panel A). Of note, this 
faucet did not have an aerator, which has been impli-
cated as a source of contamination in prior outbreaks. 
We did not recover VIM-CRPA from the interior of 
a second faucet intended for hand hygiene, the bulk 
water or point-of-use filter from that faucet, surface 
samples of the sink basin, or nearby areas. 

The dialysis faucet in room A was installed in 
October 2017. After we identified VIM-CRPA from 
associated samples, it was disassembled, revealing a 
rubber gasket trapped in the gooseneck. We collected 

swab samples from the interior of the disassembled 
faucet, valve, and core; we then instilled water into 
the fixture, agitated it using a sonic device, and fil-
tered it onto culture medium with 4 rinses from the 
faucet, connection supply line, core, and gasket. We 
cultured VIM-CRPA from the gasket, faucet, and wa-
ter supply line (Figure 1, panel B). Three patients with 
VIM-CRPA infections received care in room A over a 
6-month period; 1 had an infection identified on hos-
pital day 46 and was discharged 1 month before the 
dialysis faucet was installed. None of the infected pa-
tients received dialysis.

We considered that portable dialysis machines 
attachable to the contaminated faucet could spread 
VIM-CRPA to other dialysis hook-ups and sink 
drains where effluent reverse osmosis water was dis-
charged. We cultured bulk water and swab samples 
from the sink in the biomedical room where dialysis 
machines were cleaned, the dialysis machine connec-
tor, and the tubing from the reverse osmosis unit of 
the dialysis machine connected to the contaminated 
faucet to test for CPOs, but identified no VIM-CRPA. 
After removing the dialysis faucet and adopting mea-
sures intended to mitigate spread of organisms from 

Figure 2. Whole-genome sequencing dendrogram of VIM-CRPA clinical (N = 20) and environmental (N = 13) isolates from hospital 
A, Texas, USA. Location of culture collection, isolate source, and patient hospital day when clinical culture was obtained are shown. 
All isolates were sequence type 308 and harbored a VIM-2 allele. No hospital day is provided for isolate 2018-33-17 because it was 
collected during an emergency department encounter; patient had had an overnight hospitalization in hospital A 2 weeks earlier. ICU, 
intensive care unit.
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premise plumbing (11), we identified no additional 
VIM-CRPA clinical cultures in patients admitted to 
the specialty unit. 

We performed whole-genome sequencing on 33 
VIM-CRPA clinical isolates from 20 patients at mul-
tiple locations in hospital A and 13 environmental 
isolates from room A (Figure 2; Appendix); sequences 
are available at the National Center for Biotechnolo-
gy Information (BioProject ID PRJNA288601). All 33 
isolates were sequence type 308 and harbored VIM-
2; clinical isolates varied by 3–255 (median 54, mean 
60.3) high-quality single-nucleotide variants (hqS-
NVs) (12–14). Environmental isolates from the faucet 
and clinical isolates from 3 patients admitted to room 
A varied from 0–24 (median 10, mean 11.8) hqSNVs. 
The hqSNVs were derived from a conserved core of 
6.5 Mb, which covered on average 91% of the assem-
bled genome for the 33 isolates in the analysis.

The mechanism by which the faucet became con-
taminated is unknown. We considered it might have 
been through the water supply, considering a recent 
report of carbapenemase-producing organisms, al-
though not VIM-producing, in US municipal water 
systems (15); however, none of the 24 water samples 
collected from other hospital locations grew any 
CPOs in cultures. Given the stay in room A of a pa-
tient with VIM-CRPA before the faucet was installed, 
we hypothesize that the sink drain became contami-
nated first, followed by retrograde contamination 
from the sink drain to the faucet, either during instal-
lation or through patient care activities. Although the 
misplaced rubber gasket provided a nidus for con-
tamination, whether that was necessary for persistent 
faucet contamination is unclear. 

We could not ascertain relative contributions of 
the faucet interior and upper part of the sink drain to-
ward patients acquiring VIM-CRPA. Although none 
of the patients underwent dialysis, the faucet was not 
labeled for dialysis use and may have been used for 
hand hygiene and other purposes. Infection preven-
tion efforts at hospital A focused on improving sink 
hygiene, including removing patient care supplies 
from sink splash zones and regularly cleaning splash 
zones to prevent future transmission to patients from 
wastewater plumbing. During the 18-month period 
after the sink hygiene interventions began in October 
2018, another 2 cases were identified, but in units un-
related to the specialty care unit. 

Conclusions
We identified VIM-CRPA from a dialysis faucet, in 
water from that faucet, and from the associated sink 
drain in an ICU room where VIM-CRPA infections 

of the same strain developed in 3 patients. Although 
healthcare facility wastewater plumbing and faucet 
aerators are well-documented reservoirs of CPOs, 
our findings highlight the importance of considering 
other plumbing sources as well. 
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Monkeypox is a zoonotic infection caused by 
monkeypox virus (MPXV), belonging to the 

Orthopoxvirus genus of the Poxviridae family. Mon-
keypox outbreaks have historically been described 
mainly in central and west Africa (1). Cases outside 
Africa are rare and, until 2022, consisted mostly of 
imported cases, patients’ household contacts, and, 
in some cases, nosocomial infections (2,3). One out-
break in 2003 outside Africa was linked to importing 
exotic pets (4).

In May 2022, a multinational monkeypox out-
break surfaced; cases were reported from Europe, the 
Americas, Israel, and Australia. Compared with those 
in previous outbreaks, these reported patients show 
a different clinical manifestation of localized rashes 
and mucosal lesions predominantly in the genital 
area. Common systemic symptoms included fever 
and lymphadenopathy. The cases clustered in men 
who have sex with men (5).

We report a monkeypox case detected in Swe-
den during the multinational outbreak, focusing on 
the clinical symptoms, microbial diagnostic find-
ings, and viral kinetics in different sample types 
over time. Moreover, we report a fast and robust bio-
informatics analysis of sequencing data for charac-
terizing cases. We obtained consent from the patient 
for our study.

The Study 
The patient, a previously healthy man with no his-
tory of smallpox vaccination, first noticed an ingui-
nal swelling (day 0). The next day, he observed a 
small skin change on his foreskin, progressing over 
the next days to a deeper, well-circumscribed lesion 
with local lymphadenopathy. Fever developed on 
day 5 and 6, peaking at 39°C. One week after symp-
tom onset, the patient sought care at an outpatient 
clinic. By then, the fever had subsided. No new le-
sions appeared. He reported a history of receiving 
oral sex from several male partners within the 3 
weeks before symptom onset. At a follow-up visit 
on day 11, the lesion had increased in size to 2 cm in 
diameter. Microbiologic analyses for herpes simplex 
virus, syphilis, and Haemophilus ducreyi returned 
negative results; because of reports of monkeypox 
cases in Europe manifesting as unusual genital skin 
lesions, we initiated analysis for MPXV at the Public 
Health Agency of Sweden. We performed real-time 
PCRs for orthopoxvirus DNA and MPXV DNA on 
the genital lesion swab; results were positive and 
confirmed by Sanger sequencing of an orthopox-
specific PCR product.

The genital lesion slowly healed but with increas-
ing local lymphadenopathy; on day 25, the patient 
had a ruptured local lymph node with discharge. At 
a follow-up visit on day 53, the patient was feeling 
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A previously healthy male patient had detectable mon-
keypox virus DNA in saliva 76 days after laboratory con-
firmation of infection. A comprehensive characterization 
of viral kinetics and a detailed follow-up indicated a de-
clining risk for transmission during the weeks after mon-
keypox symptoms appeared.
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well but still had enlarged lymph nodes. The original 
genital lesion had diminished to 5 mm in diameter 
and bled slightly when touched. The wound from the 
ruptured lymph node had healed.

We took repeated samples from the patient dur-
ing the 10-week follow-up period from the genital 
lesion, the ruptured local lymph node, urine, semen, 
blood and the respiratory tract. We detected MPXV 
DNA in most samples (Figure 1; Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/28/10/22-
1107-App1.pdf). Although tests of all genital samples 

were initially positive, all showed a rapid decline in 
viral DNA content. Of note, MPXV DNA was detect-
ed in swabs from the ruptured lymph node 40 days 
after symptom onset, in semen and saliva after 54 
days, and in saliva after 76 days (Figure 1; Appendix 
Table 1).

We performed electron microscopy on skin le-
sion material and observed viral particles charac-
teristic for orthopoxviruses (Appendix Figure). The 
particles were 220–450-nm long and 140–260-nm 
wide. We extracted DNA from the first genital-

Figure 1. Overview of clinical and laboratory findings in a patient with monkeypox, Sweden, 2022. Timeline depicts clinical symptom 
evolution and PCR testing results. Dotted line indicates cycle threshold for detection of monkeypox virus by real-time PCR. 

Figure 2. Phylogenetic tree depicting the relationship of the monkeypox virus strain detected in a genital lesion sample from a patient 
in Sweden to previously published isolates and the strain repsonsible for the 2022 multinational outbreak. The x-axis represents the 
branch lengths, interpreted as the number of nucleotide substitutions per site. The y-axis represents the tree cardinality (e.g. the 
amount of sequences represented in the tree) of each clade.

 Ten-Week Follow-Up of Monkeypox Case-Patient
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lesion sample and subjected it to metagenomics 
sequencing using both short-read and long-read 
technologies. We reconstructed the viral genome 
from metagenomics data using a long-read first as-
sembly approach. In brief, reads were cleaned from 
human sequences using Kraken 2 (https://github.
com/DerrickWood/kraken2), followed by assem-
bly of the nanopore reads using Flye (http://github.
com/fenderglass/Flye), resulting in a single contig 
representing MPXV. The contig was polished using 
medaka (https://github.com/nanoporetech/me-
daka) for the long reads and then ntEdit (https://
github.com/bcgsc/ntedit) for the short reads, which 
produced a nearly complete genome sequence. We 
compared this genome sequence by whole-genome 
alignment and tree construction using publicly 
available sequences (Appendix). The analysis sug-
gested that the case virus belongs to the West Africa 
clade. Furthermore, the case is closely related with 
sequences reported from the current outbreak; ge-
nome alignment using ViralMSA (https://github.
com/niemasd/ViralMSA) showed a single-nucleo-
tide polymorphism distance of 4 nt (Figure 2).

Conclusions 
As of August 2022, the multinational monkeypox 
outbreak is still unfolding; new cases are being re-
ported in an increasing number of countries. Many 
aspects of monkeypox infection in the ongoing out-
break differ from previous endemic and imported 
monkeypox cases, including clinical manifestations 
and route of transmission (6,7). The new aspects 
of the infection have implications for clinical case 
management and behavioral recommendations for 
the patient, infection control measures, and pub-
lic health. More knowledge is urgently needed to 
control the outbreak at an early stage and prevent 
virus transmission in previously non–monkeypox-
endemic regions.

This report highlights several aspects of monkey-
pox as an emerging infectious disease. First, the case 
manifested as a single genital lesion accompanied by 
enlarged local lymph nodes, leading to lymph node 
rupture. The appearance of localized genital lesions 
was consistent with recent reports from other coun-
tries in Europe (8) and clearly demonstrated an alter-
native clinical manifestation of the strain of MPXV 
associated with the 2022 multinational outbreak, 
causing localized lesions rather than the classic gen-
eralized rash or vesicles spread over the body. Lymph 
node rupture is an unusual manifestation.

Second, we presented viral kinetics in different 
sample materials over time and show that, despite 

the localized lesion in this patient, viral DNA could 
also be found in urine, blood, and the respiratory 
tract. So far, this type of data has been published 
for few cases (9) within the current multinational 
outbreak, connected to sexual transmission of 
MPXV, but this finding is consistent with previous 
reports from classical monkeypox imported from 
Africa (2). The persistent detection of MPXV DNA 
in samples from semen and the respiratory tract in 
this case could have implications for transmissibil-
ity. Prolonged infectivity of bodily fluids such as 
semen has been described for viral infections like 
Zika and Ebola (10). However, knowledge gaps in-
clude whether a positive PCR result indicates the 
presence of live virus. 

Third, phylogenetic analysis revealed that the 
virus belongs to the Western Africa clade of monkey-
pox, which has been associated with lower mortality 
rates than the Central Africa clade (7,11). Consistent 
with this classification, the case-patient described 
had noncritical illness. Furthermore, the sequence 
showed high degree of similarity to recently pub-
lished MPXV sequences from Portugal and other 
countries (12,13). 

Within the context of the emerging outbreak of 
monkeypox, we present comprehensive clinical and 
microbiologic data with long follow-up times reveal-
ing persistent PCR positivity. Previous reports have 
provided PCR data from single timepoints or short 
follow-up periods of <8 days (9,14). Moreover, we 
present a strategy for adequate sequencing, high-
lighting a fast but accurate bioinformatics analysis, 
combining long reads and short reads, that achieves 
a near-complete genome assembly (Appendix). This 
analysis will enable other researchers to reliably clas-
sify viruses’ phylogenetic relationships, which will 
lead to rapid and accurate epidemiologic case trac-
ing and phylogenetic network analyses at a relative-
ly low cost.
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Australia hosts over one million horses. Their graz-
ing behavior, large respiratory tidal volume, and 
highly vascularized upper respiratory epithelium 
may  contribute to their vulnerability for Hendra 
virus spillover from flying foxes. A novel Hendra vi-
rus variant in a horse evaded detection by routine 
diagnostic testing for Hendra virus because of ge-
nomic divergence. This finding indicates a need for 
increased surveillance in horses and screening of 
flying foxes for this novel variant.

In this EID podcast, Dr. Edward Annand, an equine 
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associate at the University of Sydney School of 
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detection of a novel Hendra virus variant from a 
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After the first reports of autochthonous cases of 
monkeypox (MPX) in Europe at the beginning of 

May, the World Health Organization (WHO) and the 
European Centre for Disease Prevention and Control 
alerted member states to report suspected and con-
firmed cases. Apart from early cases reported in the 
United Kingdom, most cases were identified in men 
who have sex with men (MSM) (1–4). We analyzed 
characteristics of the first 255 PCR-confirmed cases of 
monkeypox in Italy in 2022.

The Study
In Italy, suspected MPX cases fitting the criteria of the 
World Health Organization case-definition (5) are re-
ported to the surveillance system of the Ministry of 
Health. Only those cases testing positive by MPX-spe-
cific PCR were considered confirmed. Information on 
main patient characteristics (age, sex, earliest date of 

symptom onset, presence of rash and other signs, ex-
posure modality, and travel abroad) were collected.

As of July 8, 2022, a total of 255 PCR-confirmed 
cases had been reported in Italy (Figure). All except 
2 were men, and 190/200 (95%) men who disclosed 
information reported having sex with men; median 
age was 37 (range 20–71) years.

For 139/184 cases for which information was 
available, rash was localized at the genital or perianal 
area. Fever was reported in 151/222 cases for which 
information was available.

Information about travel was available for 228 
case-patients; 86 (37.7%) had traveled abroad, and 25 
(29.1%) of those had vacationed in the Canary Islands, 
suggesting a major amplifying event had occurred 
(Table). Only 1 case-patient had traveled to West Af-
rica and was symptomatic upon arrival in Italy.

We estimated the incubation period for 30 cases 
with known date of symptom onset and for which 
epidemiologic investigations enabled the identifica-
tion of the likely period of exposure (exact date for 15 
cases and dates of visit to Canary Islands for 15 cas-
es). We estimated the generation time (time elapsed 
between date of exposure of a confirmed case and 
those of secondary cases) by considering 16 infector-
infectee pairs identified during contact tracing oper-
ations. We assumed the 2 periods were distributed as 
gamma functions and estimated them using a Bayes-
ian approach similar to that adopted by F. Miura et al. 
(6). We considered likely dates of exposure for each 
confirmed case within a Markov chain Monte Carlo 
procedure. For estimating generation time, we as-
sumed no presymptomatic transmission. Therefore, s 
ampling of candidate dates of exposure was repeated 
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We analyzed the first 255 PCR-confirmed cases of mon-
keypox in Italy in 2022. Preliminary estimates indicate 
mean incubation period of 9.1 (95% CI 6.5–10.9) days, 
mean generation time of 12.5 (95% CI 7.5–17.3) days, 
and reproduction number among men who have sex with 
men of 2.43 (95% CI 1.82–3.26).
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if the date of exposure for the infectee was earlier 
than the date of symptom onset for the infector. We 
used estimates of the generation time to compute the 
net reproduction number and used individual ano-
nymized data to estimate the incubation period and 
generation time (Appendix, https://wwwnc.cdc.
gov/EID/article/28/10/22-1126-App1.pdf).

The mean incubation period was estimated to be 
9.1 days (95% CI 6.5–10.9 days; 5th and 95th percen-
tiles of the distribution 2–20 days). The mean genera-
tion time was estimated to be 12.5 days (95% CI 7.5–
17.3 days; 5th and 95th percentiles of the distribution,  
5–23 days). By assuming a mean generation time of 
12.5 days and importation from Canary Islands, we 
estimate the mean net reproduction number (mean 

number of cases generated by a single index case) at 
2.43 (95% CI 1.82–3.26) during the first week of June 
(i.e., when the net reproduction number had stabi-
lized so that the growth of the epidemic curve could 
be approximated as exponential). A similar estimate 
was obtained under the assumption of exponential 
growth in the first week of June (Appendix). After 
June 12, 2022, we estimated a progressive decrease of 
the reproduction number.

Conclusions
The first large outbreak of MPX outside Africa is to 
some extent unique. The analysis of virus genome 
strongly suggests that the epidemic is caused by the 
West African clade of the MPX virus (7); however, 
with the exception of 1 case-patient who reported 
travels to West Africa (8), >60% of cases diagnosed 
in Italy were autochthonous. Retrospective investiga-
tions in Portugal and United Kingdom indicated that 
the first case-patients had symptoms in April 2022. 
The presence of skin lesions at the point of sexual con-
tact is suggestive of sexual transmission (9).

After early reports of this multicountry outbreak, 
the Ministry of Health of Italy issued recommenda-
tions consisting of case notification, protective mea-
sures to reduce contacts and possible exposure for 
healthcare workers, tracing of close contacts with 
monitoring of symptom onset, and the possibility of 
implementing quarantine measures at the discretion of 

Figure. Epidemic curve 
and reproduction number 
of monkeypox cases in Italy 
through July 8, 2022. A) Number 
of cases by date of symptom 
onset and history of travel in 
Canary Islands. For 4 persons, 
the date of symptom onset was 
unknown. B) Estimate of the net 
reproduction number over time 
from the epidemic curve by date 
of symptom onset. We assumed 
that all cases with a history of 
travel to Canary Islands were 
imported and that all the others 
were locally transmitted, and 
we used a generation time 
distribution with mean 12.5 days. 
Gray shading indicates the part 
of the epidemic curve that is 
possibly incomplete because of 
diagnostic and reporting delays.

 
Table. Characteristics of 255 confirmed monkeypox cases 
reported in Italy through July 8, 2022 
Characteristic Value 
Sex  
 M 253 (99.2) 
 F 2 (0.8) 
Median age, y (range) 37 (20–71) 
Clinical symptoms†  
 Fever 151/222 (68.0) 
 Rash 248/251 (98.8) 
 Genital/perianal rash 139/184 (75.5) 
Travels†  
 Travel abroad in previous 21 d 86/228 (37.7) 
 Travel to Canary Islands in previous 21 d 25/142 (17.6) 
*Values are no. (%) patients except as indicated. 
†Denominators indicate the total number of available answers.  
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local health authorities in particular epidemiologic or 
environmental contexts (10). After the first 4 cases in 
MSM in Italy who had traveled abroad (4), cases were 
increasingly notified (8), mostly in the Lombardy and 
Lazio regions, where Milan and Rome are located; 11 
of 21 regional health authorities reported cases. Almost 
all cases were among MSM. Travel abroad occurred 
in a substantial fraction of cases (38.9%) identified in 
Italy, and direct or sexual contact is still likely to be the 
main transmission mode. Whether the infection was 
transmitted through direct contact with skin lesions or 
body fluids remains undefined. The link to different 
geographic areas (Europe and West Africa) underlines 
the possibility of multiple independent introductions 
of the virus, suggesting widespread infection in West 
Africa before the COVID-19 pandemic (3,11).

Using a limited number of MPX cases, we pro-
vided estimates of the mean incubation period (≈9 
days; n = 15 persons with known date of exposure 
and 15 persons with known travel dates in Canary Is-
lands) and of the mean generation time (≈12 days; n 
= 16 infector-infectee pairs). Based on the estimated 
mean generation time, we found that the reproduc-
tion number for this outbreak is ≈2.4, although with 
a broad uncertainty (95% CI 1.82–3.26) because of the 
limited number of locally acquired confirmed cases. 
We found small variations in the estimated repro-
duction number (mean values ranging from 2.08 to 
2.70) when considering different distributions of the 
generation time (mean 7.5 or 17.3 days) and when ex-
ploring alternative assumptions on the importation 
of cases (Appendix). Our estimates of the reproduc-
tion number refer to the community of MSM in which 
MPX is spreading and not to the general population. 
The extent to which the decrease of the reproduction 
number estimated after June 12, 2022, is a result of 
reduced transmission (e.g., led by increasing aware-
ness about the risk of infection) or from the analysis 
of incomplete data because of diagnostic and report-
ing delays is unclear. However, considering that most 
cases seem to have been transmitted by sexual contact, 
the reproduction number is likely below threshold in 
the general population. Besides the limited number 
of cases, our estimates might be biased by several fac-
tors: the assumption that case-patients returning from 
Canary Islands acquired the infection there, possible 
recall bias for the dates of exposure, and selection bias 
in the reconstructed infector-infectee pairs (e.g., a re-
cent sexual partner might be more likely to be iden-
tified). Finally, the observed reproduction number 
might have been inflated by the potential occurrence 
of superspreading events.

Maintaining a high level of public attention and 

providing nonstigmatizing information to at-risk 
population groups are key to contain the spread of 
MPX virus, in addition to considering the seasonal 
intensity of aggregation events and recreational ac-
tivities. Our estimates provide useful indications to 
assist with outbreak surveillance and containment. 
The distribution of the incubation period identifies 
the period over which symptoms should be moni-
tored among identified contacts, and the generation 
time provides insight on the recommended dura-
tion of isolation for confirmed cases and the time-
frame for contact tracing. The generation time is 
also necessary for computing the net reproduction 
number, which is critical to monitoring the spread 
of disease over time.
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Monkeypox is a zoonotic viral infection endemic 
to West and Central Africa. Human-to-hu-

man transmission of monkeypox virus (MPXV) is 
thought to be primarily through close skin-to-skin 
contact; other transmission routes include respirato-
ry secretions and fomites (1). MPXV incubation pe-
riod is 5–21 days (1). Before 2022, sporadic cases re-
ported in England had been directly linked to travel 
from monkeypox-endemic areas or were identified 
as household or healthcare contacts of case-patients 
(2–4). However, in May 2022, several countries in 
Europe reported sustained human-to-human trans-
mission of MPXV, primarily in sexual networks of 
gay, bisexual, and other men who have sex with men 
(GBMSM) (5–7).

By May 25, 2022, in England, 85 PCR-confirmed 
monkeypox cases were reported, 82 with known or 
suspected links to transmission in GBMSM sexual 
networks (7). Sexual networks are social networks in 
which persons are connected by sexual activity. An 
urgent need for information about the epidemiology 
of this unusual pattern of MPXV transmission led 
the UK Health Security Agency (UKHSA) to deploy 
rapid sexual health questionnaires to persons with 

confirmed MPXV infection. We analyzed the findings 
and implications for public health action.

This study was undertaken for health protection 
purposes under permissions granted to UKHSA to 
collect and process confidential patient data under 
Regulation 3 of The Health Service (Control of Pa-
tient Information) Regulations 2020 and Section 251 
of the National Health Service Act 2006. All data 
were anonymized during analysis, and records were 
stored securely.

The Study
Persons with confirmed MPXV infection were iden-
tified by PCR at the Rare and Imported Pathogens 
Laboratory at UKHSA, according to standard proce-
dure, and reported to local health protection teams, 
who were responsible for public health manage-
ment. Case-patients with known or suspected links 
to transmission in GBMSM sexual networks were in-
vited for follow-up interviews focused on their sex-
ual health; phone interviews were conducted during 
May 25–30, 2022, and followed a structured ques-
tionnaire. Participation in the follow-up interviews 
was voluntary, and verbal consent was obtained af-
ter the context and rationale for the additional inter-
view was explained. The questionnaire information 
was similar to that captured in previous outbreaks: 
demographics (sex, age, sexual orientation, ethnic-
ity, country of birth); potential exposures in the 21 
days before symptom onset (travel history, exposure 
events, sexual behavior); markers of sexual behav-
ior associated with higher risk of acquiring sexually 
transmitted infections (STIs) (previous STI, number 
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identified in Europe, interviews of 45 case-patients from 
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of sex partners in past 3 months); and HIV preven-
tion and care (status, HIV preexposure prophylaxis 
[PrEP], HIV treatment) (8,9).

Sexual activity was defined as any direct contact 
of a sexual nature, including kissing, oral, and penetra-
tive sex. Group sex was defined as sexual activity with 
>1 person at a time. Chemsex was defined as use of 
drugs such as GHB (gamma-hydroxybutyrate), crys-
tal methamphetamine, or mephedrone during sex. 
Exposure sites/events included sex-on-premises ven-
ues (commercial venues where sexual activity occurs), 
private sex parties, cruising, and international events/
festivals. Cruising was defined as sexual activity with 
anonymous partners in public outdoor spaces. Private 
sex parties were defined as group sex in a household, 
and when not explicitly mentioned, private sex par-
ties were inferred if a person reported group sex and 
chemsex outside sex-on-premises venues.

We securely recorded data by using the online 
questionnaire tool Snap 11 Professional (https://
www.snapsurverys.com) and extracted data for anal-
ysis on May 30, 2022. We used Stata 17.0 (https://
www.stata.com) to clean and summarize the data 
to provide descriptive statistics. To assess participa-
tion bias, we used Mann-Whitney U, χ2, and Fisher 
exact tests to compare case-patients by age, region of 
residence, and travel history; data were sourced from 
the public health case management system (HPZone, 
https://hpzone.phe.gov.uk). To identify time when 
community transmission started and potential routes 
of importation, we plotted onset of first symptoms 

(prodrome or rash), travel, and venue attendance 
dates on timelines.

Of 82 case-patients with known or suspected 
links to transmission in GBMSM sexual networks 
identified up to May 25, 2022 (7), we re-interviewed 
45 (55%) for this specific detailed questionnaire (Fig-
ure). Reasons for not interviewing included lack of 
contact details (n = 11), declining to participate (n = 
4), and inability to re-establish phone contact (n = 22). 
We found no significant differences between inter-
viewed and noninterviewed case-patients in terms of 
age, region of residence, or travel history (p>0.05).

Symptom onset dates were April 8–May 20, 2022. 
All cases were diagnosed in May; because of suspected 
community transmission, some persons with ulcerative 
and vesicular rashes were re-called for MPXV test-
ing and retrospectively identified as early confirmed 
case-patients (7). Of 31 interviewed case-patients who 
did not travel abroad in the 21 days before symptom 
onset, symptom onset began in April 2022, including 
for 1 case-patient who subsequently traveled to an in-
ternational event. Throughout May 2022, symptoms 
developed in several case-patients who returned to the 
United Kingdom after traveling in Europe (Figure).

Nearly all interviewed case-patients self-identi-
fied as either gay or bisexual (98%, 44/45). HIV status 
was reported by 43 case-patients: 74% (32/43) were HIV 
negative, of which 91% (29/32) were receiving PrEP; 
11/43 (26%) reported living with HIV and all were 
receiving HIV treatment. Although most (29/45, 64%) 
case-patients reported attending sex-on-premises  

Figure. Epidemic curve 
of monkeypox cases, by 
symptom onset date and 
patient travel status within 21 
days before symptom onset, 
England, 2022. 

Monkeypox Transmission in Gay and Bisexual Men
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Table. Characteristics and exposures of 45 interviewed persons with confirmed monkeypox, England, 2022* 
Variables No. (%) 
Cisgender men 45 (100) 
Ethnicity   
 White 35 (78) 
 Black 1 (2) 
 Asian 3 (7) 
 Mixed 3 (7) 
 Other 3 (7) 
Place of birth   
 United Kingdom 19 (43) 
 Europe, not including United Kingdom 12 (27) 
 South America 5 (11) 
 Other 8 (18) 
 Unknown 1 (2) 
Region of residence   
 London 39 (87) 
 Other regions in the United Kingdom 6 (13) 
Sexual orientation   
 Gay 40 (89) 
 Bisexual 4 (9) 
 Heterosexual 0  
 Other 1 (2) 
No. sexual contacts in past 3 mo   
 1 4 (9) 
 2–3 6 (14) 
 4–9 13 (30) 
 >10 20 (47) 
 Prefer not to say/unknown 2 (3) 
HIV prevention and care   
 HIV negative 32 (71) 
  Receiving PrEP 29 (91) 
 Living with diagnosed HIV 11 (24) 
   Receiving HIV treatment 11 (100) 
   Undetectable viral load 10 (91) 
 Prefer not to say/unknown HIV status 2 (4) 
History of STI in past year   
 Yes 27 (60) 
 No 18 (40) 
Travel abroad within 21 d before symptom onset   
 Yes, reported sexual activity 9 (20) 
 Yes, but no sexual activity 5 (11) 
 No 31 (69) 
Exposure events within 21 d before symptom onset†   
 Festivals outside of the United Kingdom 5 (11) 
 Sex-on-premises venues 20 (44) 
 Private sex parties 9 (20) 
 Cruising grounds 7 (16) 
 None of the above 16 (36) 
Sexual activity within 21 d before symptom onset‡   
 Sexual activity with new partners 37 (82) 
 Sexual activity with one-time partners 34 (76) 
 Sexual activity with occasional partners 24 (53) 
 Sexual activity with established partners 12 (27) 
 Sexual activity with women 2 (5) 
 Group sexual activity 20 (44) 
 Chemsex 10 (22) 
 Sexual activity with partners who are not regular UK residents  11 (24) 
 Sexual activity in locations different from city/town of residence 13 (30) 
 Sexual activity with partners met via geospatial dating apps 28 (64) 
 No sexual activity reported 2 (4) 
*Sexual activity was defined as direct contact of a sexual nature, such as kissing, oral sex, and penetrative (vaginal, anal) sex. Some categories in this 
table were collapsed to avoid deductive disclosure. Median (interquartile range) age, 40 (32–43) y. PrEP, pre-exposure prophylaxis; STI, sexually 
transmitted infection. 
†Sex-on-premises venues, private sex parties and cruising grounds are activities that took place either in the United Kingdom or abroad. 
‡New partner, person with whom the index case-patient is likely to have had sex on >1 occasion; one-time partner, person with whom the index case-
patient has had sex on 1 occasion only; occasional partner, person with whom the index case-patient has had sex on >1 occasion and with whom there is 
an expectation of sex again on a sporadic or regular basis; established partner, primary partner or secondary partner (e.g., a long-term affair) (10); 
chemsex, use of drugs such as GHB (gamma-hydroxybutyrate), crystal methamphetamine, or mephedrone during sex. 
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venues, festivals, private sex parties, or cruis-
ing grounds in the 21 days before symptom onset, 
16/45 (36%) did not report such exposures (Table). 
Of those, 12/16 (75%) reported sexual activity with 
new partners; 10/12 (83%) met via geospatial dating 
applications.

Conclusions 
Our findings suggest that sustained domestic MPXV 
transmission in sexual networks of GBMSM in Eng-
land has been occurring since at least April 2022, with 
potential importations and exportations from other 
countries in Europe. MPXV transmission in sexual 
networks has been suggested for outbreak investi-
gations in Nigeria (11). The origin and prevalence of 
MPXV infection among GBMSM is unknown, but in-
ternational dissemination was probably catalyzed by 
travel and resumption of events after lifting of restric-
tions associated with the COVID-19 pandemic.

Our findings show that domestic transmission 
seems to be sustained by sexual contact in dense sex-
ual networks of GBMSM, often between multiple new 
partners who are probably difficult to contact trace 
because of one-time contacts. Similar to previous out-
breaks of other STIs among GBMSM (12,13), contact 
tracing alone might not be effective as the primary 
control intervention to stop transmission.

Our findings also suggest that a substantial ele-
ment of MPXV transmission in England occurs with-
in sex-on-premises venues. To achieve outbreak con-
trol, targeted interventions for venues and their users 
are vital, including supporting enhanced cleaning of 
venues to prevent transmission via fomites, targeted 
health promotion to build awareness and inform risk 
management, and innovative approaches to support 
contact tracing of venue attendees (14). Designing 
and implementing these interventions requires com-
munity and stakeholder engagement.

Persons with a monkeypox diagnosis were in fre-
quent contact with sexual health services and linked 
to care for HIV medication or PrEP. This link to exist-
ing services and programs provides an opportunity 
for policymakers to implement other interventions to 
reach those with highest need, including using small-
pox Modified Vaccinia Ankara vaccine (Bavarian 
Nordic, https://www.bavarian-nordic.com) as PrEP 
for MPXV (15).

A substantial proportion of case-patients did not 
report specific exposure settings, stressing the need 
for wider interventions to reach all GBMSM in these 
sexual networks. The high use of geospatial dating 
applications highlights their utility as a platform for 
health promotion.

Limitations of this study include social desirabil-
ity bias, participation bias, and evolving patterns of 
transmission, affecting their generalizability. None-
theless, these analyses may provide information for 
the initial outbreak response in countries with similar 
transmission patterns. Because of the high intercon-
nectivity of sexual networks, urgent multilateral ac-
tion is needed to stop human-to-human transmission 
and avoid global endemicity.
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Whooping cough is a reemerging, potentially 
deadly disease spread by a bacterium known 
as Bordetella pertussis. Fortunately, this re-
spiratory infection is largely preventable with 
vaccination.

However, nature doesn’t stay still, new anti-
genic variants of this bacterium are evolving 
and spreading.

In this EID podcast, Dr. Adriana Cabal Rosel, 
a public health microbiologist at the Austrian 
Agency for Health and Food Safety, describes 
a new surveillance system to track down 
these emerging variants in Austria.
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Since the beginning of the COVID-19 pandemic, 
hospitals have introduced infection prevention 

and control (IPC) measures to protect inpatients from 
SARS-CoV-2. Despite these precautions, healthcare-as-
sociated COVID-19 has affected a notable proportion 
of hospitalized patients (1–3). During the second and 
third waves of COVID-19 in Switzerland, an increas-
ing number of patients with presymptomatic or as-
ymptomatic COVID-19 exposed hospital roommates 
to SARS-CoV-2. We estimated the secondary attack 
rate (SAR) after exposure in a hospital in Zurich and 
identified risk factors for SARS-CoV-2 transmission.

The Study
University Hospital Zurich, a 900-bed tertiary care 
center, implemented intensified standard precaution 
measures during the COVID-19 pandemic (Appendix, 

https://wwwnc.cdc.gov/EID/article/28/10/22-
0321-App1.pdf). We included in our analysis all pa-
tients with COVID-19 admitted during the second 
and third COVID-19 waves, weeks 40 of 2020 through 
25 of 2021; a small percentage were also included in a 
study investigating transmission to healthcare work-
ers (4). We stratified COVID-19 sources as commu-
nity-associated, healthcare-associated (definite and 
probable), or indeterminate according to European 
Centre for Disease Prevention and Control criteria 
(5). We defined index patients as those who, during 
the 48 hours before onset of signs and symptoms or 
a positive SARS-CoV-2 test, had contact with an ex-
posed patient. We defined exposed patients as those 
sharing a room with an index patient for >6 hours 
in an intermediate care unit (IMC) or intensive care 
unit (ICU) (1), any time on the general ward, or when 
the index patient underwent an aerosol-generating 
procedure (2). We initiated droplet isolation precau-
tion measures for exposed patients and tested them 
upon symptom onset or, beginning week 47 of 2020, 
systematically at 2, 5, and 10 days after exposure. We 
contacted discharged patients by phone and offered 
testing in the outpatient clinic. Patients with up-to-
date vaccination or known COVID-19 during the pre-
vious 6 months were considered unexposed. 

We assessed transmission pathways between pa-
tients by in-depth reviews of symptom onset and dy-
namics of cycle threshold (Ct) values. If sequencing 
results were available, evidence of transmission was 
defined as ≤1 single-nucleotide polymorphism (SNP). 
Exposed patients with >1 SNP difference from the 
index patient were excluded from the main analysis, 
but patients without sequencing data were included. 
For association with SARS-CoV-2 transmission, we 
assessed index patient age, sex, aerosol generating 
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Of 1,118 patients with COVID-19 at a university hospi-
tal in Switzerland during October 2020–June 2021, we 
found 83 (7.4%) had probable or definite healthcare-
associated COVID-19. After in-hospital exposure, we 
estimated secondary attack rate at 23.3%. Transmission 
was associated with longer contact times and with lower 
cycle threshold values among index patients. 



DISPATCHES

2088	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 10, October 2022

procedures, and Ct values from first positive PCR 
test, duration of contact between an index patient and 
exposed patient, ward type, and pandemic week. 

Routine SARS-CoV-2 PCR testing was conducted 
in 3 laboratories and whole-genome sequencing per-
formed according to nCoV-2019 sequencing protocol 
v3 (LoCost) V.3 (https://www.protocols.io/view/
ncov-2019-sequencing-protocol-v3-locost-bp2l6n-
26rgqe/v3) (Appendix 2). To estimate SAR, we cal-
culated cumulative incidence using the Kaplan-Meier 
estimator. We assessed risk factors for transmission in 
univariate and multivariable logistic regression mod-
els. We conducted sensitivity analyses on patients 
with >10 days clinical or laboratory follow-up (Ap-
pendix Table 1), on all patients irrespective of phy-
logenetic results (Appendix Table 2), and on patients 
with phylogenetically proven transmission (Appen-
dix Table 3). We conducted analyses using Stata sta-
tistical software release 16 (StataCorp LLC, https://
www.stata.com) and R version 4.0.2 (https://cran.r-
project.org/bin/windows/base). The Zurich Can-
tonal Ethics Commission waived formal ethics evalu-
ation because our analysis was part of an outbreak 
investigation for quality control and infection preven-
tion (Req 2021-00560). 

Of 1,118 patients with COVID-19, a total of 1,012 
(90.5%) cases were community-associated, 40 (3.6%) 
probable healthcare-associated, 43 (3.8%) definite 
healthcare-associated, and 23 (2.1%) indeterminate 
(Figure 1). In total, we found 127 index patients for 
303 exposed patients. Phylogenetic data supported 
transmission in 14/23 pairs of index–exposed patients 
with epidemiologic links for whom we had available 
data (Appendix Figure 1). In addition, we confirmed 
4 transmissions indirectly by data from transmis-
sion chains (Figure 2). We excluded 5 exposed pa-
tients from the analysis because of >1 SNP difference 

between index and exposed patient. Among exposed 
patients in the analysis, 42/298 (14.1%) tested positive 
for SARS-CoV-2 and 179/298 (69.9%) had a follow-up 
time <10 days. Cumulative incidence for COVID-19 
as an estimator of the SAR was 23.3% (95% CI 16%–
30%) (Appendix Figure 2). Clusters were small, with 
only 2 multigeneration transmissions (Figure 2). We 
found links to identified index patients for 26 (65%) 
patients with probable and 15 (34.9%) patients with 
definite healthcare-associated COVID-19.  

We performed univariable and multivariable 
analyses to explore factors associated with transmis-
sion of SARS-CoV-2 from patients to roommates (Ta-
ble). We found similar results for 2 of the 3 sensitivity 
analyses (Appendix Tables 2, 3). However, in analysis 
of patients with a follow-up ≥10 days (Appendix Ta-
ble 1), exposure on IMC/ICUs and higher number of 
weeks into the COVID-19 pandemic were associated 
with a lower risk for transmission, likely because of 
greater physical distance between immobile patients 
on the IMC/ICU and increased IPC standards. 

In a mostly unvaccinated population in which 
most infections were caused by pre-Alpha variant 
SARS-CoV-2 (6), we found that 7.4% of all COVID-19 
patients had probable or definite healthcare-associ-
ated COVID-19. This finding is comparable to that 
from the second wave in Brazil (8.6%) (7) but lower 
than that from the first wave in the United Kingdom 
(9%–15%) (2,3). We were able to link only half of the 
healthcare-associated cases in our hospital to an iden-
tified index patient. Despite all the IPC measures in 
place, high population incidence probably contrib-
uted to an increased risk for healthcare-associated 
transmissions from other patients but also from visi-
tors and HCWs. 

We identified ≈11% of all COVID-19 patients as 
index patients and estimated a 23% SAR in exposed 

Figure 1. Incidence of 
admitted patients with positive 
SARS-CoV-2-PCR per week, 
including categorization 
hospital-associated versus 
community-associated, 
temporal trend of incidence 
of SARS-CoV-2 positive 
patients from week 40 of 2020 
through week 25 of 2021. 
Incident cases were stratified 
according to European Centre 
for Disease Prevention 
and Control definitions 
of healthcare-associated 
COVID-19.
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patients. From the 23 epidemiologically linked pairs 
with available phylogenetic data, transmission was 
endorsed in only 18, suggesting that the overall in-
dex-to-contact patient transmission rate may have 
been overestimated. SARs among hospital room-
mates in a study from a tertiary care center in Iowa, 
USA, was 21.6% (8); from a tertiary care center in 
New York, New York, USA, 18.9% (9); and from a 
hospital in Boston, Massachusetts, USA, 39% (10). 
These SAR numbers are comparable to those in 
households (11), implying either that distancing and 
masking are of limited effectiveness for preventing 
transmission while sharing accommodations (sup-
porting an aerosol transmission pathway between 
patients) (13) or that adherence to distancing and 
masking were low. Unsurprisingly, as also dem-
onstrated elsewhere (8,10), the 2 parameters most 

strongly associated with SARS-CoV-2 were longer 
contact time between index and exposed patients 
and low Ct values (i.e., high viral loads) among in-
dex patients; Ct values <21 were shown to be associ-
ated with transmission. 

Among limitations in our study, phylogenetic re-
sults were available for only half of the patients, labo-
ratory follow-up with inpatients was only 10 days, 
and discharged patients were often not available for 
further follow-up. We also limited contact time on 
IMC/ICUs to >6 hours, which might have excluded 
relevant contacts, and we might have missed super-
infection. Finally, we were unable to model potential 
drivers for transmission, such as patient nonadher-
ence to IPC-measures, distance between index and 
exposed patients, or respiratory signs or symptoms 
of index patients. 

Figure 2. Transmission clusters 
of patients after exclusion of 
5 exposed patients in whom 
phylogenetic data did not support 
transmission. Circles are index 
patients, squares are infected 
contact patients. Green arrows 
represent phylogenetically 
confirmed transmissions, with 
the labels “0 SNP” and “1 SNP” 
indicating 0 or 1 SNP difference 
between index and exposed 
patient. Green dashed arrows 
represent phylogenetic proof of 
second-generation transmission. 
Black arrows represent 
assumed transmissions without 
phylogenetic proof. i, index 
patient; a–d, exposed.

 
Table. Univariable and multivariable analysis of factors associated with SARS-CoV-2 transmission to exposed patients in a hospital in 
Zurich, Switzerland, October 2020–June 2021* 

Exposure 

Exposed patients 
positive for SARS-

CoV-2, n = 42 

Exposed patients not 
testing for SARS-
CoV-2, n = 256 

OR (95%CI) 
Univariable 

analysis  
Multivariable 

analysis  
Contact time of index and exposed patient in 
hours, median (IQR) 

54 (28–96) 17 (8–29) 1.03 (1.02–1.03) 1.02 (1.01–1.03) 

Ct value of index patient in units, median (IQR) 19 (18–26) 28 (19–33) 0.91 (0.87–0.96) 0.93 (0.87–0.98) 
AGP in index patient, mean (SD) 0.26 (0.44) 0.25 (0.43) 1.04 (0.50–2.19) NA 
Exposure on IMC/ICU, mean (SD) 0.14 (0.35) 0.31 (0.46) 0.37 (0.15–0.92) 0.70 (0.27–1.87) 
Male sex of index patient, mean (SD) 0.55 (0.50) 0.52 (0.50) 1.08 (0.56–2.09) NA 
Age of index patient, y, median (IQR) 71 (58–77) 72 (58–78) 1.00 (0.98–1.02 NA 
Exposure before mandatory patient masking at 
bed place, mean (SD) 

0.09 (0.28) 0.11 (0.32) 1.41 (0.50–3.96 NA 

Calendar week into second and third waves, 
median (IQR) 

13 (9–17) 13 (8–18) 0.96 (0.91–1.01) 0.95 (0.90–1.01) 

*AGP, aerosol-generating procedures; Ct, cycle threshold; IQR, interquartile range; IMC, intermediate care units; ICU, intensive care units; NA, not 
available; OR, odds ratio. 
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Conclusions
High viral loads among index patients and prolonged 
contact time in shared hospital rooms play critical 
roles in healthcare-associated SARS-CoV2-transmis-
sion. Although based on data from a time when pre-
Alpha and Alpha variants circulated in a nonvaccinat-
ed population, our findings might be relevant in the 
context of more recently emerged and future variants 
of concern (13,14) and waning immunity (15). The 
findings in our study and other studies of substantial 
SARs in hospitals support early adoption strategies 
to prevent healthcare-associated transmission during 
times of high population COVID-19 incidence. Those 
strategies include identifying contagious patients 
early (e.g., by performing systematic and repetitive 
SARS-CoV-2 testing), improving mask-wearing ad-
herence in patients, and frequently replacing air in 
shared patient rooms.  
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Mycetohabitans rhizoxinica (previously Burkholderia 
rhizoxinica) and M. endofungorum are endofungal 

bacteria inhabiting Rhizopus microsporus mold. These 
bacteria form symbiosis to help the mold infect plants 
and produce mycotoxins, such as rhizoxin, that cause 
rice seedling blight (1,2). Genetically, Mycetohabitans 
species are highly similar to Burkholderia species but 
with significantly smaller genome sizes (3.3–3.8 Mb 
vs. 5.8–11 Mb), reflecting their endosymbiotic nature 
(3). R. microsporus causes mucormycosis, a devastat-
ing invasive fungal infection seen most prevalently 
in immunocompromised patients, but no strong evi-
dence has suggested that the symbiont bacteria con-
tribute to the pathogenicity of R. microsporus mold in 
humans (1,4). Isolation of endofungal bacteria have 
seldom been reported in clinical settings, most likely 
because of limitations in identification methods. In a 
study performed by the Centers for Disease Control 
and Prevention, M. rhizoxinica and M. endofungorum 
isolated from blood and wounds were character-
ized as oxidase-positive, gram-negative coccobacilli 
and could be reliably identified only by sequencing; 
no clinical information was provided to characterize 
the clinical presentation nor did researchers describe 

any link to R. microsporus (4). We report M. rhizoxi-
nica bacteremia associated with multifocal pneumo-
nia presumptively caused by R. microsporus mold in a 
severely immunocompromised patient.

The Study
A 65-year-old woman in California, USA, with a his-
tory of relapsed and refractory multiple myeloma 
visited a hospital to receive chimeric antigen receptor 
(CAR) T-cell therapy. She previously had received 3 
doses of the COVID-19 mRNA vaccine. On the day 
after CAR T-cell therapy, she experienced a rapid de-
cline in mental status, accompanied by fever and hy-
potension, and was transferred to the intensive care 
unit. At that time, her total leukocyte count was 0.09 
× 103 cells/uL. Nasopharyngeal testing for COVID-19 
by PCR was negative. She was diagnosed with im-
mune effector cell-associated neurotoxicity syndrome 
and cytokine release syndrome. She received high 
doses of dexamethasone and 4 doses of tocilizumab, 
as well as anakinra, which was tapered over 7 days. 
The patient’s symptoms improved, and she was dis-
charged after a 15-day hospital stay, with plans for 
a prolonged taper of orally administered dexametha-
sone (8 mg 2×/d). On discharge, the patient’s leuko-
cyte count was 1.4 × 103 cells/uL (87% neutrophils, 
7% lymphocytes); the next day, her outpatient blood 
work showed mild lactic acidosis.

Four days after leaving the hospital, the patient 
sought treatment at an outpatient oncology clinic, 
reporting generalized weakness and fatigue. We 
performed blood and urine analyses and began a 
regimen of oral levofloxacin (500 mg daily). On day 
6 after discharge, we noted a positive blood culture 
result, with a gram-negative rod. The urine culture 
grew 30,000 CFU/mL of Klebsiella pneumoniae. When 
evaluating the patient during clinical rounds, we  
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We report Mycetohabitans rhizoxinica bacteremia in a 
65-year-old woman in California, USA, who was under-
going chimeric antigen receptor T-cell therapy for mul-
tiple myeloma. Acute brain infarction and pneumonia de-
veloped; Rhizopus microsporus mold was isolated from 
tracheal suction. Whole-genome sequencing confirmed 
bacteria in blood as genetically identical to endofungal 
bacteria inside the mold.
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performed repeat blood and urine cultures and rec-
ommended inpatient management, which was re-
fused. We administered 1 intravenous dose of me-
ropenem (1 g) at that visit and 1 dose of intravenous 
ceftriaxone (2 g) the next day. 

On day 8 after discharge, the patient sought 
emergency treatment for worsening foot and ankle 
pain. Her leukocyte count was 0.44 × 103 cells/uL. 
Bacterial identification of the positive blood culture 
was still pending. Results of repeat blood and urine 
cultures and COVID-19 PCR testing (nasopharyn-
geal) were negative; chest radiograph showed right-, 
middle-, and lower-lobe airspace opacification (Fig-
ure 1, panel A). We began piperacillin/tazobactam 
and performed an arthrocentesis, which showed 
crystals but revealed a negative Gram stain. Short-
ly thereafter, the patient reported acute numbness 
and weakness of her right leg. She subsequently de-
veloped dyspnea, respiratory distress, and altered 
mental status. We intubated her and conducted 
magnetic resonance imaging, which showed an 
acute infarct of the left medial parietal lobe, with 
hemorrhagic transformation (Figure 1, panel B). We 
transferred the patient to the intensive care unit, 
where she was febrile (38.2°C) and required 2 vaso-
pressors. We administered vancomycin, caspofun-
gin, and isavuconazole. The next day, hypotension 
worsened, requiring 3 vasopressors. Leukocyte was 
0.16 × 103 cells/uL. On hospital day 3, we obtained a 
tracheal aspirate for cultural analysis. Later that day,  

pulseless electrical activity occurred; the patient suf-
fered cardiac arrest and died.

The day after her death, results of analysis of tra-
cheal aspirate obtained on hospital day 3 revealed a 
mold. The bacteria from the initial positive blood cul-
ture were gram-negative, oxidase-positive coccoba-
cilli not identifiable by the Vitek MS system (bioMéri-
eux, https://www.biomerieux.com). The specimen 
was automatically reflexed to a laboratory-developed 
whole-genome sequencing (WGS) identification test 

Figure 1. Imaging studies from a 65-year-old woman with multiple myeloma undergoing chimeric antigen receptor T-cell therapy who 
was admitted to the hospital for worsening foot and ankle pain, California, USA. A) Chest radiograph image, showing a moderate right-
sided pleural effusion and adjacent pulmonary opacities indicative of pneumonia. B) Magnetic resonance imaging of the patient’s brain, 
showing the infarct involving the left medial parietal lobe.

 
Table. Antibiotic susceptibility results for Mycetohabitans 
rhizoxinica isolate from a 65-year-old woman with multiple 
myeloma undergoing chimeric antigen receptor T-cell therapy 
admitted to the hospital for worsening foot and ankle pain, 
California, USA* 
Antibiotic MIC, µg/mL* 
Amoxicillin/clavulanate ≤2 
Ceftriaxone ≤1 
Ceftazidime ≤0.5 
Ceftolozane/tazobactam ≤0.5 
Cefepime ≤0.5 
Ceftazidime/avibactam ≤2 
Ertapenem ≤0.25 
Imipenem ≤1 
Meropenem ≤0.25 
Piperacillin/tazobactam ≤8 
Amikacin 8 
Gentamicin ≤1 
Tobramycin ≤1 
Ciprofloxacin 0.5 
Levofloxacin ≤0.5 
Trimethoprim/sulfamethoxazole ≤1/20 
*Susceptibility testing was performed on broth-microdilution panels 
prepared in-house in accordance with CLSI guidelines from the Clinical 
and Laboratory Standards Institute (https://www.clsi.org). 
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(5). Drug-susceptibility testing showed presump-
tive (due to lack of breakpoint) susceptibility to most 
drugs tested, including amoxicillin/clavulanate, 
ceftriaxone, piperacillin/tazobactam, carbapenems, 
gentamicin, ciprofloxacin, and trimethoprim/sulfa-
methoxazole (Table).

We performed WGS on the bacteria from both the 
blood and the mold obtained from tracheal suction 
using Illumina MiSeq (Illumina, https://www.illu-
mina.com) (5) (Figure 2). We identified the bacteria as 
M. rhizoxinica, with >99% identity in all 3 full-length 

marker genes, including 16S, rpoB, and groL (hsp65) 
compared with the type strain M. rhizoxinica HKI 454 
(GenBank accession no. NC_014722.1). We identified 
the mold as R. microsporus, with >99% identity in the 
internal transcribed spacer (ITS) gene and the D1–D2 
region of the 28S gene compared with R. microsporus 
var. chinensis CBS 631.82 (accession no. NR_149337.1 
for ITS and HM849668.1 for D1–D2). We mapped the 
whole genome sequences of the bacteria and mold 
isolates (Genbank Sequence Read Archive data: PRJ-
NA857096) to the M. rhizoxinica HKI 454 complete 

Figure 2. Whole-genome sequencing analysis of bacterial and fungal isolates (A) in a 65-year-old woman with multiple myeloma 
undergoing chimeric antigen receptor T-cell therapy, California, USA. The bacteria were identified as Mycetohabitans rhizoxinica with 
>99% identity in all 3 full-length marker genes compared with the reference organism (B, left side). The mold was identified as Rhizopus 
microsporus with >99% identity in the ITS gene and the D1–D2 region of the 28S gene compared with a reference organism (B, right 
side). Whole-genome sequences of the bacteria from blood (C, left side) revealed whole-genome coverage 94.0% and pairwise identity 
95.5% with sufficient mean coverage of 298×. Whole-genome sequence of the mold from tracheal aspirate (C, right side) aligned to 
reference bacterial whole-genome sequence showed whole-genome coverage 94.1% and pairwise identity 95.8%, with sufficient mean 
coverage of 75×. The bacteria inside the mold from the trachea were genetically identical to the bacteria from the blood, as shown by the 
SNP analysis (D). ITS, internal transcribed spacer; SNP, single nucleotide polymorphism.
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genome using Geneious Prime (Geneious, https://
www.geneious.com) and achieved similar whole-
genome coverage (bacteria, 94.0%; mold, 94.1%) and 
pairwise identity (bacteria, 95.5%; mold, 95.8%), with 
sufficient mean coverage (bacteria, 298×; mold, 75×). 
We used the mapped sequence reads from the bac-
teria and the mold for single-nucleotide polymor-
phism analyses using CLC Genomics Workbench 
(QIAGEN, https://www.qiagen.com) as previously 
described (6). Results showed no single-nucleotide 
polymorphism between the sequences in the bacteria 
from blood and the bacteria within the mold, indicat-
ing the bacteria in the blood was derived from the 
mold (Figure 2). Further genomic analysis confirmed 
the presence of a gene cluster (rhiA–rhiI) that encodes 
the biosynthesis of rhizoxin in both bacterial and 
mold isolates (7).

Conclusions
Using WGS, we present clear evidence linking the 
endofungal bacteria M. rhizoxinica, isolated from a 
patient’s blood, to the bacteria residing within the R. 
microsporus mold isolated from the patient’s respira-
tory sample. The bacteria were isolated in the blood 
culture before initiating antibiotics were pansuscep-
tible to the antibiotics tested, and cleared quickly 
after treatment. However, it is not clear whether 
the antibiotics retained activity against the bacte-
ria within the fungal cytoplasm or whether activity 
was preserved for only bacteria outside the fungi. 
We hypothesize that the bacteria were most likely 
inside the mold in vivo and freed only after sample 
collection and then grew in the blood culture bot-
tle during the incubation, when the fungus became 
degraded or lysed. Blood culture has low yield for 
Mucorales species (8), indicating those molds often 
die during the blood culture process. Because of the 
clinical manifestation, we believe the bacteria did 
not contribute to sepsis but rather served as a signal 
for a developing invasive mold infection that mani-
fested during the immune suppression related to 
the patient’s CAR T-cell therapy. Unfortunately, the 
patient decompensated rapidly and died before the 
mold was identified and before we could initiate ag-
gressive antifungal treatment.

Infarction and necrosis of infected tissues are 
hallmarks of mucormycosis (9). Disseminated mucor-
mycosis, the presumptive diagnosis in this case based 
on the pulmonary findings and hemorrhagic brain 
infarction, is a rapidly progressive infection associ-
ated with a mortality rate >90% (10). This patient was 
at risk for disseminated mucormycosis because of 
profound immune suppression. Early diagnosis and 

prompt treatment of mucormycosis are key to im-
proving clinical outcomes. Disseminated mucormy-
cosis appears to be the underlying infectious process 
in this case, but this report lacks autopsy examination 
to confirm the presumptive diagnosis.

In conclusion, we found that isolation of endofun-
gal bacteria M. rhizoxinica in the clinical setting might 
indicate invasive Rhizopus infection. Because identifi-
cation methods used in most clinical laboratories are 
limited, endofungal bacteria may be underrecognized 
and require sequencing to identify. 
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Elite athletes have an increased risk for contract-
ing acute respiratory infections (ARIs) during 

major winter sport events (1–5), which often occur 
during viral peaks in the community. Many of the 
athletes’ behavioral factors during events, such as 
using public transportation, crowding, using group 
accommodation, and close socializing activities, 
may all increase an athlete’s susceptibility to acute 
respiratory viral infection (6).

The aim of our study was to investigate the oc-
currence of respiratory viruses in sport teams during 
2 major winter sport events that implemented pub-
lic and individual COVID-19 prevention procedures. 
For comparison, we used observations from 2 previ-
ous studies in corresponding competitions conducted 
before the COVID-19 pandemic (3,5).

The Study
We conducted the studies at the Nordic World Ski 
Championships in Oberstdorf, Germany, during Feb-
ruary 18–March 7, 2021, and at the Olympic Winter 
Games in Beijing, China, during January 27–February 
21, 2022. In Oberstdorf, 633 athletes from 65 countries 
participated, and in Beijing, 2,871 athletes from 91 

countries participated. Our study included 73 Team 
Finland members in Oberstdorf (26 athletes and 47 
staff) and 110 in Beijing (47 athletes and 63 staff); 
we excluded the ice hockey teams. We monitored 
team members for the duration of their trip, starting 
from their arrival at the event location and finish-
ing with their departure from the hotel. At arrival at 
both events, all team members were asymptomatic. 
ARI (i.e., the common cold) was defined as the acute 
onset of any of the following signs and symptoms: 
sore throat, rhinorrhea, nasal congestion, hoarseness, 
cough, and fever (>37.8°C) (7).

In addition to the SARS-CoV-2 testing conducted 
by the event organizers (every other day in Oberst-
dorf and every day in Beijing), we collected flocked 
nasal swab specimens from the team in Oberstdorf 
on days 1, 7, and 13 with minor variations. In Bei-
jing, nasal swab specimens were taken only from 
participants with acute onset of a respiratory symp-
tom or symptoms.

We conducted all study-related activities ac-
cording to Guideline for Good Clinical Practice 
(https://www.ema.europa.eu/en/documents/
scientific-guideline/ich-e-6-r2-guideline-good-clini-
cal-practice-step-5_en.pdf), which includes the pro-
visions in the Declaration of Helsinki. The protocol 
was approved by the Ethics Committee of the Hos-
pital District of Southwest Finland (Oberstdorf) and 
the Ethics Committee, Central Finland Health Care 
District (Beijing).

COVID-19 countermeasures included relative 
quarantine of the team members before traveling 
(i.e., use of masks and physical distancing); having 
a negative SARS-CoV-2 test before departure; using 
masks during travel and at the games; traveling by 
chartered flights; following enhanced hand hygiene 
and environmental disinfection; maintaining physi-
cal distance; housing in single or double rooms; lim-
iting use of indoor public facilities; and allowing no  
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We performed prospective studies on respiratory viral 
infections among Team Finland participants during the 
2021 Oberstdorf World Ski Championships and the 2022 
Beijing Olympic Games. We enrolled 73 athletes and 110 
staff members. Compared with similar studies we con-
ducted before the COVID-19 pandemic, illnesses and 
virus detections dropped by 10-fold.
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spectators in Oberstdorf and a limited number in Bei-
jing. The team in Beijing was fully vaccinated against 
COVID-19; the team in Oberstdorf was unvaccinated.

We performed laboratory testing at the site in 
Beijing using a BioFire FilmArray Respiratory Panel 
2.1 Plus (BioFire, https://www.biofiredx.com). The 
panel detects the following viruses: respiratory syn-
cytial virus; adenovirus; influenza A and B viruses; 
rhinovirus/enterovirus; parainfluenza type 1–4 vi-
ruses; human coronaviruses 229E, OC43, HKU1, and 
NL63; SARS-CoV-2; Middle East respiratory syn-
drome coronavirus; and human metapneumovirus. 
We retrospectively tested the Oberstdorf samples in 
Turku, Finland, using Allplex Respiratory Panels 1–3 
(Seegene, https://www.seegene.com). This panel 
detects 16 viruses that are otherwise the same as Fil-
mArray except that it differentiates between rhinovi-
ruses and enteroviruses and detects human bocavirus 
but does not detect coronavirus HKU1, SARS-CoV-2, 
and MERS-CoV. Furthermore, we tested these sam-
ples with a laboratory-designed PCR for rhinovirus-
es, enteroviruses, and respiratory syncytial virus (8). 
The event organizers screened for SARS-CoV-2 using 
PCR assays in Oberstdorf and in Beijing.

In Oberstdorf, no cases of symptomatic ARIs 
were verified among the 73 sport team members. All 
357 PCR tests for SARS-CoV-2 performed by the or-
ganizers were negative. Of a total of 203 nasal mucus 
samples, we detected rhinovirus in 2 samples, both 
collected on day 1 of the event from 1 athlete and 1 
staff member.

At arrival at the airport in Beijing, 1 asymptom-
atic athlete tested positive for SARS-CoV-2. However, 
retesting in the Olympic Village proved negative. We 
recorded 6 cases of symptomatic ARIs, and we identi-
fied a virus in 4 of them. We detected 1 respiratory 
syncytial virus in 1 athlete on day 1, 1 metapneumo-
virus in 1 staff member on day 2, and 1 coronavirus 
229E in 1 athlete on day 3. In 1 staff member, an ARI 
was evident on return to Finland and was identified 
as coronavirus OC43.

Conclusions
We found only 6 cases of symptomatic ARI among 
183 (3%) members of Team Finland during 2 major 
winter sports events (the 2021 World Ski Champion-
ships and the 2022 Beijing Olympic Winter Games). 
The difference between these events and the histori-
cal comparison groups before COVID-19 is dramatic. 
At the January 26–February 28, 2018, Olympic Winter 
Games in PyeongChang, South Korea, and the Febru-
ary 18–March 3, 2019, World Ski Championships in 
Seefeld, Austria, ARIs were recorded in 58 (33%) of 
the 174 members of Team Finland (3,5) (Table). Clini-
cally, all the ARIs were mild common colds.

In the Oberstdorf and Beijing winter sport events, 
we detected only 3 (4%) non–SARS-CoV-2 infections 
(caused by 3 different viruses) in 73 athletes, and 
those infections did not spread further. Symptom on-
set was 1–3 days after arrival in Beijing, which sug-
gests that the infections were acquired in Finland. 
We recorded no SARS-CoV-2–positive results among 

 
Table. ARIs among Team Finland during 4 major winter sport events before and during the COVID-19 pandemic, 2018–2022* 

Event 
2022 Winter  

Olympic Games 
2021 Nordic World 
Ski Championships 

2019 Nordic World 
Ski Championships 

2018 Winter  
Olympic Games 

Location Beijing, China Oberstdorf, Germany Seefeld, Austria PyeongChang, South Korea 
Study period Jan 27–Feb 21 Feb 18–Mar 7 Feb 18–Mar 3 Jan 26–Feb 28 
Median length of stay, d 21 14 14 21 
Local viral season Not known Low Medium/high High 
Team members, no. 110 73 62 112 
 Athletes 47 26 26 44 
 Staff 63 47 36 68 
ARIs, no. (%) 6 (5) 0 16 (26) 42 (38) 
 Athletes 3 (6) 0 10 (38) 20 (45) 
 Staff 3 (5) 0 6 (17) 22 (32) 
Virus detections,† no. (%) 4 (67) 0 14 (90) 30 (71) 
 Athletes 2 (67) 0 8 (80) 15 (75) 
 Staff 2 (67) 0 6 (100) 15 (68) 
Asymptomatic persons tested,† 
no. (no. tests) 

0 73 (203 tests)‡ 62 (158 tests)‡ 34 (34 tests)§ 

 Virus detections 0 2 (3) 10 (16) 6 (18) 
SARS-CoV-2 testing#     
 Total no. tests at event 1,800,000 20,000 NA NA 
 No. positive 437 9 NA NA 
Reference This study This study  (3)  (5) 
*ARI, acute respiratory infection; NA, not applicable. 
†Analyses of the study for other than SARS-CoV-2 respiratory viruses. 
‡Active surveillance of asymptomatic infections. 
§Only high-risk contacts of symptomatic case-patients were tested. 
#Surveillance conducted by event organizers. 
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Team Finland at either event, although COVID-19 
cases were detected among other teams at both events 
(Table). In contrast, in our 2 earlier studies, conduct-
ed amid limited mitigation strategies (e.g., enhanced 
hand hygiene and disinfection and isolation of symp-
tomatic persons), we detected respiratory viral infec-
tions (caused by 9 different viruses) in 30 (50%) of the 
60 athletes (Table). Those infections spread readily 
among the team members (3,5,6).

Control measures during the COVID-19 pan-
demic markedly reduced the global occurrence of 
non–SARS-CoV-2 respiratory viruses (9–12). For 
example, a 98%–99% decrease in the detection of 
respiratory syncytial and influenza virus infec-
tions throughout the winter of 2020 was reported 
in Australia (11). During the 2021 Championships 
in Obertsdorf, low prevalences of only rhinovirus-
es and seasonal coronaviruses (no influenza) were 
observed in the community (https://www.rki.de/
EN/Home/homepage.html). Furthermore, no or 
only a few spectators attended the events. Minimal 
environmental viral pressure is most probably the 
major explanation for our observations, and individ-
ual prevention procedures inhibited transmission of 
detected viruses among the team.

Limitations of our study include the fact that the 
number of team members was low and the methods 
for viral diagnostics varied, but neither of these fac-
tors should affect the overall results. We carefully 
recorded occurrence of ARIs in each study, but com-
prehensive testing of all participants for asymptom-
atic infections might have increased the numbers of 
viruses detected in some of the studies.

In summary, our observations suggest that multi-
layered mitigation strategies effectively prevented re-
spiratory viral infections during 2 major winter sport 
events that occurred during the COVID-19 pandemic. 
Sport events may be held without an increased risk for 
respiratory viral infections (13). ARIs are now return-
ing, concurrent with relaxed control measures (14,15). 
It remains to be clarified what mitigation procedures 
will be sufficiently effective in preventing respiratory 
viral infections during major sports events after the 
COVID-19 pandemic while, at the same time, mini-
mally affecting the well-being of the athletes.
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Histoplasma capsulatum is a dimorphic fungus of 
the order Onygenales, which can cause system-

ic mycosis when inhaled (1). The filamentous phase 
of the fungus usually inhabits environments rich in 
phosphate and nitrogenous compounds, typically 
coming primarily from bird or bat droppings. Hu-
man intervention and other disturbances to those 
environments promote dispersion of fungal propa-
gules (spores) in the air, which enables the inhalation 
of infectious particles (2). This pathogen has a wide 
variety of hosts in addition to humans, and its close 
relationship with vertebrates suggests that birds and 
mammals can play a crucial role in the dispersal of 
the members of this species complex (3).

Histoplasmosis occurs worldwide; prevalence 
varies from low in Europe and Oceania to moderate 
in Africa and South Asia to high in North America, 
Central America, and South America. Among areas 
where it is most prevalent, Latin America is the re-
gion with the largest number of cases (3).

The genus Histoplasma is composed of multiple 
genetically distinct clades, which differ in geographic 
distribution, virulence, and progression of pathology 
(4). Kasuga et al. (4) evaluated the population genetic 

diversity of isolates from different countries and con-
tinents by using 4 partial protein coding regions and 
suggested dividing H. capsulatum into 7 phylogenetic 
species (4). Those results initiated a whole-genome 
study to evaluate the species complex, proposing 4 
genetically different species: H. capsulatum (Pana-
manian linage), H. mississippiense (NAm1), H. ohiense 
(NAm2), and H. suramericanum (LAmA) (5).

Antarctica is the most isolated and inhospitable 
continent on the planet. Over the past 2 decades, 
however, the intensity of human activity has con-
tinued to increase, driven by not just explorers but 
also scientific researchers, station support personnel, 
fishers, whalers, and, more recently, tourists. These 
increased human activities have a substantial effect 
on all life forms in Antarctica, transporting nonin-
digenous species to the continent and exporting en-
demic and autochthones species to other continents, 
including human, animal and plant pathogenic fungi 
(6,7). However, pathogenic fungi are rarely explored 
in the Antarctic setting (8), and their effect on visitors 
to Antarctica and on the human populations in other 
continents is underinvestigated. This study describes 
the molecular detection of H. capsulatum in soil and 
penguin excreta in the Antarctic Peninsula.

The Study
We collected environmental samples in the Potter 
Peninsula, an Antarctic Special Protected Area locat-
ed in King George Island, during the summer of 2020 
(Figure 1). In total, we collected 9 samples of penguin 
excreta, 3 samples of fur seal feces, and 8 samples of 
superficial soil using sterile material and kept them at 
2°C–8°C until analysis.

We extracted DNA from the environmental sam-
ples and monitored crossover contamination by in-
cluding 1 sterile water sample at every set (Appendix, 
https://wwwnc.cdc.gov/EID/article/28/10/22-
0046-App1.pdf). We performed nested PCR twice for 
all samples, using methods specific for the detection 
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We detected Histoplasma capsulatum in soil and penguin 
excreta in the Antarctic Peninsula by sequencing after per-
forming species-specific PCR, confirming previous obser-
vations that this pathogen occurs more broadly than sus-
pected. This finding highlights the need for surveillance of 
emerging agents of systemic mycoses and their transmis-
sion among regions, animals, and humans in Antarctica.
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and identification of H. capsulatum DNA according to 
Bialek et al. (9). To check for the presence of PCR in-
hibitors and to avoid false-negative results, we used 
H. capsulatum reference strain G217B as positive con-
trol. Sequence analysis detected H. capsulatum in 2 of 
8 soil samples and in 3 of 9 samples from penguin 
excreta (Appendix Figure).

We submitted the 5 sequences we detected to 
GenBank (accession nos. MZ713369–73) and com-
pared them with other H. capsulatum sequences. This 
comparison generated an identity of >98.56% (100% 
cover) with the deposited sequences of the 100-kDa-
like protein gene from H. capsulatum and 85% simi-
larity with the sequence of a transcription factor of 
Blastomyces dermatitidis SLH14081 and B. gilchristii 
SLH14081 (GenBank accession nos. XM_045419905 
and XM_002628281.2).

Alignment with GenBank sequences from strains 
representing the different genetic lineages (Table) 
demonstrated a difference of up to 14 bp with the 3 
haplotypes from Antarctica. The phylogenetic tree 
formed different groups corresponding to different 

geographic lineages. Two excreta samples and 1 soil 
sample grouped with representative strains of the 
Latin American lineage LAmB1, and 1 soil and 1 ex-
creta sample grouped with a representative strain of 
LAmA2 lineage. No sample from Antarctica grouped 
with representative strains of the North America or 
Panama lineages (Figure 2), indicating a closer asso-
ciation of the newly discovered Histoplasma from Ant-
arctica to the South America lineages.

Conclusions
Moderate temperatures (18°C–28°C), constant humid-
ity (>60%), and a low light environment are thought 
to characterize suitable ecologic conditions for H. cap-
sulatum growth (10). Despite the average temperature 
in Antarctica being below that recognized as ideal for 
the growth of the fungus, the molecular identification 
of H. capsulatum in 5 of 20 samples collected in Ant-
arctica suggests this species complex could survive at 
lower temperatures.

Although molecular detection of the fungus does 
not guarantee its viability, this area of Antarctica 

Figure 1. Sampling locations for study of Histoplasma capsulatum in Antarctica. A) Location of the Antarctic Peninsula in the Antarctica 
continent; B) King George Island; C) Potter Island and the Antarctic Specially Protected Area ASPA N°132. Source: SCAR Antarctic 
Digital Database (https://www.scar.org/resources/antarctic-digital-database).
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is part of an Antarctic Special Protected Area and 
experiences strong influence of avifauna during 
the summer period, as well as being host to bird 
colonies, sea mammal breeding areas, and diverse 
plant species. Consequently, the soil has high levels 
of potassium, nitrogen, calcium, and total organic 
carbon (11), which are good conditions for fungal 
growth. Ideally, H. capsulatum should be isolated 
for complete phenotypic and genotypic study, but 
it is a slow-growth fungus, and its growth is over-
taken by fast-growing fungi. Animal inoculation is 

often used to recover H. capsulatum, but it demands 
a Biosafety Level 3 facility, which was not available 
to us.

The molecular detection of H. capsulatum in pen-
guin excreta and ornithogenic soil samples leads us 
to consider the possibility that the fungus could have 
been imported from outside the continent by migra-
tory birds. Birds are the only terrestrial vertebrates 
that share with humans the peculiarity of traveling 
in a few hours across national and intercontinen-
tal borders (12). During migration, birds have the  

 
Table. List of fungal isolates used in study of Histoplasma capsulatum in Antarctica* 

Identification Other names Source Location Phylogenetic species 
Accession 

no. 
1001 1001† Human Washington, USA NAm1 KC990358.1 
H18 4745‡/1019†/5-1MD Human Missouri, USA NAm2 KC990359.1 
H59 2349†/H-0057-I-10 Human Bogota, Colombia LAmB1 KC990362.1 
H60 2350†/H-0057-I-11 Human Bogota, Colombia LAmA1 KC990360.1 
H66 2357†/13594/GH Human Medellin, Colombia LAmB2 KC990365.1 
H67 2358†/30177/JE Human Medellin, Colombia LAmA2 KC990361.1 
H69 2360†/21402/JVM Human Medellin, Colombia LAmB2 KC990366.1 
H81 26028‡/2431† Human Panamá Panama KC990367.1 
H91 24295/2444†/8123 Human Guinea–Liberia border, Africa Africa/H140 clade KC990363.1 
H176 4741†/CBS 243.69 Human Netherlands Netherlands KC990364.1 
COL_S_1 NI Soil Colombia LAmA1 MH122835.1 
COL_S_2 NI Soil Colombia LAmA1 MH122836.1 
COL_S_3 NI Soil Colombia LAmA1 MH122837.1 
COL_H_001 NI Human Colombia NAm2 MH122818.1 
COL_H_004 NI Human Colombia LAmA1 MH122816.1 
COL_H_005 NI Human Colombia NAm2 MH122819.1 
COL_H_013 NI Human Colombia LAmA2 MH122821.1 
COL_H_014 NI Human Colombia LAmA2 MH122813.1 
COL_H_015 NI Human Colombia LAmA1 MH122814.1 
COL_H_024 NI Human Colombia LAmA1 MH122815.1 
COL_H_025 NI Human Colombia LAmA2 MH122822.1 
COL_H_029 NI Human Colombia LAmB1 MH122807.1 
COL_H_032 NI Human Colombia LAmB1 MH122808.1 
COL_H_035 NI Human Colombia LAmB1 MH122809.1 
COL_H_038 NI Human Colombia NAm2 MH122820.1 
COL_H_039 NI Human Colombia LAmA1 MH122828.1 
COL_H_040 NI Human Colombia LAmB1 MH122810.1 
COL_H_041 NI Human Colombia LAmA2 MH122825.1 
COL_H_042 NI Human Colombia LAmB1 MH122812.1 
COL_H_044 NI Human Colombia LAmA1 MH122832.1 
COL_H_048 NI Human Colombia LAmA1 MH122817.1 
COL_H_053 NI Human Colombia LAmA2 MH122829.1 
COL_H_055 NI Human Colombia LAmA2 MH122826.1 
COL_H_056 NI Human Colombia LAmB1 MH122811.1 
COL_H_062 NI Human Colombia LAmA2 MH122827.1 
COL_H_068 NI Human Colombia LAmA2 MH122838.1 
G184A H81 lineage Human Panamá Panama MZ713378.1 
G217B 26032‡/1000†/H8 Human Louisiana, USA NAm2 MZ713379.1 
01.16 INI_01.16 Human Rio de Janeiro, Brazil Northeast MZ713380.1 
24.11 IPEC_24.11 Human Rio de Janeiro, Brazil RJ MZ713375.1 
39942 NI Human Rio de Janeiro, Brazil Panama MZ713377.1 
S268B S268 Soil Potter Peninsula, Antarctic LAmA2 MZ713373.1 
S269 NI Soil Potter Peninsula, Antarctic LAmB1 MZ713371.1 
F47 NI Penguin excreta Potter Peninsula, Antarctic LAmA2 MZ713372.1 
F49 NI Penguin excreta Potter Peninsula, Antarctic LAmB1 MZ713369.1 
F54 NI Penguin excreta Potter Peninsula, Antarctic LAmB1 MZ713370.1 
*CBS, Centraalbureau voor Schimmelcultures (Baarn, The Netherlands); INI, Instituto Nacional de Infectologia Evandro Chagas (Rio de Janeiro, Brazil); 
IPEC, Instituto de Pesquisa Clínica Evandro Chagas (Rio de Janeiro, Brazil); NI, no information. 
†Roche Molecular Systems Culture Collection, Alameda, CA, USA.  
‡American Type Culture Collection, Rockville, MD, USA. 
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Figure 2. Phylogenetic tree based on the 100-kDa–like protein partial gene sequences of Histoplasma capsulatum from Antarctica. The 
evolutionary history was inferred by using the maximum-likelihood method in in MEGA X software (https://www.megasoftware.net). This 
analysis involved 46 sequences: 5 from Antarctica samples and 41 representing geographic lineages of H. capsulatum in addition to the 
closest non-Histoplasma sequences (Blastomyces spp.) downloaded from GenBank (accession numbers shown). The bootstrap percentage 
of trees in which the associated taxa clustered together is shown next to the branches. Scale bar indicates the number of substitutions per site.
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potential to disperse microorganisms that can be 
dangerous to humans and a threat to animals (13). 
The fact that high densities of cosmopolitan fungi 
were found in winter seasonal snow suggests those 
fungi might be present in air arriving at the Ant-
arctica Peninsula (14). Another possibility could be 
human intervention in the region. Alien microbes, 
fungi, plants, and animals have arrived over approx-
imately the previous 2 centuries, coinciding with hu-
man activity in Antarctica (6).

The differentiation of the 7 phylogenetic spe-
cies in the complex could not be performed with the 
genetic marker used in this study. However, we de-
tected different haplotypes that grouped with some 
of those geographically distinct phylogenetic species, 
suggesting dispersion of the fungus on multiple oc-
casions and, perhaps, indicating adaptation on its 
way to becoming endemic to the Antarctic Peninsula. 
The detection of H. capsulatum genetically close to 
representative strains of the Latin American lineages 
(LAmA2/LAmB1) in Antarctica represents not only 
the geological history of the continent with South 
America but the complex dynamics of soil formation 
and presence of fauna and flora that enable adequate 
conditions for its maintenance.

This study evaluated a small geographic area of 
the peninsula, but it has already demonstrated that H. 
capsulatum occurs more broadly than previously sus-
pected (15). Considering the capacity of the species 
to cause life-threatening epidemics and the intensify-
ing human presence on the continent, identifying and 
monitoring fungi in various Antarctic habitats and 
animals becomes a fundamental strategy for surveil-
ling emerging systemic mycoses and the flow of these 
agents between regions, animals, and humans.
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CAPES/FNDCT Nº 21/2018–PROANTAR (442646/ 
2018-6) and Inova Fiocruz/Fundação Oswaldo Cruz 
(project no. 4720463444). The funders had no role in study 
design, data collection and interpretation, or the decision 
to submit the work for publication. 
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Anisakiasis is a foodborne zoonosis caused by in-
gestion of raw or undercooked fish and cepha-

lopods parasitized by anisakid nematode larvae. As 
seafood consumption has increased globally (1), the 
incidence of anisakiasis has also increased worldwide 
(2,3). The population of Japan traditionally consumes 
large quantities of seafood (4), and consuming raw 
seafood, such as sushi and sashimi, is common. 

In response to the large number of annual cases, 
the government of Japan added anisakiasis under 
food poisoning in its Ordinance for Enforcement of the 
Food Sanitation Act to strengthen countermeasures in 
1999, when food poisoning statistics included a case of 
anisakiasis (5). In 2012, the government amended the 
ordinance and registered anisakid nematodes, com-
prising Anisakis spp. and Pseudoterranova spp., as a sin-
gle disease agent, Anisakis, in the list of food poisoning 
agents (6). These measures enabled the government to 
aggregate the number of Anisakis food poisoning cases, 
which showed a near-constant increase. However, epi-
demiologic studies have indicated that the number of 
food poisoning cases in Japan is considerably higher 
than those officially reported (7). For anisakiasis, the 
discrepancy between food poisoning statistics and 
the actual incidence is unclear because no nationwide 
investigation into anisakiasis incidence has been con-
ducted since the 2012 amendment. 

We analyzed a large database of health insurance 
claim data (8) to estimate the national incidence of 
anisakiasis and determine the degree of discrepancy 
between foodborne statistics and actual incidence. 
Furthermore, we performed molecular identification 
of anisakid larvae isolated from infected patients to 
clarify the causative agent and adduce reasons for the 
high incidence of anisakiasis in Japan.

The Study
To estimate the number of anisakiasis patients, we 
used an anonymized health insurance claim database 
from JMDC, Inc. (https://www.jmdc.co.jp), a com-
mercial medical database provider in Japan. The na-
tion has a universal health insurance system wherein 
medical institutions prepare health insurance claims 
that list the name of the disease or injury on a service 
basis. Medical expenses, other than a portion direct-
ly paid by patients, are reimbursed from taxes and 
mandatory insurance fees. In this process, medical 
institutions first submit health insurance claims to a 
specialized organization that assesses the appropri-
ateness of treatment and amount of reimbursement. 
In this study, we used a database covering ≈8.43 mil-
lion persons annually, accounting for >6% of the total 
population of Japan, during January 2018–December 
2019. We extracted health insurance claims with the 
diagnosis code B81.0 in the International Classifica-
tion of Diseases, 10th Revision (ICD-10), indicating 
Anisakis and Pseudoterranova infections.

The number of patients with anisakiasis regis-
tered in the target database was 991 in 2018 and 766 
in 2019. However, the data revealed a male-biased 
sex ratio and a workforce-biased distribution for per-
sons 20–39 years of age. Therefore, we adjusted the 
value in each group for estimation by stratifying the 
population of Japan by sex and age by using a previ-
ously described expanded estimate method (9), and 
data from the national census conducted by the Min-
istry of Internal Affairs and Communications in 2015 
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Using data from 2018–2019 health insurance claims, we 
estimated the average annual incidence of anisakiasis 
in Japan to be 19,737 cases. Molecular identification of 
larvae revealed that most (88.4%) patients were infected 
with the species Anisakis simplex sensu stricto. Further 
insights into the pathogenesis of various anisakiasis 
forms are needed.
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(https://www.stat.go.jp/english/data/kokusei/ 
2015/final_en/final_en.html). On the basis of our ad-
justment, we estimate the number of patients in Ja-
pan with anisakiasis was 21,511 in 2018 and 17,962 
in 2019. The number of patients with anisakiasis re-
corded in the food poisoning statistics during the 
same period was considerably lower, <1/40, in our 
estimation (Table 1).

For molecular identification, we obtained 189 lar-
vae of anisakid nematodes from BML, Inc. (http://
www.bml.co.jp/eng), a privately-owned clinical test-
ing laboratory in Japan. The larvae were isolated from 
181 anisakiasis patients in 30 of 47 prefectures in Japan 
during 2018–2019 (Figure 1). We extracted DNA sam-
ples from individual larvae, used PCR to amplify the 
internal transcribed spacer 1 region, and sequenced the 
amplicons to distinguish between nematode genera 
and identify the Anisakis species. For Pseudoterranova 
larvae, we further amplified a portion of the NADH 
dehydrogenase subunit 1 gene in mitochondrial DNA 
and sequenced to discriminate between species of this 
genus (Appendix, https://wwwnc.cdc.gov/EID/
article/28/10/22-0627-App1.pdf).

Consequently, we identified 168 (88.9%) Anisa-
kis simplex sensu stricto larvae, 10 (5.3%) A. pegreffii 
larvae, and 11 (5.8%) Pseudoterranova azarasi larvae 
(Table 2). These findings represent perfect sequence 

identity with the respective species, regardless of the 
targets. We deposited the obtained sequences in Gen-
Bank under accession nos. LC684518–21 (Appendix 
Table 1).

Conclusions
A recent study estimated 7,700–8,320 annual 

anisakiasis cases in Spain, a country with a high in-
cidence of anisakiasis in Europe (10). Although our 
survey methods differed, we demonstrated that Ja-
pan had an average of 19,737 anisakiasis cases per 
year during 2018–2019. As preventive measures, the 
government of Japan has repeatedly instructed local 
establishments (e.g., restaurants, fish mongers, and 
grocery stores) and consumers to freeze seafood at 
−20°C for at least 24 hours before consuming it raw or 

 
Table 1. Reported and estimated number of patients with 
anisakiasis, Japan, 2018–2019 

Year 

Food 
poisoning 

cases* 

Health insurance claims 
No. in 

database† 
Nationwide 
estimates‡ 

2018 478 991 21,511 
2019 336 766 17,962 
Average 407 878.5 19,737 
*Data collected from Ministry of Health, Labour and Welfare.  
†Data extracted from JMDC Inc. (https://www.jmdc.co.jp) health insurance 
claim database, which covers 8.43 million persons annually. 
‡Estimates calculated by stratifying the population of Japan by sex and 
age, as previously described (9). 

 

Figure 1. Anisakiasis patient 
number and causative species 
analyzed in study of anisakiasis 
in Japan, 2018–2019. Three 
geographic locations in Japan 
are noted: Hokkaido Island 
(North Japan), Honshu and 
Shikoku Islands (Central Japan), 
and Kyushu Island (Southwest 
Japan). Each dot indicates 1 
patient, and color indicates the 
anisakiasis-causing species. 
Identifications were made at the 
sibling species level by using 
PCR and sequencing.
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to remove anisakid nematodes during cooking. The 
Ministry of Health, Labour and Welfare of Japan pro-
vides web-based food poisoning statistics with infor-
mation regarding fish species reported by anisakiasis 
patients and preparation procedures associated with 
infections in Japanese to help consumers and fish-
mongers avoid anisakiasis.

In Japan, A. simplex s.s. nematodes are respon-
sible for the highest incidence of anisakiasis, whereas 
the species A. pegreffii is the leading cause of anisa-
kiasis in Europe and South Korea (2). A. simplex s.s. 
nematodes penetrate the muscles of various fish spe-
cies at a higher rate than A. pegreffii (11), which could 

partly explain the smaller proportion of A. pegreffii 
anisakiasis cases in Japan because A. pegreffii nema-
todes are often removed with fish viscera during the 
preparation of sushi and sashimi. Furthermore, fish 
habitat can corroborate the difference in predominant 
anisakid nematode species between South Korea and 
Japan; A. simplex s.s.–carrying fish are predominant in 
the Pacific side of Japan, whereas A. pegreffii–carrying 
fish are more common in the Sea of Japan and the East 
China Sea, located between South Korea and Japan 
(11) (Figure 1).

In this study, we identified 11 P. azarasi larvae 
(5.8%) from 11 patients, 6 of whom lived in Hokkaido, 
the northernmost insular prefecture of Japan, where 
cold water fish, such as Pacific cod (Gadus macrocepha-
lus), are commonly consumed (Figures 1,2) (12). Al-
though patients have been reported to orally expel 
Pseudoterranova larvae that have developed to the 
fourth stage (13), most (7/11 cases) P. azarasi larvae 
detected in this study were in the stomach.

Anisakid larvae were isolated from the stomach 
or intestines of 177 patients, 23 (13%) of whom were 
asymptomatic. These asymptomatic cases were found 
incidentally during health check-ups or routine fol-
low-up cancer screening. Some studies have already 
reported asymptomatic gastrointestinal cases (14,15), 
but our findings revealed a varied and greater num-
ber of anisakid species associated with asymptomatic 
infections: A. simplex s.s. (91.3%), A. pegreffii (4.3%), 
and P. azarasi (4.3%). One urticaria case was associ-
ated with symptomatic P. azarasi gastric infection. 
Numerous cases of Anisakis allergy, including cases 
of urticaria, angioedema, and anaphylaxis, have been 
reported in Europe (10). In healthcare claims from Ja-
pan, Anisakis allergy was not registered as a disease 
name until 2021. Thus, the database did not include 
anisakiasis patients with allergic symptoms alone, 
which is a limitation of this study.

 
Table 2. Molecular identification of anisakid larvae isolated from patients, Japan, 2018–2019 

Species, isolation site 
Symptomatic cases, no. 

 
Asymptomatic cases, no. 

 
Total cases, no. 

 
Overall, no. (%) 

Patients Larvae Patients Larvae Patients Larvae Patients Larvae 
Anisakis simplex sensu stricto          160 (88.4) 168 (88.9) 
 Stomach 139  146*†  18 19‡§  157 165    
 Intestine 0 0  3 3‡  3 3    
Anisakis pegreffii          10 (5.5) 10 (5.3) 
 Stomach 9 9*  0 0  9 9    
 Intestine 0 0  1 1‡  1 1    
Pseudoterranova azarasi          11 (6.1) 11 (5.8) 
 Oral cavity 0  0  4 4¶  4 4    
 Stomach 6  6*#  1 1‡  7 7    
Total 154  161  27 28  181 189  181 (100) 189 (100) 
*Abdominal pain.  
†Two larvae were isolated from 5 patients and 3 larvae were isolated from 1 patient.  
‡Larvae were incidentally detected endoscopically during health check-ups or routine follow-up cancer screening.  
§Two larvae were isolated from 1 patient.  
¶P. azarasi larvae were spontaneously expelled from the mouth.  
#Of 6 P. azarasi patients, 1 showed urticaria in addition to abdominal pain. 

 

Figure 2. Analyzed number and percentage of anisakiasis 
patients and causative species, Japan, 2018–2019.One third (2/6) 
of patients in the Kyushu Island had Anisakis pegreffii infections. 
A. pegreffii–carrying fish are predominant in the Sea of Japan 
and the East China Sea, located between South Korea and 
Japan (11). Over 50% (6/11) of the patients with Pseudoterranova 
azarasi infection were from Hokkaido.
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In conclusion, Anisakis infection is currently 
drawing more attention in Japan. Elucidating the im-
munopathological mechanisms behind asymptomat-
ic and symptomatic anisakiasis is imperative and can 
provide insights into the pathogenesis of gastrointes-
tinal anisakiasis. 
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Ehrlichia spp. are tickborne obligate intracellular 
bacteria and comprise different pathogenic spe-

cies that affect both veterinary and public health 
(1). Ehrlichia minasensis was first detected in cattle 
and deer in Canada and later in cattle and Rhipi-
cephalus microplus ticks from Brazil (2–4). Infected 
cattle manifest signs that include fever, lethargy, 
depression, and anorexia (3,4). Borrelia theileri be-
longs to the relapsing fever group of borreliae and 
causes bovine borreliosis, which is a mild febrile 
disease associated with lethargy, hemoglobinuria, 
and anemia (5). This spirochete is transmitted by 
Rhipicephalus (formerly Boophilus) sp. ticks and has 
been documented in Africa, Europe, Oceania, and 
South America (5,6). To our knowledge, E. minasen-
sis or B. theileri infections have not been reported in 
cattle from Colombia. 

During September and October 2017, we col-
lected blood samples from 30 bovids with tick 
parasitism in El Tambo and Santander de Quili-
chao municipalities, Cauca department, Colombia 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/28/10/22-0657-App1.pdf). We extracted 
DNA from blood using the QIAGEN DNeasy Blood 

& Tissue Kit (https://www.qiagen.com), accord-
ing to the manufacturer’s instructions. We verified 
DNA quality using PCR amplification of the verte-
brate cytochrome B gene CYTB. We subsequently 
performed PCR to detect dsb and trp36 genes for 
Ehrlichia spp.; flaB and 16S rRNA genes for Borrel-
ia spp.; and rpoB, msp4, and msp1a genes for Ana-
plasma spp. (Appendix Table). DNA samples that 
produced strong PCR bands underwent sequenc-
ing on an Applied Biosystems 3130/3130xl Genetic 
Analyzer (Thermo Fisher Scientific, https://www.
thermofisher.com). The msp1a PCR products were 
poor quality and did not undergo sequencing. We 
aligned sequences using GeneStudio (GeneStudio, 
Inc., https://genestudio-pro.software.informer.
com) and performed multiple sequence alignments 
using the EMBL-European Bioinformatics Institute 
tools MUSCLE (for Ehrlichia spp.) and ClustalW 
(for Borrelia and Anaplasma spp.) (https://www.
clustal.org). Phylogenetic analyses were performed 
with MEGA X software (https://www.megasoft-
ware.net). We generated phylogenetic trees for dsb, 
flaB, and 16S rRNA genes and Trp36 protein using 
the maximum-likelihood estimation method. All 
procedures were approved by the Pontificia Uni-
versidad Javeriana Ethics Committee in Colombia.

We detected CYTB in all samples. We detected 
the dsb gene in 10% (3/30) and trp36 in 20% (6/30) of 
samples. The flaB gene was detected in 13.3% (4/30), 
and the 16S rRNA gene was detected in 10% (3/30) 
of samples. The rpoB gene was amplified in 90% 
(27/30), msp4 was amplified in 83.3% (25/30), and 
msp1a was amplified in 83.3% (25/30) of samples. 
We performed phylogenetic analyses of 3 sequences 
for dsb (GenBank accession nos. ON209405–7), 6 se-
quences for Trp36 protein (inferred from GenBank 
accession nos. OL513405–10), 3 sequences for the 
16S rRNA gene (GenBank accession nos. ON112216–
8), 4 sequences for flaB (GenBank accession nos. 
ON135431–4); 6 sequences for rpoB (GenBank acces-
sion nos. ON209412–7), and 4 sequences for msp4 
(GenBank accession nos. ON209408–11). 

Phylogenetic analyses showed that our dsb gene 
sequences clustered with E. minasensis dsb sequences 
from Brazil, Australia, and Colombia (Figure, panel 
A). The greater genetic diversity of Trp36 protein 
compared with dsb provided more detailed char-
acterization of Ehrlichia sp. genotypes. Our Trp36 
sequences clustered with 3 sequences from Brazil 
and a recently described E. minasensis strain from 
China isolated from Haemaphysalis hystricis ticks 
(Figure, panel B). The flaB and 16S rRNA genes clus-
tered with B. theileri sequences (Figure, panels C, D). 
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Ehrlichia minasensis is a new pathogenic bacterial spe-
cies that infects cattle, and Borrelia theileri causes bovine 
borreliosis. We detected E. minasensis and B. theileri 
DNA in cattle from southwestern Colombia by using PCR. 
E. minasensis and B. theileri should be considered poten-
tial etiologies of febrile syndrome in cattle from Colombia.



Bootstrap values were 86% for flaB and 72% for the 
16S rRNA gene. The flaB sequences grouped with 
sequences from Argentina, Republic of the Congo, 

Egypt, and Israel (Figure, panel C). The 16S rRNA 
gene sequences grouped independently but close to 
sequences from Egypt and the United States (Figure, 
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Figure. Phylogenetic analysis of emerging tickborne bacteria in cattle from Colombia. Phylogenetic trees are shown for dsb  
genes (A), Trp36 proteins (amino acid sequences) (B), flaB genes (C), and 16S rRNA genes (D). We performed PCR on blood 
samples from cattle in El Tambo and Santander de Quilichao, Cauca department, Colombia to detect dsb and trp36 genes for 
Ehrlichia sp.; flaB and 16S rRNA genes for Borrelia sp.; and rpoB, msp4, and msp1a genes for Anaplasma sp. We generated 
phylogenetic trees using the maximum-likelihood method and Tamura 3-parameter model with a gamma distribution parameter of 
0.28 to compare evolutionary relationships between our sequences and publicly available sequences from Genbank (accession 
numbers indicated on trees). We applied bootstrap tests using 1,000 replicates; bootstrap values are shown at key nodes. The 
●, ■, and ▲ symbols represent the differential clustering of sequences obtained in this study. Scale bars indicate nucleotide 
substitutions per site.



panel D). We confirmed A. marginale using identi-
ty analysis (100% identical to GenBank sequences; 
accession nos. CP023731, CP006846, CP001079, 
CP000030, and AF428086) of rpoB and msp4 genes. 
Co-infection with E. minasensis and A. marginale was 
confirmed in 6 animals from El Tambo. Co-infection 
with B. theileri and A. marginale was documented in 1 
animal from El Tambo and 1 animal from Santander 
de Quilichao.

These results showed the simultaneous circula-
tion of E. minasensis, B. theileri, and A. marginale in 
bovids from Cauca department, Colombia. In Latin 
America, E. minasensis has been identified in Brazil 
(7) and Colombia (found in R. microplus ticks) (8), 
and B. theileri has been found in Argentina (6), Mex-
ico (9), and Brazil (10). The R. microplus tick is likely 
the main vector for both pathogens in these regions 
and has been confirmed by molecular detection of E. 
minasensis in tick specimens collected from the same 
animals (H.C. Martínez-Diaz, unpub. data) and vari-
ous reports in Latin America for B. theileri (9,10). De-
spite the lack of clinical signs in these animals, tick-
borne infections caused by these pathogenic bacteria 
often occur as subclinical infections or with intermit-
tent clinical manifestations. E. minasensis and B. thei-
leri infections, either separately or as co-infections, 
may be more frequent than previously recognized 
and should be considered potential etiologies of fe-
brile syndrome in cattle from this and other regions 
of Colombia.
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Cryptococcosis is the third most common invasive 
fungal infection in solid-organ transplants (1,2). 

The incidence of cryptococcosis in transplant recipi-
ents was estimated to be 0.76% in mainland China, 
and the Cryptococcus neoformans variant grubii geno-
type was the predominant species (3–5).

Cryptococcosis after transplantation is easily 
overlooked because of high diversity of clinical 
symptoms, which leads to mortality rates as high as 
20% (6). Another feature of recipient-acquired cryp-
tococcosis is the late onset of infection, which usu-
ally is 15–21 months posttransplant (7). However, 
donor-derived transmission should be considered 
if disease is found within 1 month posttransplant or 
if multiple recipients from the same donor become 
ill (8,9). We report a cluster of donor-derived cryp-
tococcosis after liver and kidney transplantation  
in China.

This study was approved by the Administration 
Committee of Shanghai Jiao Tong University, China. 
Written informed consent was obtained from the pa-
tient for the anonymized information to be published 
in this article.

The transplant donor was a 60-year-old man who 
had severe cerebral infarction, which progressed to 
brain death. Chest computed tomography (CT) scan 
showed clear lung fields and no infiltration. At organ 
procuring, the liver and kidney grafts looked gross-
ly normal. Routine donor biopsy did not show any 
histopathologic abnormality. However, retrospec-
tive testing of donor serum for cryptococcal antigen 
(CrAg; Lateral Flow Assay; Immuno-Mycologics, 
Inc., https://www.immy.com) showed a titer of 1:8 
seven days after grafts had been transplanted. One of 

2 blood cultures at the time of organ procurement be-
came positive after 8 days of incubation. C. neoformans 
was subsequently identified.

The first recipient was a 64-year-old man who 
had hepatocellular carcinoma and underwent liver 
transplantation. The transplant was successful, and 
there were no immediate complications. Postop-
erative aminotransferase levels decreased gradu-
ally. However, the recipient had progressive jaun-
dice. The total bilirubin level increased from 103.6 
µmol/L on postoperative day (POD) 1 to 704.3 
µmol/L on POD 15. The patient had no fevers, 
cough, or dizziness.

Liver biopsy on POD 7 showed no evidence of re-
jection, biliary complications or drug-induced liver in-
jury. The unexpected jaundice persisted and showed 
no major decrease. Liver biopsy was performed on 
POD 30. Large numbers of encapsulated yeasts were 
found inside the liver. Microscopically, the colonized 
organism had an oval shape and a loose surrounding 
histiocytic response (Figure). A subsequent recipient 
serum sample was positive for CrAg (titer >1:2,560) 
on POD 32.

The recipient received amphotericin B lipid 
complex plus 5-flucytosine for  4 weeks. A gradual 
decrease in bilirubin was observed. The antifungal 
treatment was changed to oral fluconazole after he 
was discharged. Follow-up of CrAg showed a de-
crease from 1:2,560 to 1:32 at 1 year after transplant. 
Fluconazole was discontinued 15 months after trans-
plant. The recipient showed good liver function for 30 
months without active infection (Table). Hepatocellu-
lar carcinoma did not recur.

The second recipient was a 65-year-old man 
who had end-stage renal disease and received a 
kidney transplant from the same donor. The graft 
function recovered uneventfully. The recipient was 
discharged on POD 6 and received an immunosup-
pression regimen of tacrolimus and mycophenolate. 
However, the recipient had a low fever and cough 
on POD 21. Chest CT showed pulmonary consoli-
dations and infiltration. Bronchoalveolar lavage 
was not performed because intubation was not con-
ducted; there were no signs of hypoxia. However, 
a CrAg titer of 1:1,280 and positive blood culture 
resulted in a diagnosis of cryptococcal pneumonia. 
Antifungal therapy was given for 4 weeks, and oral 
fluconazole maintenance therapy was given subse-
quently. The recipient recovered and showed stan-
dard graft function and no signs of infection.

The third recipient was a 50-year-old woman 
who received a kidney transplant from the same 
donor. She was discharged on POD 6 and had no 
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Cryptococcosis infection after transplantation is eas-
ily overlooked or misdiagnosed. We report a cluster of 
donor-derived cryptococcosis infection in liver and kid-
ney transplant recipients from the same donor in China. 
Infections occurred within 1 month after transplantation, 
and were confirmed by using biopsies and blood tests.



specific complaints. On POD 26, she reported diz-
ziness, diplopia, and severe headache and was 
readmitted to the hospital. Fluid from a lumbar 
puncture culture showed C. neoformans. The serum 
CrAg titer was >1:2,560. The recipient was given 
amphotericin B lipid complex and 5-flucytosine. 
However, loss of consciousness and a convulsion 
occurred on POD 31. Further brain CT showed se-
rious cerebral hemorrhage and compression of the 
brainstem. Her family withdrew care at that point, 
and the recipient died. Autopsy showed that the 
glomeruli of the transplanted kidney and spinal 
cord were infiltrated with oval-shaped yeast con-
sistent with C. neoformans.

The recipients had negative clinical signs and 
no CrAg pretransplantation. However, the liver and 
kidney recipients who received organs from the same 
donor all showed development of cryptococcosis. 
Cryptococcus sp. in the blood culture and biopsies 
makes donor-derived transmission the most likely 
means of infection. Communication gaps between 
the microbiology laboratories and transplant team 
were associated with the donor-derived infection 
of our case. Positive blood culture results should be 

communicated immediately to initiate antifungal  
treatment promptly.

Although illnesses and deaths from donor-de-
rived cryptococcosis remain high, results for these 
case-patients emphasize an increased pretransplant 
clinical awareness of donor-derived infection. Se-
rum CrAg might identify infected donors and en-
able effective prophylaxis. In addition, timely 
communication of suspected results is critical to 
improve outcomes.
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Figure. Transplanted liver tissue biopsy specimen on postoperative day 30 from donor in cluster of donor-derived cryptococcosis, China. 
A) Hematoxylin and eosin stain shows cryptococcal yeast liver (arrowheads). Original magnification ×200. B) Enlarged view of boxed 
area from panel A. Original magnification ×400.

 

Table. Postoperative cryptococcal antigen titer change and antifungal treatment regimen for transplant donor in cluster of donor-
derived cryptococcosis, China 
Postoperative day Cryptococcal antigen titer Treatment 
30 >1:2,560 Amphotericin B lipid complex and 5‐flucytosine 
60 >1:1,280 Oral fluconazole, 400 mg/d 
90 >1:640 Oral fluconazole, 400 mg/d 
120 1:640 Oral fluconazole, 400 mg/d 
180 1:128 Oral fluconazole, 400 mg/d 
270 1:128 Oral fluconazole, 400 mg/d 
360 1:32 Oral fluconazole, 400 mg/d 
450 Negative result Discontinued 
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Human paragonimiasis is a foodborne disease 
caused by trematode worms of the genus Para-

gonimus (1). Several species that have different geo-
graphic distributions have been associated with 
human infection (2). Paragonimiasis is caused by in-
gestion of raw/undercooked freshwater crabs or cray-
fish infested by metacercariae of Paragonimus species. 
Thus, it is frequently reported in Asia because of cul-
tural dietary customs (1,3). Clusters are occasionally 
reported in Africa (4) and the Americas, where cases 
are observed mostly in countries in Latin America (5). 
Localized infection with P. kellicotti trematode occurs 
in the United States (1,5).

In Ecuador, cases have been reported from al-
most all provinces, but lack of official recording by 
the Ministry of Health and few active surveillance 
surveys probably cause an underestimation of the in-
cidence (5). Nevertheless, Ecuador is considered the 
country with the highest incidence of paragonimia-
sis in South America (5). The main trematode species 
known to cause paragonimiasis in Ecuador is P. mexi-
canus, although molecular characterization has not 
been performed extensively. Thus, information about 
circulating species might be incomplete (5,6).
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Paragonimiasis is a food-borne infection caused by sev-
eral species of the Paragonimus fluke. Clinical manifesta-
tions can mimic tuberculosis and contribute to diagnostic 
delay. We report a cluster of paragonimiasis in a commu-
nity in Ecuador, where active surveillance was set up after 
detection of the first 2 cases.



Symptoms include fever and respiratory involve-
ment, and most persons have a productive cough with 
rusty sputum or chest pain that can last from a few 
months to years. Thus, tuberculosis is the main con-
dition to be ruled out in differential diagnosis (6,7). 
We report a public health intervention for a cluster of 
paragonimiasis observed during the end of 2021–May 
2022, in San Lorenzo, Ecuador.

The first 2 cases were diagnosed in laborers work-
ing on the same palm oil farm. They both reported 
productive cough with rusty sputum and dyspnea 
lasting for about 4 months (first case-patient) and 
for at least 4 years (second case-patient). The second 
patient had been tested several times for tuberculo-
sis but was not previously tested for other causes of 
respiratory symptoms. Microscopic examination of 
acid-fast–stained smears of sputum ruled out tuber-
culosis, but directly observed microscopic examina-
tion showed parasite eggs (Figure). Specimens were 
then sent to the Laboratory of Parasitology of the Uni-
versidad de las Americas in Quito, where diagnosis 
of paragonimiasis was made. Both patients confirmed 
the habit of eating raw freshwater crustaceans.

After the first 2 cases, the Department of Epide-
miology of San Lorenzo Health District organized a 
meeting with the community where the 2 case-patients 
lived. Aims of the intervention were to ascertain wheth-
er the infection was spreading in the community and 
evaluate possible control strategies. Healthcare work-
ers collected 3 sputum samples from each of 22 persons 
who had compatible respiratory symptoms and 1 fecal 
sample from each of 36 asymptomatic persons, includ-
ing family members of the positive case-patients.

Paragonimus eggs were found in samples from 8 
persons, all from the same community (La Ceiba), ex-
cept for 1 person (who lived in Balsareño but worked 
on the same palm oil farm as the first case-patient) 
(Table). Symptoms lasted for months in all persons 
reporting them.

Praziquantel was donated by the Istituto di Ricove-
ro e Cura a Carattere Scientifico Sacro Cuore Don Ca-
labria to the Centro de Epidemiologia Comunitaria y 

Medicina Tropical. This drug was administered by the 
physician at the local health center to infected persons 
at a dose of 25 mg/kg, 3 times/day for 2 days.

Our study highlights some limitations that ham-
pered estimation of incidence of paragonimiasis in 
Ecuador. The first limitation is delay in diagnosis. Be-
cause knowledge about this parasite is scarce, local 
physicians seldom prescribe diagnostic tests that could 
help diagnosis, and misdiagnosis as tuberculosis can 
be frequent. Limited diagnostic capacity can contribute 
to the underestimation because the sensitivity of mi-
croscopic examination is low, in particular for persons 
who have mild-to-moderate disease: 30%–40% for a 
sputum sample and 11%–15% for a stool sample (1). 
Multiple sampling increases sensitivity (1), but collec-
tion of a series of specimens over time can be difficult 
in remote settings for cultural and logistic issues.

Although stool microscopy has low sensitivity, it 
can detect Paragonimus eggs in persons who do not 
have respiratory symptoms. Other diagnostic tests, 
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Figure. Paragonimus eggs from sputum from a patient in 
Ecuador. Eggs are yellow, elongated, have a thick shell, and are 
asymmetric with 1 end slightly flattened. The operculum is clearly 
visible at the large end and is thickened at the abopercular end. 
Original magnification ×40, size 80–90 µm × 45–50 µm.

 
Table. Demographic and clinical characteristics of 10 persons infected with Paragonimus eggs, Ecuador 
Case-patient Age, y/sex Sample positive for eggs Symptoms 
1 24/M Sputum Rusty sputum and dyspnea while working, episodes of productive cough 
2 32/M Sputum Rusty sputum and mild dyspnea, episodes of productive cough 
3 27/F Stool None 
4 20/M Sputum Rusty sputum 
5 29/F Stool None 
6 32/M Sputum Rusty sputum 
7 8/M Stool None 
8 10/M Stool None 
9 31/F Sputum Rusty sputum 
10 22/F Sputum Rusty sputum 

 
 



such as serologic or molecular methods, are not avail-
able in Ecuador, and have been seldom used there, 
for research purposes (5,8). Moreover, serologic as-
says have been implemented mostly for other species, 
such as P. westermani and P. kellicotti worms (8,9), and 
clinical validation for P. mexicanus worms is lacking 
(9,10). Limited access to healthcare services in some 
remote communities can further cause late diagnosis.

Control strategies to limit human infection are ham-
pered by the wide presence of the parasite in many do-
mestic and wild mammals, and the complex life cycle 
involving 2 intermediate hosts (snail and crustacean) 
(5). Thus, health education on proper food preparation 
is the main intervention to reduce infections (1).
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We isolated Haematospirillum jordaniae from a positive 
blood culture from a 57-year-old man in Slovenia who 
had bacteremia and bullous cellulitis of lower extremities. 
The infection was successfully treated with ciprofloxacin. 
Our findings signal the need for increased awareness 
about the clinical course of H. jordaniae and its potential 
effects as a human pathogen.



A 57-year-old man living near Lendava, Slovenia, 
with a medical history of type 2 diabetes, vari-

cose veins in his legs, obesity, and arterial hyperten-
sion, sought treatment for a 1-day history of bilateral 
swelling, redness, warmness, and pain in his lower 
extremities. The day before, he had pricked himself 
on his left shin and the sole of his right foot with a 
reed in the Pacsa Fishing Lake in Hungary. At hos-
pital admission, the patient was febrile (38.5°C) but 
with vital signs within reference ranges. 

Physical examination revealed painful, indurat-
ed, erythematous lower extremities, with edema and 
warmth. Clinically relevant results from blood anal-
ysis demonstrated leukocytosis (16.5 × 109 cells/L) 
with neutrophilia (14.0 × 109 cells/L) and elevated C-
reactive protein (CRP; 189 mg/L), suggesting bacte-
rial etiology; procalcitonin (PCT) level was within ref-
erence range (0.1 µg/L). We empirically introduced 
therapy with intravenous flucloxacillin (2 g/6 h) for 
coverage of cellulitis. 

On day 2 of hospitalization, extensive bullous 
changes appeared in the lower extremities. Because 
of unusual bilateral presentation, we added intrave-
nous therapy with ciprofloxacin. Two days later, fe-
ver subsided, and blood leukocyte count returned to 

normal (10.5 × 109 cells/L). CRP had mildly increased 
to 204 mg/L; PCT remained within reference range 
(0.4 µg/L). On day 7 of hospitalization, we observed 
major improvement in the patient’s laboratory pa-
rameters (leukocyte count 6.4 × 109 cells/L, CRP 35 
mg/L). We continued treatment with intravenous 
flucloxacillin and ciprofloxacin until discharge on 
day 13. Signs of bullous cellulitis in the lower extrem-
ities had subsided. 

Aerobic blood culture bottle was positive after 3 
days of incubation. We observed small, slender, pleo-
morphic bacilli and coccobacilli in Gram stain. After 
subcultivation onto solid media, we detected growth on 
blood and chocolate agar (Figure, panels B, C) on the 
third day, with no growth observed on MacConkey or 
TCBS (Thiosulfate-citrate-bile salts-sucrose) agar or in 
microaerophilic atmosphere. However, we could not 
identify the causative agent using Gram stain from cul-
ture (Figure 1, panel A), colony morphology, growth 
characteristics, or MALDI-TOF (matrix-assisted laser de-
sorption/ionization time-of-flight) mass spectrometry. 
We suspected Francisella tularensis on the basis of clinical 
manifestations and local epidemiology. We sent blood 
agar and chocolate agar plates to the reference Biosafety 
Level 3 laboratory at the Institute of Microbiology and 
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Figure. Detection of 
Haematospirillum jordaniae 
in a male patient in Slovenia. 
A) Gram stain of H. jordaniae; 
original magnification ×1,000. 
B) Colonies on blood agar after 
3-day incubation. C) Colonies 
on chocolate agar after 3-day 
incubation. D) Transmission 
electron micrograph image of 
negatively stained cell of H. 
jordaniae exhibiting flagellum. 
Scale bar indicates 1 µm.



Immunology (Ljubljana, Slovenia) for further analysis. 
We isolated DNA using QiaAmp DNA Mini Kit (QIA-
GEN, https://www.qiagen.com) and tested it, includ-
ing dilutions from 1:10 to 1:1,000, by specific real-time 
PCR, which ruled out F. tularensis (1). We performed 
standard tube extraction protocol for MALDI-TOF mass 
spectrometry identification using the latest MALDI Bio-
typer sirius (Bruker Daltonics, https://www.bruker.
com) and SR library according to manufacturer instruc-
tions but could not identify the organism because scores 
fell below genus cutoff values. We undertook further 
molecular analyses, included amplifying the 16S V3/
V4 region using Mastermix 16S Complete (Molzym, 
https://www.molzym.com). We purified amplicons 
using QIAquick PCR purification kit (QIAGEN) and se-
quenced them on a ABI3500 genetic analyzer (Applied 
Biosystems, https://www.thermofisher.com). We ana-
lyzed 16S rDNA sequences using the CLC Main Work-
bench 21.0.5 (QIAGEN) and compared those sequences 
with others available in the rRNA databases: GenBank 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), Ri-
bosomal Database Project (https://rdp.cme.msu.edu), 
and MicrobeNet (https://microbenet.cdc.gov). Our 
isolate most closely matched Haematospirillum jordaniae 
isolate Acr132, H5569 and H2509, with 100% sequence 
identity. By sequencing a longer, 1,462 bp 16S rRNA 
region (2), we observed 99.93% identity to H. jordaniae 
H2509 (GenBank accession no. OM075117). After suc-
cessful molecular identification, we created H. jordaniae 
main spectra profiles according to manufacturer stan-
dard procedures and added them to a custom main spec-
tra profile library because the pathogen was not part of 
any commercial mass spectra library (Appendix Figure,  
https://wwwnc.cdc.gov/EID/article/28/10/22-0326-
App1.pdf). 

H. jordaniae is a slow-growing, gram-negative 
rod bacterium that is difficult to identify because it 
is not included in standard identification databases. 

Molecular analysis is necessary for definite identifica-
tion (3,4). H. jordaniae, which belongs to the alphapro-
teobacteria family Rhodospirillaceae (5), was first iden-
tified as a potential human pathogen in 2016, when 
the new genus and species were described from an 
isolate obtained from a human blood sample in 2010 
(3,4). An additional 13 isolates from human blood 
samples with identical or very similar 16S rRNA se-
quences, all from men (average age: 60), were later 
identified at the CDC Special Bacteriology Reference 
Laboratory (https://www.cdc.gov/ncezid/dhcpp/
bacterial_special/special_lab.html).

We determined the antimicrobial susceptibility 
of H. jordaniae using gradient diffusion E-test strips 
(bioMérieux, https://www.biomerieux.com) and 
Liofilchem MTS (MIC test strips) for amoxicillin/
clavulanic acid (https://www.liofilchem.com) on 
Muller-Hinton Fastidious agar (CO2, 48-h incuba-
tion). We interpreted results according to non–spe-
cies-related EUCAST (https://www.eucast.org) 
PK/PD (pharmacokinetics/pharmacodynamics) 
antimicrobial susceptibility breakpoints (Table). 
According to the results of susceptibility testing, 
fluoroquinolones had the most favorable break-
point-to-MIC ratios: ciprofloxacin and levofloxacin 
had MIC <0.002 mg/L (both) and PK/PD break-
points of 0.25 mg/L (ciprofloxacin) and 0.5 mg/L 
(levofloxacin). 

Molecular evidence of H. jordaniae in the blood 
of any vertebrate other than humans was described 
only in a bird species, the reed warbler, Acrocephalus 
scirpaceus (6). Possible routes of infection are through 
environmental contact, mostly following skin injury 
(4). Current knowledge about H. jordaniae is limited; 
therefore, our findings signal the need for increased 
awareness about its clinical course and potential ef-
fects as a human pathogen.
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Table. Antimicrobial susceptibility of Haematospirillum jordaniae 
from a male patient in Slovenia, interpreted according to non–
species-related EUCAST PK/PD breakpoints* 

Antimicrobial MIC, mg/L 
Susceptibility 

category 
Benzylpenicillin 8 R 
Ampicillin 2 S 
Amoxicillin/clavulanic acid 0.125 S 
Cefuroxime Iv 16 R 
Cefotaxime 0.25 S 
Imipenem >32 R 
Meropenem 1 S 
Ciprofloxacin <0.002 S 
Levofloxacin <0.002 S 
Tigecycline <0.016 S 
*EUCAST, https://www.eucast.org. PK/PD, pharmacokinetics/ 
pharmacodynamics; R, resistant; S, susceptible 
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Emerging data show a rapid increase in the prev-
alence of SARS-CoV-2 infection linked to an in-

crease in COVID-19 cases, which is being driven by 
the SARS-CoV-2 Omicron variant. Compared with 
previous variants, Omicron has shown superior ca-
pacity for transmission and less sensitivity to neu-
tralizing antibodies induced by vaccination or prior 
infection with other variants of the virus (1). Initially, 
the Omicron sublineages BA.1 (including BA.1.1) and 
BA.2 spread globally at a rapid pace, infecting a large 
proportion of the population, including vaccinated 
persons. Nonetheless, vaccines have been shown to 
provide good protection against severe disease (2). 
Recently, 2 new sublineages of Omicron, BA.4 and 
BA.5, have emerged (3). These variants show an even 
stronger capacity to elude infection- and vaccine-
induced immune responses, even evading antibod-
ies in serum from BA.1-infected persons (4,5). Such 
findings raise concerns that a high community spread 
might lead to an increasing number of severe cases 
and a subsequent surge in global hospitalization rates. 
We performed a quantitative real-time PCR (qPCR) 
screening survey to estimate the point prevalence of 
SARS-CoV-2 infection among asymptomatic (defined 
as having no symptoms at time of sampling) health-
care workers at Danderyd Hospital, Stockholm, Swe-
den, during June 28–June 29, 2022.

In April and May of 2020, the COMMUNITY 
study enrolled 2,149 healthcare workers employed 
at Danderyd Hospital (6). Once enrolled, study par-
ticipants provided blood samples every 4 months for 
SARS-CoV-2 serologic assessment (7). Information 
regarding vaccination status was obtained through 
the Swedish vaccination register (VAL Vaccinera), 
and SARS-CoV-2 infection was determined by either 
seroconversion before vaccination or positive PCR 
test results obtained from the national communica-
ble diseases register, SmiNet (Public Health Agency 
of Sweden).

We conducted a qPCR screening survey during 
June 28–June 29, 2022. We invited all COMMUNI-
TY-study participants who had provided a blood 
sample in January 2022 (n = 1,412) to participate in 
the screening survey via a mobile application pro-
gram. We restricted participation in the survey to 
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Given the recent surge in SARS-CoV-2 Omicron infec-
tions, we performed a quantitative PCR screening sur-
vey during June 28–29, 2022, in Stockholm, Sweden, 
to investigate SARS-CoV-2 point prevalence in a group 
with high exposure risk. Results showed SARS-CoV-2 
infection in 2.3% of healthcare workers who were as-
ymptomatic at time of sampling.



healthcare workers who were actively working and 
who had been asymptomatic for >5 days before 
screening. We gathered self-administered naso-oro-
pharyngeal/saliva swab specimens (8), which were 
collected at Danderyd Hospital during work hours, 
and transported those samples to the National Pan-
demic Center in Stockholm for assessment by qPCR. 
The screening survey was approved by the Swedish 
Ethical Review Authority (dnr 2020–01653) and con-
ducted in accordance with the declaration of Helsin-
ki. We obtained written informed consent from all 
survey participants.

A total of 259 healthcare workers (18.3% of all 
invited participants) with no symptoms at the time 
of inclusion underwent qPCR screening. A large 
proportion (88%) of participants had received 3 vac-
cine doses, and 50% had been confirmed as having 
1 (46%) or 2 (4%) prior SARS-CoV-2 infection(s) 
(Table). In total, 6 participants (2.3% [95% CI 1.1%–
5.0%]) tested positive by qPCR screening; 5 had re-
ceived 3 vaccine doses, and 2 had a confirmed pre-
vious SARS-CoV-2 infection (Table). Just 1 of the 6 
participants who tested positive was unvaccinated 
and previously uninfected. Five samples could be 
successfully sequenced, revealing 1 infection traced 
to the BA.2.9.2 sublineage and 4 infections traced to 
BA.5 (BA.5.1 [2 cases], BA.5.2, and BA.5.3), suggest-
ing community spread of several variants of Omi-
cron. Isolation on A549-ACE2 cells was successfully 
accomplished for 2 samples.

A 2.3% point prevalence of SARS-CoV-2 infec-
tion among asymptomatic healthcare workers indi-
cates widespread transmission of SARS-CoV-2. This 
prevalence aligns with estimates from the United 
Kingdom (9), where ≈1 in 30 persons was estimat-
ed to be infected by SARS-CoV-2 on July 1, 2022. A 
recent survey conducted in March 2022 during the 
BA.1/BA.2 wave estimated an overall prevalence of 

SARS-CoV-2 infection in Sweden of 1.4% (10). Al-
though our survey differs in design from that earlier 
survey, results of both indicate a trend of increased 
circulation of variants in the population of Sweden, 
despite the summer season, high vaccine coverage, 
and a high rate of prior infection. 

Additional PCR screenings of our cohort, con-
ducted before the survey we report, revealed that 
≈10% of SARS-CoV-2-infected participants remained 
asymptomatic over the course of the infection (8). 
In parallel with the testing on June 28–29, we per-
formed a substudy using the same cohort during the 
same days to attempt to isolate the BA.5 sublineage 
from participants diagnosed with COVID-19 within 
the previous 5 days. Ten participants were includ-
ed, and the BA.5 variant of the virus could be iso-
lated on A549-ACE2 cells in 5 samples. Ten people 
is likely an underrepresentation of true cases in this 
cohort, but these findings show nonetheless that at 
least 0.7% of the healthcare workers were diagnosed 
with COVID-19 at the same time as an additional 
2.3% of the healthcare workers had an asymptom-
atic infection. 

We theorize that the latest surge in SARS-CoV-2 
infection, in Sweden and elsewhere, can be likely ex-
plained by the emergence of the BA.5 variant. The 
observed prevalence of 2.3% in asymptomatic health-
care workers in Sweden implies a need to take pre-
cautions to protect this high-risk population, in hos-
pitals and all other vulnerable settings.
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Table. Characteristics of 259 asymptomatic HCWs who 
participated in a quantitative real-time PCR screening survey, 
Stockholm, Sweden, June 28–29, 2022* 
Characteristic All HCWs Infected HCWs 
Total 259 (100) 6 (2.3) 
Sex   
 M 26 (60) 1 (17) 
    F 233 (40) 5 (83) 
Median age, y 51 48 
Vaccination status   
 No vaccination 5 (2) 1 (17) 
 1 vaccine dose 2 (1) 0 
 2 vaccine doses 24 (9) 0 
 3 vaccine doses 228 (88) 5 (83) 
Previous Infections   
 1 infection 119 (46) 2 (33) 
 2 infections 11 (4) 0 
*Values are no. (%) except as indicated. HCW, healthcare worker. 
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The 2022 multicountry monkeypox outbreak has 
been linked primarily to intimate contact among 

men who have sex with men (1,2). We describe a case 
of monkeypox in a traveler who returned from the 
United Kingdom to the United States who did not re-
port recent sexual contact. 

A man in his 20s sought care at an emergency 
department in Stanford, California, USA, on day 7 
of an asynchronous, diffuse vesicular rash following 
travel to the United Kingdom. The first lesion ap-
peared ≈14 days after he attended a large, crowded 
outdoor event at which he had close contact with 
others, including close dancing, for a few hours. He 
said that many attendees were in sleeveless tops 
and shorts. He wore pants and a short-sleeved top. 
He did not notice any skin lesions on anyone pres-
ent, nor did he notice anyone who seemed sick. He 
shared an e-cigarette with a woman that he met 
while there. The event was not a rave and was not 
attended specifically or mostly by persons identi-
fying as gay or bisexual. He attended other similar 
outdoor events over 4 days. He reported consuming 
alcohol but no other drug use at these events. He did 
not wear a mask at these events. He had contact with 
domestic dogs that he petted. 

He took 2 flights to return to the United States; 
masks were worn on 1 flight. He identifies as bisex-
ual but reported no recent sexual contacts during his 
travels or in the preceding 3 months. He reported 
no close indoor activities, although he traveled on 
crowded public trains. He reported no close contacts 
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We report human monkeypox in a man who returned to 
the United States from the United Kingdom and reported 
no sexual contact. He had vesicular and pustular skin le-
sions but no anogenital involvement. The potential modes 
of transmission may have implications for the risk of 
spread and for epidemic control. 



since his return. He lives with 1 roommate who did 
not manifest any symptoms. He had a history of 
syphilis treated 3 months earlier and was taking HIV 
preexposure prophylaxis. He denied preceding fe-
vers, chills, headache, lymph node swelling, cough, 
fatigue, or anorectal pain.

We noted multiple nondraining skin lesions at dif-
ferent stages of appearance, including a centrally um-
bilicated vesicle on his left palm, a crusting flat lesion 
on his lip, and pustules on his right and left knuckles 
and on his lateral torso and back. He had no penile, tes-
ticular, or anal lesions and no cervical, axillary, or ingui-
nal lymphadenopathy (Appendix, https://wwwnc. 
cdc.gov/EID/article/28/10/22-1191-App1.pdf).

Results of complete blood count and basic meta-
bolic panel results were unremarkable. Results of 
rapid HIV-1 antibody/antigen test was negative, as 
was urine testing for N. gonorrhoeae and C. trachomatis. 
Rapid plasma reagin test results were positive (titer of 
1:1). The palmar vesicle was unroofed; a swab of the 
expressed clear fluid tested positive for nonvariola 
orthopoxvirus DNA by quantitative PCR (qPCR) and 
was confirmed as monkeypox virus DNA by qPCR 
specific for clade 2/3 (West Africa) monkeypox (Ta-
ble; Appendix). A nasopharyngeal swab specimen 
that tested negative for SARS-CoV-2 was positive 
for monkeypox virus DNA using this 2-step testing 
algorithm. We did not prescribe specific monkeypox 
treatment because the patient did not have complica-
tions or risk factors for severe disease.

We performed follow-up monkeypox virus test-
ing with patient consent 3 days after initial evaluation 
(day 10 after symptom onset) to clarify viral shed-
ding. We detected virus DNA in a saliva sample, as 
well as from patient-collected conjunctival and rectal 
swabs using both the non-variola orthopoxvirus and 
clade 2/3 monkeypox virus qPCRs. Lesions resolved 
by day 26 after symptom onset.

This patient tested positive for monkeypox virus 
DNA from several nonlesion samples. The nasopha-
ryngeal and saliva findings are noteworthy because 

the patient did not report respiratory symptoms. In 
addition, the detectable viral DNA in the rectal swab 
specimen in the absence of visible anal lesions or 
pain indicates a potential for sustained sexual trans-
mission, although the viral DNA levels were low; 
contamination during self-collection cannot be ruled 
out. We were unable to assess whether internal rec-
tal lesions were present. 

This case highlighted the distinctiveness of 
clinical manifestations as they indicated poten-
tial routes of transmission during the 2022 mul-
ticountry outbreak of monkeypox. This patient 
did not report recent sexual contact, did not have 
evidence of genital lesions or inguinal lymphade-
nopathy (3), and did not report a viral prodrome. 
His primary risk factor was close, nonsexual con-
tact with numerous unknown persons at a crowd-
ed outdoor event. His case highlights the poten-
tial for spread at such gatherings, which may 
have implications for epidemic control. The lack 
of both sexual exposure and anogenital involve-
ment indicates that mode of transmission may be 
associated with clinical symptoms; fomites (hotel 
bedding and sheets, high-touch areas in public 
settings) may be alternative modes of transmis-
sion. Overall, the viral inoculum required for all 
possible modes of transmission remains an area of  
active investigation.

This case also demonstrates the importance of 
local monkeypox virus testing, rather than central-
ized testing in public health or commercial refer-
ence laboratories. Local testing enabled diagnosis 
in <12 hours and immediate notification to local 
and state public health authorities for isolation and 
contact tracing. 
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Table. Monkeypox virus DNA levels in clinical specimens from a man with monkeypox. California, USA, 2022* 
Specimen type Days since symptom onset Viral copies/mL log10 copies/mL Ct value 
Lesion swab 7 65,647,690 7.82 12.7 
Nasopharyngeal swab 7 1,200 3.08 27.6 
Saliva 10 3,030 3.48 26.3 
Rectal swab 10 Detected, unable to quantitate NA 30.2 
Conjunctival swab 10 Detected, unable to quantitate NA 32.6 
Oropharyngeal swab 10 Not detected NA NA 
Semen 10 Not detected NA NA 
*The concentrations of the lesion, and self-collected rectal and conjunctival swab specimens are expressed in copies/mL phosphate-buffered saline 
(PBS). These samples, as well as the self-collected oropharyngeal swab, were collected dry and rehydrated with 1 mL PBS. The nasopharyngeal swab 
was healthcare worker–collected in 3 mL viral transport media. Cycle threshold values and estimated concentrations are based on the results from the 
non-variola orthopoxvirus quantitative PCR. All samples with values in copies/mL or reported as detected, unable to quantitate, were positive by both the 
non-variola orthopoxvirus qPCR and the clade 2/3 monkeypox qPCR. Ct, cycle threshold; NA, not applicable. 
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Global surveillance of monkeypox cases has re-
sulted in the detection of an increasing number 

of suspected cases in countries to which the disease 

is not endemic (1). We report the results of a viro-
logical investigation of 9 suspected cases of mon-
keypox from Argentina (n = 6) and Bolivia (n = 3) 
detected during May 22–June 8, 2022. The investi-
gation was conducted using World Health Organi-
zation case definitions (2).

We attempted laboratory diagnosis for all 9 cases 
by using classical and molecular methods such as 
electron microscopy (EM) and conventional ortho-
poxvirus PCR. We analyzed swab samples collected 
from the skin, genital lesions, or both for monkeypox 
screening. We performed negative staining electron 
microscopy using direct absorption for 10 minutes of 
a 10-μL sample volume on fomvar-coated 400 mesh 
grids. We performed staining with 1% phosphotung-
stic acid (3) and examined samples using a Zeiss EM-
109 transmission electron microscope.

We extracted viral nucleic acid by using the High 
Pure Viral RNA kit (Roche Molecular Biochemicals, 
https://www.roche.com) according to the manufac-
turer’s instructions. We performed end-point PCR 
amplification by using primers EACP1 and EACP2 
targeting the complete viral hemagglutinin gene, as 
done previously (4). We sequenced amplicon PCR 
fragments by using BigDye Terminator version 3.1 
reagent in an ABI3500 Genetic Analyzer automatic 
sequencer (both ThermoFisher Scientific, https://
www.thermofisher.com). We performed phyloge-
netic analysis by using the maximum-likelihood 
method and Tamuka 3-parameter model according 
to Modeltest using MEGA software (https://www.
megasoftware.net). We produced bootstraps using 
500 replicates. For differential diagnosis, we analyzed 
negative monkeypox virus (MPXV) samples by mo-
lecular methods for the detection of herpes simplex 
virus, varicella zoster virus, and enterovirus. We per-
formed molecular typing of enteroviruses as previ-
ously reported (5).

The images obtained by EM in cases 1–3, all from 
Argentina, showed the presence of viral particles 
compatible with a member of the genus Orthopoxvi-
rus (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/28/10/22-1075-App1.pdf). The phy-
logenetic analysis of the complete hemagglutinin 
genes for these viruses confirmed the identification 
of MPXV (West African clade) (Appendix Figure 2). 
Enterovirus was identified by PCR in 4 (66.7%) of the 
remaining 6 cases (2 from Argentina and 2 from Bo-
livia). Coxsackievirus A6 (CV-A6) was identified in 
3 of these 4 cases. CV-A6 is usually associated with 
atypical hand-foot-mouth syndrome. Finally, the 6 
samples analyzed were negative for herpes simplex 
virus and varicella zoster virus. In summary, of the 9 
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We report detection of cases of monkeypox virus infection 
in Argentina in the context of a marked increase in con-
founding cases of atypical hand-foot-and-mouth syndrome 
caused by enterovirus coxsackie A6. We recommend per-
forming an accurate differential virological diagnosis for 
exanthematous disease in suspected monkeypox cases.



cases from South America with exanthematic disease 
that fit the definition of suspected cases, 3 (33%) cases 
were confirmed for MPXV and 4 (44%) cases were dif-
ferentially diagnosed as CV-A6 infections.

We evaluated the clinical manifestations of all 9 cas-
es. In the 3 laboratory-confirmed cases of MPXV, clinical 
manifestations included pustular lesions of heteroge-
neous distribution in the body, multiple painful inter-
gluteal and perianal lesions, and genital ulcers (Table). 
All 3 patients reported multiple sexual partners during 
the previous few weeks, 2 during international travel to 
Spain and 1 with international travelers from countries 
reporting cases. No patients experienced lymphadenop-
athy. Patients 1 and 3 were hospitalized briefly for pain 
management related to their symptoms.

The remaining 6 patients who were negative for 
orthopoxvirus displayed vesicular lesions in vari-
ous stages on the palms, soles, and genital locations. 
Some reported travel from the Dominican Republic, 
Colombia, Paraguay, or Spain.

The epidemiologic information we collected on 
these monkeypox cases, together with genetic analy-
sis, confirm that they are directly related to outbreaks 

in several countries in Europe (6) and are not linked to 
previous introductions in the United States (7; C.M. Gi-
gante et al., unpub. data, https://www.biorxiv.org/con
tent/10.1101/2022.06.10.495526v1). Although 1 patient 
did not travel, he reported direct physical contact with 
persons who had traveled to countries with reported 
cases, revealing local community transmission.

Of note, South America is experiencing a marked 
increase in cases of atypical hand-foot-mouth syn-
drome caused by CV-A6 (8,9). Unlike the classic syn-
drome, this atypical variant also affects young adults 
and occurs in unusual regions of the body, including 
the genital areas, and could easily be confused with 
monkeypox. A wide case definition makes surveil-
lance easier, but it also emphasizes the need to per-
form precise differential virological diagnosis for ex-
anthematic disease in suspected cases.

In summary, we report 3 cases of monkeypox in 
patients in Argentina. Six additional patients in Ar-
gentina and Bolivia had monkeypox ruled out by 
differential diagnosis; 4 of those cases were atypical 
hand-foot-mouth syndrome caused by CV-A6. We 
recommend considering virological diagnosis of this 
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Table. Characteristics of suspected cases of monkeypox in Argentina and Bolivia* 

Patient 
no. 

Age, 
y/sex Clinical manifestations Country 

Travel 
history 

Hospital 
admission Background 

MPXV 
PCR 

EV 
PCR/EV 

type 
HSV 
PCR 

VZV 
PCR 

1 40/M Pustular lesions on the left 
shoulder, sternal, cervical, 

right scapula, left lower 
limb, multiple painful 

intergluteal and perianal 
lesions 

Argentina Spain Yes Multiple 
sexual 

partners, HIV+ 

+ ND ND ND 

2 40/M Genital ulcer Argentina Spain No Multiple 
sexual 

partners 

+ ND ND ND 

3 36/M Fever, headache, myalgia, 
back pain, maculopapular 

lesions and pustules 

Argentina No 
reported 

travel 

Yes Multiple 
sexual 

partners 

+ ND ND ND 

4 36/M Vesicular lesions on  
the palms, soles,  

and perineum 

Argentina Dominican 
Republic 

No 3-year-old son 
with blistering 
lesion on the 

perineum 

– – – – 

5 43/M Fever, maculopapular 
lesions and pustules 

Argentina Paraguay No No data – +/CV-A6 – – 

6 39/F Vesicular lesions  
on hand, mouth,  
and groin area 

Argentina Dominican 
Republic 

and 
Colombia 

No No data – +/CV-A6 – – 

7 53/F Exanthematous lesions of 
unspecified distribution, 

lymphadenopathy 

Bolivia No 
reported 

travel 

No No data – – – – 

8 22/F Exanthematous lesions of 
unspecified distribution, 

lymphadenopathy 

Bolivia Spain No No data – +/CV-A6 – – 

9 27/M Exanthematous lesions of 
unspecified distribution, 

lymphadenopathy 

Bolivia No 
reported 

travel 

No HIV+ – +/ND – – 

*CV-A6, coxsackievirus A6; EV, enterovirus; HSV, herpes simplex virus; MPXV, monkeypox virus; ND, not done; VZV, varicella zoster virus; +, positive; –, 
negative. 

 



disease in suspected cases of monkeypox. Clinicians 
should be aware of the possibility for misdiagnosis 
related to these viral infections.

This work was supported by the Ministry of Health of 
Argentina as part of the surveillance program for  
monkeypox virus.

About the Author
Dr. Lewis is head of the Electron Microscopy Laboratory 
in the Virology Department, INEI- ANLIS “Dr. Carlos G. 
Malbran.” His primary research focus is poxvirus virology 
and emerging virus surveillance.

References
  1.	 Bunge EM, Hoet B, Chen L, Lienert F, Weidenthaler H,  

Baer LR, et al. The changing epidemiology of human 
monkeypox—a potential threat? A systematic review. PLoS 
Negl Trop Dis. 2022;16:e0010141. https://doi.org/10.1371/
journal.pntd.0010141

  2.	 Argentina Ministry of Health. Data collection tabs for  
notification [in Spanish]. 2022 [cited 2022 Jun 22].  
https://www.argentina.gob.ar/salud/epidemiologia/fichas

  3.	 Laue M, Bannert N. Detection limit of negative staining 
electron microscopy for the diagnosis of bioterrorism-related 
micro-organisms. J Appl Microbiol. 2010;109:1159–68. 
https://doi.org/10.1111/j.1365-2672.2010.04737.x

  4.	 Ropp SL, Jin Q, Knight JC, Massung RF, Esposito JJ. PCR 
strategy for identification and differentiation of small pox 
and other orthopoxviruses. J Clin Microbiol. 1995;33:2069–76. 
https://doi.org/10.1128/jcm.33.8.2069-2076.1995

  5.	 Cisterna DM, Lema CL, Martinez LM, Verón E, Contarino 
LP, Acosta D, et al. Atypical hand, foot, and mouth disease 
caused by Coxsackievirus A6 in Argentina in 2015. Rev 
Argent Microbiol. 2019;51:140–3. https://doi.org/10.1016/ 
j.ram.2018.05.003

  6.	 Perez Duque M, Ribeiro S, Martins JV, Casaca P, Leite PP, 
Tavares M, et al. Ongoing monkeypox virus outbreak,  
Portugal, 29 April to 23 May 2022. Euro Surveill. 2022;27. 
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200424

  7.	 Antinori A, Mazzotta V, Vita S, Carletti F, Tacconi D,  
Lapini LE, et al.; INMI Monkeypox Group. Epidemiological, 
clinical and virological characteristics of four cases of mon-
keypox support transmission through sexual contact, 
Italy, May 2022. Euro Surveill. 2022;27. https://doi.org/ 
10.2807/1560-7917.ES.2022.27.22.2200421

  8.	 Lizasoain A, Piegas S, Victoria M, Da Silva EE, Colina R. 
Hand-foot-and-mouth disease in uruguay: coxsackievirus  
A6 identified as causative of an outbreak in a rural  
childcare center. J Med Virol. 2020;92:167–73. https://doi.org/ 
10.1002/jmv.25590

  9.	 Luchs A, Azevedo LS, Souza EV, Medeiros RS, Souza YFVP, 
Teixeira DLF, et al. Coxsackievirus A6 strains causing an  
outbreak of hand-foot-and-mouth disease in Northeastern 
Brazil in 2018. Rev Inst Med Trop São Paulo. 2022;64:e16. 
https://doi.org/10.1590/s1678-9946202264016

Address for correspondence: Daniel M. Cisterna, Instituto 
Nacional de Enfermedades Infecciosas, ANLIS, “Dr. Carlos G. 
Malbran,” Av. Velez Sarsfield 563 (1282AFF), Buenos Aires, 
Argentina; email: dcisterna@anlis.gob.ar

Renewed Risk for Epidemic 
Typhus Related to War  
and Massive Population  
Displacement, Ukraine

Paul N. Newton, Pierre-Edouard Fournier,  
Dennis Tappe, Allen L. Richards
Author affiliations: University of Oxford, Oxford, UK (P.N. Newton); 
Mahidol–Oxford Tropical Medicine Research Unit, Bangkok,  
Thailand (P.N. Newton), Institut Hospitalo-Universitaire  
Méditerranée Infection, Marseille, France (P.-E. Fournier), 
Bernhard-Nocht-Institut für Tropenmedizin, Hamburg, Germany 
(D. Tappe); Allen L. Richards Consulting, Damascus, Maryland, 
USA (A.L. Richards)

DOI: https://doi.org/10.3201/eid2810.220776

The war in Ukraine has produced devastation 
in the region unseen since World War II. Epi-

demic typhus, one of the diseases that ravaged Eu-
rope during that period and before, but nearly for-
gotten in 2022, risks returning because of war and 
massive population displacement. History suggests 
that planning is needed to prevent this disease from 
aggravating the current war-induced public health 
crisis. Epidemic typhus (also called louse-borne ty-
phus) is caused by Rickettsia prowazekii bacteria and 
is transmitted through the feces of body lice (Pedicu-
lus humanus corporis) that live in clothes. Before the 
advent of antibiotics, mortality rates from epidemic 
typhus reached 60%, especially in persons who were 
elderly and malnourished. The disease can be reac-
tivated, in the absence of lice, after many decades 
as Brill–Zinsser disease, which can lead rapidly to 
further epidemics if patients become infested with 
body lice (1).

Epidemic typhus is associated with war, poverty, 
homelessness, cold weather, crowding, unsanitary 
conditions, and refugee camps. The disease has gen-
erated very little recent public awareness; the most re-
cent regional outbreak reported in the public domain 
in English occurred in Russia in 1997 (2).

During World War II, Ukraine and adjacent 
countries were ravaged by epidemic typhus, es-
pecially the Jewish populations who were forced 
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Epidemic typhus, caused by Rickettsia prowazekii bacte-
ria and transmitted through body lice (Pediculus humanus 
corporis), was a major public health threat in Eastern Eu-
rope as a consequence of World War II. In 2022, war and 
the resulting population displacement in Ukraine risks the 
return of this serious disease.



into ghettos. The city of Lviv in western Ukraine 
was a center for typhus vaccine research, especially 
through the work of Fleck and Weigl (3). Ukraine 
now has an estimated 1.8 million persons >80 years 
of age (4), some of whom may have contracted R. 
prowazekii infection during the 1940s and are at risk 
for Brill–Zinsser disease. Body louse infestations 
among refugee and sheltering populations, living 
in overcrowded and unsanitary conditions because 
of war, may trigger epidemics of R. prowazekii infec-
tion. A further risk for these populations is infection 
with Bartonella quintana bacteria, the cause of trench 
fever, that is also transmitted by body lice.

The public health services of Ukraine and the 
Eastern Europe region face multiple threats. Does 
the current epidemic typhus risk warrant timely 
surveillance to curtail outbreaks? Public health 
organizations, including and organizations car-
ing for refugees, might consider sending body lice 
specimens collected from patients for R. prowazekii 
PCR testing (a list of laboratories that can perform 
this test is available from the authors) to give early 
warning of outbreaks. When body lice are detect-
ed, these organizations could consider community 
treatment, including delousing and the administra-
tion of ivermectin (1,5) and doxycycline, while as-
says are performed.

Because PCR testing and tetracycline drugs are 
now available, we can respond in such dire circum-
stances to prevent R. prowazekii outbreaks before they 
occur. Public health officials could institute a sys-
tem analogous to that for surveillance and control of 
plague and fleas. We now have the tools and treat-
ments that can make it possible to avert and mitigate 
epidemic typhus outbreaks.
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Border control, contact tracing, and adherence 
to nonpharmaceutical interventions enabled 

Taiwan to contain COVID-19 for >2 years (1). From 
the beginning of the pandemic in 2020 through 
March 31, 2022, Taiwan had just 16,224 domestic 
COVID-19 cases, an incidence of 0.07% for a pop-
ulation of 23.6 million (2). In this backdrop, we 
found no COVID-19 cases among healthcare work-
ers (HCWs) at Taipei Tzu Chi Hospital, Taipei, 
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Among previously uninfected healthcare workers in Tai-
wan, mRNA COVID-19 booster vaccine was associated 
with lower odds of COVID-19 after primary recombinant 
vaccine. Symptom-triggered testing revealed that tet-
ravalent influenza vaccine was associated with higher 
odds of SARS-CoV-2 infection. COVID-19 vaccination 
continues to be most effective against SARS-CoV-2.



Taiwan, through April 10, 2022, despite symptom 
monitoring and surveillance. 

Meanwhile, to overcome vaccine shortages and 
hesitancy among adults in Taiwan, homologous and 
heterologous regimens of the adenoviral vector vac-
cine ChAdOx1-S/nCoV-19 (AstraZeneca, https://
www.astrazeneca.com), the adjuvanted subunit pro-
tein vaccine MVC-COV1901 (Medigen, https://www.
medigenvac.com), and the mRNA vaccines mRNA-
1273 (Moderna, https://www.modernatx.com) and 
BNT162b2 (Pfizer-BioNTech, https://www.pfizer.
com) were used widely. All vaccines were given in a 
2-dose primary series and for a 1-dose booster, except 
for ChAdOx-S/nCoV-19 (3).

To evaluate effectiveness of COVID-19 booster 
vaccines and the 2021–22 tetravalent seasonal influ-
enza vaccine against COVID-19 during an Omicron 
variant–predominant surge, we conducted a retro-
spective study of HCW vaccination at Taipei Tzu Chi 
Hospital. We obtained an employee list with vacci-
nation data and COVID-19 surveillance reports from 

the hospital for April 10–June 10, 2022. During this 
period, the hospital tested HCWs in 2 groups: the 
routine testing group comprised emergency depart-
ment and COVID-19 ward staff who received regular, 
weekly testing; the symptom-triggered group com-
prised staff who were tested whenever symptoms de-
veloped or after a high-risk exposure. Nasopharyn-
geal swab samples were collected by professionals 
and tested for SARS-CoV-2 by reverse transcription 
PCR (RT-PCR) using a previously described RT-PCR 
protocol (4) or by Panbio rapid antigen test (Abbott, 
https://www.abbott.com). This study received ap-
proval from the Taipei Tzu Chi Hospital institutional 
review board with waiver for informed consent be-
cause the study used previously collected data (ap-
proval no. 11-X-106). 

We compared data by using 2-tailed χ2 and 
Kruskal-Wallis tests and considered p<0.05 statis-
tically significant. We used a multivariate logistic 
regression model to assess the relationship between 
SARS-CoV-2 infection during April 10–June 10, 
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Figure. Worker exclusion and testing in a study of the effectiveness of booster and influenza vaccines against COVID-19 among 
healthcare workers, Taipei Tzu Chi Hospital, Taipei, Taiwan. Employment, vaccination, and testing data for April 10–June 10, 2022, were 
provided by the hospital’s Human Resource Office and corroborated by the Occupational Safety and Health Administration Office and 
the hospital’s Center for Infection Control. Workers in the routine testing group were tested weekly by reverse transcription PCR or rapid 
antigen test; workers in the symptom-triggered testing group were tested if COVID-19 symptoms developed or after they were exposed 
to COVID-19 cases. HCW, healthcare worker.



2022, and age, sex, work sector, COVID-19 booster 
vaccine, and seasonal influenza vaccination. We 
performed all analyses in SPSS Statistics 25.0 (IBM, 
https://www.ibm.com).

The employment list included a total of 2,544 
HCWs; we excluded 348 (13.7%) staff who were out-
sourced, who were on extended leave, or who had 

resigned. Of the remaining 2,196 HCWs, 453 (20.6%) 
tested SARS-CoV-2 positive during the study period 
(Figure). COVID-19 incidence was highest (35.3%) 
among housekeeping staff and lowest (13.5%) 
among medical staff (Table). All COVID-19–positive 
HCWs experienced mild symptoms; none required 
intensive care. 
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Table. Characteristics of 2,196 healthcare workers tested for SARS-CoV-2 after receiving COVID-19 booster and influenza vaccines, 
Taipei Tzu Chi Hospital, Taipei, Taiwan* 

Characteristics 

Regular testing, n = 343† 

 

Symptom-triggered testing, n = 1,853 
Positive, 
no. (%) 

Negative, 
no. (%) p value OR (95% CI) 

Positive, 
no. (%)  

Negative or no 
symptom, no. (%) p value OR (95% CI) 

Total 93 (100) 250 (100) NA NA  360 (100) 1,493 (100) NA NA 
Sex   0.051     0.084  
 F 67 (72.0) 205 (82.0) NA 1.4 (0.7–3.1)  278 (77.2) 1,085 (72.7) NA 1.0 (0.7–1.4) 
 M 26 (28.0) 45 (18.0) NA Referent  82 (22.8) 408 (27.3) NA Referent 
Age range, y   0.377     0.345  
 71–80 1 (1.1) 0 NA NA  1 (0.3) 8 (0.5) NA 0.7 (0.1–6.0) 
 61–70 1 (1.1) 4 (1.6) NA 0.7 (0.1–6.6)  6 (1.7) 55 (3.7) NA 0.5 (0.2–1.3) 
 51–60 3 (3.2) 18 (7.2) NA 0.5 (0.1–2.0)  33 (9.2) 160 (10.7) NA 0.9 (0.6–1.3) 
 41–50 15 (16.1) 39 (15.6) NA 0.9 (0.4–1.9)  93 (25.8) 362 (24.2) NA 1.0 (0.7–1.4) 
 31–40 29 (31.2) 63 (25.2) NA 1.1 (0.6–2.1)  92 (25.6) 391 (26.2) NA 1.0 (0.7–1.3) 
 21–30 44 (47.3) 126 (50.4) NA Referent  135 (37.5) 517 (34.6) NA Referent 
Work sector   <0.001     <0.001  
 Nursing 52 (55.9) 175 (70.0) NA 0.1 (0.1–0.4)  170 (47.2) 641 (42.9) NA 0.9 (0.6–1.2) 
 Medical 15 (11.3) 37 (14.8) NA 0.2 (0.1–0.5)  39 (10.8) 309 (20.7) NA 0.5 (0.3–0.8) 
 Technical 6 (6.5) 9 (3.6) NA 0.3 (0.1–1.1)  43 (11.9) 197 (13.2) NA 0.8 (0.5–1.2) 
 Laboratory, pharmacy 3 (3.2) 20 (8.0) NA 0.1 (0.0–0.3)  32 (8.9) 100 (6.7) NA 1.1 (0.7–1.8) 
 Housekeeping 0 2 (0.8) NA NA  6 (1.7) 9 (0.6) NA 2.8 (0.9–8.6) 
 Administration 17 (18.3) 7 (2.8) NA Referent  70 (19.4) 237 (15.9) NA Referent 
No. COVID-19 vaccine doses  0.065     <0.001  
 3 88 (94.6) 246 (98.4) NA 0.2 (0.0–0.8)  319 (88.6) 1,416 (94.8) NA 0.4 (0.2–0.6) 
 2 5 (5.4) 4 (1.6) NA Referent  38 (10.6) 73 (4.9) NA Referent 
 1 0 0 NA NA  0 0 NA NA 
 0 0 0 NA NA  3 (0.8) 4 (0.3) NA NA 
COVID-19 primary series‡  0.442     0.348  
 Viral vector + viral 
    vector 

70 (75.3) 193 (77.2) NA NA  270 (75.0) 1,091 (73.1) NA NA 

 Viral vector + mRNA 7 (7.5) 27 (10.8) NA NA  45 (12.5) 189 (12.7) NA NA 
 mRNA + mRNA 15 (16.1) 30 (12.0) NA NA  41 (11.4) 206 (13.8) NA NA 
 Protein subunit +  
    protein subunit 

0 0 NA NA  0 2 (0.1) NA NA 

COVID-19 booster§   1.00     0.145  
 mRNA 86 (92.5) 243 (97.2) NA NA  317 (88.1) 1,387 (92.9) NA NA 
 Protein subunit 0 2 (0.8) NA NA  2 (0.5) 27 (1.8) NA NA 
Booster vaccine date¶  0.111     <0.001  
 December 2021 23 (24.7) 68 (27.2) NA NA  70 (19.4) 319 (21.4) NA NA 
 January 2022 55 (59.1) 164 (65.6) NA NA  219 (60.8) 999 (66.9) NA NA 
 February 2022 4 (4.3) 4 (1.6) NA NA  17 (4.7) 35 (2.3) NA NA 
 March 2022 3 (3.2) 7 (2.8) NA NA  5 (1.4) 32 (2.1) NA NA 
 April 2022 0 3 (1.2) NA NA  6 (1.7) 24 (1.6) NA NA 
 May 2022 1 (1.1) 0 NA NA  0 4 (0.3) NA NA 
Tetravalent influenza vaccine, 2021–22 season 0.297     0.016  
 Vaccinated 68 (73.1) 167 (66.8) NA 1.5 (0.8–2.7)  265 (73.6) 1,001 (67.0) NA 1.5 (1.1–2.0) 
 Not vaccinated 25 (26.9) 83 (33.2) NA Referent  95 (26.4) 492 (33.0) NA Referent 
*p values calculated by using χ2 test; OR and 95% CI calculated by using multinomial logistic regression. NA, not applicable; OR, odds ratio. 
†For age 71–80 y and housekeepers of the regularly tested subgroup, estimates were not shown because the groups were too small. 
‡Excluding 7 unvaccinated workers and 3 workers who did not report vaccine type. Data available for a total of 2,186 healthcare workers; regular testing 
subgroup included 92 positive cases and 250 negative cases; symptom-triggered testing subgroup included 356 positive cases and 1,488 negative cases; 
thus, percentages do not add up to 100%. 
§Excluding 7 unvaccinated workers, 120 workers who did not receive a booster vaccine, and 5 workers who did not report booster vaccine type. Data 
available for a total of 2,064 healthcare workers; regular testing subgroup included 86 positive cases and 245 negative cases; symptom-triggered testing 
subgroup included 319 positive cases and 1,414 negative cases; thus, percentages do not add up to 100%. 
¶Excluding 7 unvaccinated workers, 120 workers who did not receive a booster vaccine, and 7 workers who did not report month of booster vaccine. Data 
available for a total of 2,062 healthcare workers; regular testing subgroup included 86 positive cases and 246 negative cases; symptom-triggered testing 
subgroup included 317 positive cases and 1,413 negative cases; thus, percentages do not add up to 100%. 

 



COVID-19 vaccine uptake was 99.7% for primary 
series and 94.5% for booster doses; booster uptake 
was highest (94.9%) among technicians and lowest 
(92.7%) among administrators. Influenza vaccine up-
take was 68.4%, highest (74.3%) among nurses and 
lowest (52.9%) among housekeeping staff. 

Compared with HCWs who had symptom-trig-
gered testing, regularly tested HCWs were younger 
(median age 31.0 years, interquartile range [IQR] 
26.0–40.0 years, vs. 36.0 years, IQR 28.0–45.5 years; 
p<0.001). Regularly tested HCWs also were more 
likely to be female (79.3% vs. 73.6%; p = 0.026), have 
had received booster vaccination (97.4% vs. 93.7%; p = 
0.005), and have tested COVID-19–positive (27.1% vs. 
19.4%; p = 0.002). Influenza vaccine uptake and types 
of primary and booster regimens were not greatly dif-
ferent for either subgroup (Table).

Regression analyses identified receiving booster 
vaccination and being medical staff were also asso-
ciated with lower odds of COVID-19 for both test-
ing subgroups. Tetravalent influenza vaccination 
was associated with higher odds of COVID-19, al-
though we observed statistically significant results 
only for HCWs who underwent symptom-triggered 
testing (Table).

Effectiveness of primary ChAdOx-S/nCoV-19 
series coupled with mRNA booster is limited be-
cause some countries suspended use of ChAdOx-S/
nCoV-19 because of thromboembolic concerns (5,6). 
However, our study provides real-world insights 
into effectiveness of mRNA booster after primary 
homologous and heterologous ChAdOx-s/nCoV-19 
regimens. Our results showed a booster dose was as-
sociated with much lower odds of COVID-19 among 
HCWs in both the routine and symptom-triggered 
testing subgroups compared with HCWs having no 
booster. These findings are similar to observations of 
fewer COVID-19 infections among BNT162b2-boost-
ed HCWs (7) and observed effectiveness of mRNA-
1273 (47.3%) and BNT162b2 (49.4%) boosters against 
symptomatic Omicron infection (8).

A meta-analysis suggested reduced COVID-19 
susceptibility with influenza vaccination for the gen-
eral population but not HCWs (9). However, we ob-
served a statistically significant increase in odds for 
COVID-19 among HCWs in the symptom-triggered 
testing group but not the routine testing group 
(p<0.001). The effect of influenza vaccines against 
COVID-19 among HCWs remains to be elucidated.

Study limitations include lack of universal test-
ing and use of self-reported symptoms, which might 
have missed some cases. Also, vaccinated HCWs can 
be asymptomatically infected (10); hence, COVID-19  

infections might be underreported in our study. Cau-
sality could not be inferred due to the study’s obser-
vational nature. We also did not account for individu-
al behaviors and household exposures. Nevertheless, 
our study highlights the benefits of booster COVID-19 
vaccination and its effectiveness against SARS-CoV-2 
among HCWs.
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Worldwide, inactivated vaccines are most widely 
used to prevent SARS-CoV-2 infection and se-

vere COVID-19 disease (1). Vaccination effectiveness 
is of particular importance for protecting persons at 
increased risk for severe diseases, notably immuno-
compromised patients, including persons living with 
HIV (PLHIV). As recently reported in a prospective 
study in Brazil (2), immunogenicity of inactivated 
vaccine is lower in PLHIV than in healthy adults. This 
lower protection is a cause for concern, especially in 
populations with high burden of HIV/AIDS and  
COVID-19. In Hong Kong, both inactivated and 
mRNA vaccines are available free for all eligible 
healthy and immunocompromised citizens. Immu-
nocompromised persons have been prioritized for re-
ceiving a third, booster, dose, 3 months after comple-
tion of a 2-dose series of any COVID-19 vaccine. In a 
real-world study conducted prospectively on PLHIV 
in Hong Kong, we measured vaccine immunogenic-
ity by the surrogate virus neutralization test (sVNT) 
to compare the responses after completion of 2 versus 
3 doses of CoronaVac (Sinovac, https://www.sino-
vac.com), the same inactivated vaccine used in the 
Brazil study (2). Based on antibody-mediated block-
age of ACE2-spike receptor binding domain (RBD) 
interaction, the sVNT results were used to assess the 
amplitude of neutralizing antibody responses against 
SARS-CoV-2 (3,4).

During April 2021–March 2022, a total of 122 
PLHIV who had received CoronaVac were enrolled 
at 2 major HIV specialist clinics providing compre-
hensive HIV care, including antiretroviral therapy, 
in Hong Kong. Participants provided informed 
consent. We measured sVNT after completion of 2 
or 3 doses of CoronaVac, in addition to transcrib-
ing demographic and clinical data collected during 
routine clinical follow-up appointments (Appendix, 
https://wwwnc.cdc.gov/EID/article/28/10/22-
0691-App1.pdf). The median age of recruited PLHIV 
was 49 (IQR 40–56.5) years of age; most (86%) were 
male, all were receiving antiretroviral therapy, and 
the median latest CD4 count was 564.5/μL (IQR 
394–733/μL) (Appendix Table 1). We included in the 
analyses a total of 132 sVNT measurements made 
within 90 days (median 48 days, IQR 24–70 days) of 
the second and within 90 days (median 33 days, IQR 
28–53 days) of the third dose. We expressed results 
as percentage inhibition, using a cutoff of 30% for 
positive neutralizing response. 

The median sVNT level was 37% (IQR 24%–53%); 
64% of participants tested positive (sVNT >30%) after 
the second dose. After the third dose, the median sVNT 
rose to 89% (IQR 58%–95%; Mann-Whitney U = 648.5; 
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In a cohort of persons living with HIV in Hong Kong, sur-
rogate virus neutralization testing for COVID-19 yielded a 
median level of 89% after the third dose of an inactivated 
COVID-19 vaccine, compared with 37% after the second 
dose. These results support using a 3-dose primary series 
for enhanced immune protection.



p<0.001), paralleling a significantly higher percentage 
with sVNT positivity (91%; OR 5.67, 95% CI 1.86–17.33) 
(Figure). In multivariable linear regression, third-dose 
vaccination (B  =  33.61; p<0.001), days past respec-
tive dose (B = −0.17; p = 0.047), and latest CD4 count 
(B = 0.02; p = 0.02) were significant factors associated 
with high sVNT, whereas viral load suppression (<200/
mL) and age were not significant (Appendix Table 2).

Our immunogenicity results on the completion of 
a 2-dose schedule of CoronaVac in PLHIV were re-
markably similar to those reported in Brazil (2). After 
2 doses of CoronaVac, 28 PLHIV in Hong Kong had 
a median sVNT of 48% (IQR 30%–58%) after 27–55 
days, compared with median sVNT of 46.2% (IQR 
26.9%–69.7%) in Brazil after 41 days. The correspond-
ing proportion of PLHIV with sVNT positivity (>30%) 
was 79% after 27–55 days in our study and 71% after 
41 days in the Brazil study. 

Although effectiveness of inactivated COV-
ID-19 vaccines has previously been shown in PL-
HIV (5), their moderate efficacy and waning immu-
nogenicity after a standard 2-dose schedule pose 
challenges in developing vaccination strategy (1). 
Recent studies have demonstrated effectiveness 
and safety of 3 doses of inactivated COVID-19 vac-
cine in healthy adults (6). In this study, we have 
shown a stronger sVNT response after the third 
dose than the second dose, as has been reported for 
inactivated vaccines in healthy adults, including 
elderly persons (6,7). Our results provide data sup-
port for the effectiveness of a 3-dose primary series 

of inactivated COVID-19 vaccine for all vaccinees, 
including PLHIV and immunocompromised hosts.

The anticipated suboptimal clinical outcome 
for PLHIV after COVID-19 has been shown in 
population-level studies (8) that called for priori-
tizing PLHIV for vaccination. With a high propor-
tion of the global population receiving inactivated 
COVID-19 vaccines, we note a need to strategically 
adjust the regimen to attain a sustained and en-
hanced response in PLHIV. Routine administration 
of a 3-dose primary series of inactivated vaccines 
is a possible approach for reducing virus transmis-
sion and associated severe disease in healthy adults 
and PLHIV alike, as highlighted in guidance from 
the World Health Organization Strategic Advisory 
Group of Experts on Immunization (https://www.
who.int/publications/i/item/WHO-2019-nCoV-
vaccines-SAGE_recommendation-Sinovac-Coro-
naVac-2021.1) and the Centers for Disease Control 
and Prevention (https://www.cdc.gov/hiv/basics/
covid-19.html). Recent studies have shown that the 
effectiveness of current COVID-19 vaccines against 
new variants, such as Omicron, could be reduced; 
immunogenicity was lower after 2 doses of inacti-
vated vaccines than of mRNA vaccines (9). Further 
research is needed as the COVID-19 pandemic con-
tinues to evolve; in particular, the ongoing Ubuntu 
trial (https://www.coronaviruspreventionnetwork.
org) may provide evidence for enhancing vaccina-
tion strategy for PLHIV amid the emergence of  
new variants.
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Figure. Distribution of sVNT 
by month after second and 
third doses of CoronaVac 
vaccine (Sinovac, https://www.
sinovac.com) among persons 
living with HIV, Hong Kong. 
Horizontal lines inside boxes 
indicate medians, box tops 
and bottoms indicate 25th and 
75th percentiles, and error bars 
indicate high and low values 
excluding outliers. Blue asterisk 
and red dots indicate outliers. 
Gray line indicates cutoff of 
30% for positive neutralizing 
response. sVNT, surrogate virus 
neutralization test.
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Rickettsia spp. are small, obligately intracellular, 
gram-negative bacilli. The genus includes the 

spotted fever group rickettsiae (SFGR) and typhus 
group rickettsiae (TGR). SFGR and TGR are un-
derrecognized causes of acute febrile illness (AFI) 
worldwide, particularly in the tropics, because clin-
ical manifestations of rickettsial infections are of-
ten indistinguishable from those of other endemic 
infections (1). Recent studies have suggested that 
SFGR profiles in Brazil might be shifting toward 
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We conducted enhanced acute febrile illness surveil-
lance in an urban slum community in Salvador, Brazil. 
We found that rickettsial infection accounted for 3.5% 
of urgent care visits for acute fever. Our results sug-
gest that rickettsiae might be an underrecognized, treat-
able cause of acute febrile illness in impoverished urban 
populations in Brazil.



an increasing number of cases in urban areas (2). 
However, knowledge of whether rickettsiae cause 
AFI in urban settings is limited, especially in infor-
mal settlements where social determinants and the 
presence of potential vectors and reservoirs might 
favor transmission. Rickettsiae-mediated AFI has 
considerable public health and therapeutic impli-
cations because prompt administration of targeted 
antimicrobial therapy can reduce illness and death 
associated with rickettsioses (3).

To evaluate whether rickettsial infections might 
be a potential cause of AFI in an urban slum setting, 
we performed enhanced surveillance from April 1, 
2009, through October 31, 2012, in a public sector ur-
gent care facility that served a community of ≈55,000 
inhabitants in Salvador, Brazil (4). We identified and 
enrolled eligible outpatients who were >5 years of 
age and had a measured (>37.8°C) or reported fever 
of <21 days duration. We collected blood samples 
during the acute phase at the time of enrollment 
and during the convalescent phase >15 days later. 
We screened serum samples at an initial dilution of 
1:64 using a rickettsial immunofluorescence assay in 
which the Rickettsia rickettsii Sheila Smith strain was 
used to determine SFGR IgG reactivity, and R. typhi 
Wilmington strain was used to determine TGR IgG 
reactivity. Laboratory-confirmed rickettsial infections 
were defined as seroconversion (negative acute-phase 
titer and convalescent-phase titer of >128) or a 4-fold 
increase in titer between acute- and convalescent-
phase samples. We detected dengue viral infections 
using DENV reverse transcription PCR, Panbio Den-
gue Early ELISA (NS1 antigen-capture), and Bioline 
Dengue IgM-capture ELISA (Abbott Laboratories, 
https://www.abbott.com) (5,6) and leptospirosis us-
ing the microscopic agglutination test (7). The study 
was approved by the Oswaldo Cruz Foundation 

Committee on Ethics in Research, Brazilian National 
Council for Ethics in Research, and Yale University 
Institutional Review Board.

Among 5,035 enrolled patients with AFI, 1,016 
(20.2%, 95% CI 19.1%–21.3%) had confirmed dengue 
and 137 (2.7%, 95% CI 2.3%–3.2%) had confirmed 
leptospirosis. Among the 3,882 patients who did not 
have dengue or leptospirosis, 1,016 (26.2%) did not 
fulfill criteria for an influenza-like illness (tempera-
ture >37.8°C, reported fever and cough, or sore throat 
for <7 days), and these patients provided acute- and 
convalescent-phase serum samples. We used a ran-
dom number generator to select 200 patients from the 
1,016 participants whose samples were evaluated in 
the rickettsial immunofluorescence assay. Of those 
200 patients, we identified 6 (3.0%, 95% CI 1.4%–6.4%) 
patients who had SFGR-positive serum samples and 
1 (0.5%, 95% CI 0.0%–2.8%) patient who had a TGR-
positive serum sample (Table).

Patients who had SFGR- and TGR-positive sam-
ples were 6–42 years of age, and 5 of the 7 patients 
were women. All 7 patients had measured (>37.8°C) 
or reported fever, 6 of 7 patients reported headaches, 
and 5 of 7 patients reported myalgia. Patients did 
not report a rash (Table). The 7 patients attended 
the urgent care facility 1–10 days after the onset of 
symptoms and had mild self-limiting illnesses. Those 
patients did not receive antimicrobial therapy or re-
quire hospitalization; symptoms resolved within 30 
days of onset.

Identifying rickettsial infections among patients 
attending an urgent care facility in an urban center in 
Brazil is noteworthy because rickettsiae have not pre-
viously been described as a substantial cause of AFI 
in urban populations in this country. Of note, the im-
munofluorescence assay used is unable to differenti-
ate among Rickettsia spp. R. rickettsii is a well-described 
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Table. Clinical characteristics of 7 patients and IFA serum titers for SFGR or TGR IgG reactivity in study of rickettsial infections 
causing acute febrile illness in urban slums, Brazil* 

Patient no. Age, y/sex Symptoms 
Duration of 
illness, d† Antigen (group) 

IFA titers 
Acute phase‡ Convalescent phase§ 

1 10/F Fever, headache, myalgia 6 R. rickettsii (SFGR) 0 256 
2 21/F Fever, headache, myalgia 1 R. rickettsii (SFGR) 0 256 
3 42/F Fever, headache, myalgia, 

lethargy, diarrhea 
3 R. rickettsii (SFGR) 0 256 

4 6/M Fever, headache, myalgia, 
lethargy, vomiting, diarrhea 

10 R. rickettsii (SFGR) 0 128 

5 8/F Fever, headache, myalgia, 
fatigue, vomiting, diarrhea 

6 R. rickettsii (SFGR) 0 256 

6 12/M Fever, headache 1 R. rickettsii (SFGR) 128 512 
7 6/F Fever, lethargy, diarrhea 5 R. typhi (TGR) 0 256 
*Rickettsia rickettsii Sheila Smith strain was used to determine SFGR IgG reactivity and R. typhi Wilmington strain was used to determine TGR IgG 
reactivity. IFA, immunofluorescence assay; SFGR, spotted fever group rickettsiae; TGR, typhus group rickettsiae. 
†Number of days of illness before attending urgent care facility in Salvador, Brazil. 
‡Acute-phase serum samples were obtained at the time of enrollment when the patient arrived initially at the urgent care facility. 
§Convalescent-phase serum samples were obtained >15 d after enrollment in the study. 

 



cause of spotted fever in Brazil in rural settings, and R. 
parkeri is an emerging cause of infection (8–10). Antibod-
ies that are cross-reactive with R. rickettsii can be stimu-
lated by R. parkeri, R. akari, and other SFGR. R. typhi has 
been rarely reported as a cause of AFI in urban settings. 
Other rickettsial species identified in Brazil are R. felis, 
R. rhipicephali, R. bellii, R. amblyommatis, R. andeanae, and 
R. monteiroi, although their pathogenicity is unclear (10).

Although all causative rickettsial species, potential 
vectors, and reservoirs have yet to be identified, this 
study suggests that rickettsiae might be a cause of AFI 
in urban slum settings in Brazil. A limitation of this 
study is that it was performed in a single urban center; 
further studies will be needed to confirm the generaliz-
ability of these findings. However, these findings raise 
clinical awareness for rickettsiae as a potential cause 
of AFI in urban slum populations in the tropics and 
the possible need for empiric antimicrobial therapy in 
suspected cases, especially because diagnostic testing 
is often lacking in these urban environments.
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One study found SARS-CoV-2 seroprevalence to 
be higher among healthcare workers (HCWs) 

with patient contact than among those without (1), 
but another study found that HCWs were less like-
ly to acquire SARS-CoV-2 from patients than from 
coworkers or someone outside the hospital (2). We 
investigated a COVID-19 outbreak in a 26-bed hos-
pital ward with 50 HCWs in Switzerland during 
October–November 2020, the peak of the second 
COVID-19 wave. During the 43-day outbreak peri-
od, transmission chains could not be reconstructed 
epidemiologically or phylogenetically. Instead, we 
used statistical modeling to assess and compare pa-
tients and coworkers as potential sources for CO-
VID-19 among HCWs. 

At all times, HCWs were to observe universal 
masking and social distancing protocols and regularly 
disinfect mutually used surfaces. HCWs also were to 
observe standard precaution measures (SPMs) for all 
patient contacts: wearing surgical masks at all times, 
eyewear when approaching a patient, and FFP2 (fil-
tering facepiece) respirator masks during aerosol-
generating procedures or prolonged contact with a 
patient with respiratory symptoms. For contact with 
patients with confirmed COVID-19, HCWs were to 
observe isolation precaution measures (IPMs), which, 
in addition to SPMs, meant wearing single-use gowns 
and disposing of personal protective equipment im-
mediately after use. All patients were to wear masks 
when leaving bed and, starting in November 2020, 
when in contact with HCWs.

We assessed 3 possible risk factors as routes of 
exposure for HCWs: caring for contagious patients, 
stratified by whether using IPM or SPM when in con-
tact with contagious patients, and working shifts dur-
ing the contagious period of coworkers later found 
to have COVID-19. We defined the contagious period 
of a person with COVID-19 as the 48 hours before  

symptom onset, or a positive test if asymptomatic, 
until at least 14 days after sign/symptom onset or 2 
days after signs/symptoms ended, whichever was 
later. HCWs were tested if symptomatic or during a 
staff screening on day 31 of the outbreak. 

We assumed that transmission occurred 2–10 days 
before symptom onset or a positive test and calculated 
exposure risk scores for a given day and contact type. 
Exposure risk scores per contact type equaled mean 
numbers of patient contacts when using IPM, patient 
contacts when using SPM, and contacts with conta-
gious HCWs per day (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/28/10/22-0266-App1.
pdf). We included all HCW workdays during the 
outbreak except days worked after HCWs recovered 
from COVID-19. To calculate hazard ratios, we used 
time-updated univariable and multivariable Cox pro-
portional-hazards models with time to COVID-19 as 
the outcome and exposure risk scores as predictors. 
We also performed a sensitivity analysis for presence 
or absence on the ward. 

Because our analyses were part of an outbreak 
investigation, the Zurich Cantonal Ethics Commis-
sion waived formal ethical evaluation (Req 2021–
00098). The 12 COVID-positive patients in the hos-
pital ward were also part of a 1,118-patient study 
about nosocomial COVID-19 incidence in a tertiary 
care center (3). 

We found that 18/50 (38%) HCWs had COVID-19 
during the study period. For the 12 patients with CO-
VID-19 on the ward, IPM were used for 11, SPM were 
used for 7 of those patients until diagnosis was made; 
1 patient was diagnosed only after being discharged 
(Table). Univariable and multivariable models indi-
cated that COVID-19 infection among HCWs work-
ing on the ward was associated with shifts worked 
with coworkers subsequently found to be ill (Figure), 
supporting results of other studies (4–6). 

Our results suggested no strong association be-
tween COVID-19 in HCWs and using IPM during 
patient contact. Sufficiently available personal protec-
tive equipment, intensive training, and routine safety 
practices in handling COVID-19 patients may explain 
this finding. Caring for COVID-19 patients when us-
ing SPM was associated with SARS-CoV-2 infection, 
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We assessed the risk for different exposures to SARS-
CoV-2 during a COVID-19 outbreak among healthcare 
workers on a hospital ward in late 2020. We found work-
ing with isolated COVID-19 patients did not increase the 
risk of COVID-19 among workers, but working shifts with 
presymptomatic healthcare coworkers did. 

 
Table. Number of different exposures to SARS-CoV-2 for total HCW population, HCW who tested positive, and HCW who tested 
negative during outbreak in hospital ward, Switzerland, October–November 2020* 

Type of contact 
No. (%) HCWs 

All SARS-CoV-2–positive SARS-CoV-2–negative 
All contacts 50 (100) 18 (36) 32 (64) 
Shifts with patient contact using SPM  69 (13.9) 24 (20.2) 45 (11.9) 
Shifts with patient contact using IPM  143 (28.8) 31 (26.1) 112 (29.7) 
Shifts with HCW contact  284 (57.3) 64 (53.8) 220 (58.4) 
*IPM, isolation precaution measure; SPM, standard precaution measure; HCW, healthcare worker. 

 



although only in the univariable model, pointing to a 
potential risk (7). However, we could only speculate 
whether our finding of increased risk resulted from 
the concept of SPM or as it was implemented. IPM 
might add extra layers of safety not only through its 
added protective elements but also by sensitizing 
HCWs to the heightened need to take precautionary 
measures; further investigation is needed. Ward con-
tact, accounting for social work interactions includ-
ing but not limited to those previously mentioned, 
showed increased SARS-CoV-2 transmission risk 
(Appendix Figure 2). HCWs were to wear masks, 
keep distance, and disinfect mutually used surfaces, 
but we assume full compliance at all times is unlike-
ly. Also, social contact among peers before and after 
work, which might favor SARS-CoV-2 transmission, 
was unknown.  

Two study limitations were small sample size 
and lack of data from exposures outside the hospi-
tal. However, applied statistical methods enabled us 
to investigate and identify transmission risks. Like 
others (8), we are confident that these findings pro-
vide critical information for design and adjustment of 
SPM and IPM during the COVID-19 pandemic. In ad-
dition, applying our methods to larger, nonoutbreak 
settings might be worthwhile. More detailed weight-
ing of specific risks taking into account distribution of 
incubation time (9) might improve estimates of trans-
mission risk in larger studies. 

In conclusion, we provide additional evidence for 
SARS-CoV-2 infection risk for HCWs in contact with 
contagious coworkers and patients using SPM. Our 
findings highlight the importance of choosing protec-
tive equipment wisely and strictly adhering to safety 
protocols, including SPM. 
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Sindbis virus (SINV) is a mosquitoborne virus that 
belongs to the Togaviridae family; SINV is consid-

ered an arthritogenic alphavirus, which is known to 
cause self-limiting acute febrile illness (AFI) in Africa, 

Australia, Asia, and Europe and occasional debilitat-
ing arthritis that can persist for years after infection 
(1). Outbreaks are associated with heavy rainfall and 
temperature changes that favor mosquito breeding. 
Associations between SINV infection and acute or 
chronic arthralgia and myalgia have been described 
in Finland and Sweden (2,3). The extent of chronic 
debilitating disease caused by SINV in South Africa 
remains largely unknown.

SINV was identified as a cause of human disease 
in South Africa in 1963, and subsequent studies con-
firmed that the virus was present in mosquito popu-
lations in the central plateau region, which includes 
Free State Province (4). We investigated the seropreva-
lence of SINV in selected human populations of Free 
State Province. We used an in-house ELISA to detect 
SINV-specific IgG in serum and confirmed positive 
serum samples using neutralization assays (Appen-
dix, https://wwwnc.cdc.gov/EID/article/28/10/21-
1798-App1.pdf). We screened a total of 568 stored 
serum samples retrospectively and anonymously. All 
available stored samples were tested and included 165 
serum specimens submitted to the Division of Virol-
ogy, National Health Laboratory Service, for routine 
clinical pathology tests from patients who attended 
the rheumatology clinic at the Universitas Hospital, 
Bloemfontein, South Africa, during 2013–2017 and 267 
serum samples submitted to the National Health Lab-
oratory Service during 2008–2010 from patients with 
AFI and no confirmed diagnosis. No clinical data were 
available; however, most attendees at the rheumatol-
ogy clinic had chronic arthritis. We also included 136 
serum samples from healthy volunteers that were col-
lected during 2016–2017 for seroepidemiology studies 
of Crimean-Congo hemorrhagic fever virus and other 
vectorborne diseases. 

We confirmed 11 serum samples were negative for 
SINV antibodies using a commercial immunofluores-
cence assay (EuroImmun, https://www.euroimmun.
com); these samples were used to determine ELISA 
cutoff values. Positive control serum was obtained 
from 1 patient who had a laboratory-confirmed SINV 
infection. We obtained institutional ethics approval for 
this study from the Health Sciences Research Ethics 
Committee, University of the Free State (HSREC ap-
proval no. 95/2016C), and informed consent was avail-
able for samples collected for the seroepidemiology 
study (HSREC approval no. 34/2016), negative control 
serum panel (approval no. ETOVS 152/06), and posi-
tive control (approval no. ETOVS 118/06).

We determined optimal reagent dilutions for the 
ELISA using checkerboard titrations. We diluted se-
rum samples 1:100 and tested for reactions to SINV-
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We report a higher percentage of Sindbis virus-specific 
IgG in serum from patients attending a rheumatology clin-
ic (18.8%) compared with healthy residents (9.6%) and 
patients with acute febrile illness (9.4%) in Free State 
Province, South Africa. Sindbis virus infection should be 
considered a potential cause of arthritis in South Africa.



specific and mock antigens (Appendix). We detected 
reactions using horse radish peroxidase-conjugated 
antihuman IgG (1:8000) and 2,2′-azino-di-3-ethyl-
benzthiazoline-6-sulfonate (SeraCare Life Sciences, 
https://www.seracare.com). We measured optical 
density (OD) values at 405 nm and calculated net OD 
values by subtracting each sample OD obtained with 
mock antigen from the OD value obtained with SINV 
antigen. To normalize data, percent positivity (PP) for 
each sample was calculated as PP = (mean net sample 
OD ÷ mean net OD of the positive control) × 100.

We used the mean PP value +2 SD for 11 SINV-
negative serum samples derived from a total of 83 
replicates to determine the cutoff value between 
positive and negative samples (Appendix). We tested 
SINV antibody-positive serum samples for neutraliz-
ing antibodies using a 50% tissue culture infectious 
dose serum neutralization assay; samples were con-
sidered positive for neutralizing antibodies if the titer 
was >log10 1.0, equal to a serum dilution >1:10 (5).

We detected SINV antibodies in 31/165 (18.8%) 
serum samples from patients who attended the rheu-
matology clinic, 13/136 (9.6%) samples from residents 
of SINV-endemic regions (high risk), and 25/267 
(9.4%) samples from patients with AFI but no diagno-
sis (Table). Of the total number of SINV-positive sam-
ples, ≈45% of the samples were from patients who at-
tended the rheumatology clinic (Table). We detected 
neutralizing antibodies with endpoint titers ranging 
from 1:20 to >1:640 in 65 of 69 SINV antibody-positive 
serum samples; 4 samples showed discordant results.

SINV seroprevalence in South Africa for 2006–
2009 was 5.4% and increased to 12% after heavy 
rainfalls in 2010 (6). A 9.4%–9.6% seroprevalence in 
persons at high risk and for febrile patients is within 
an expected range, considering that the samples were 
collected over a 10-year period during which sub-
stantial rainfall in Free State Province was associated 
with arbovirus outbreaks (7,8). Rheumatology clinic 
attendees had the highest percentage (18.8%) of sam-
ples with SINV-specific IgG, compared with 9.4% for 
residents from SINV-endemic regions and 9.6% for 
patients with AFI. However, limitations exist when 

comparing cohorts collected at different time points, 
and undetected outbreaks might have been respon-
sible for higher seroprevalence among the rheumatol-
ogy clinic patients. Prospective studies in national ter-
tiary or specialist healthcare clinics should elucidate 
the contribution of viral infections to chronic arthritis. 
Our results suggest that associations between SINV 
infections and arthritis have been underreported in 
South Africa, and SINV infection should be consid-
ered a potential cause of arthritis in this country. 
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Table. Sindbis virus–specific IgG and neutralizing antibodies in patient serum samples in study of Sindbis virus antibody 
seroprevalence in central plateau populations, South Africa* 

Patient group 
Collection 
period, y 

Patient samples 
No. IgG+/no. tested 

per group (%) 
% IgG+ of total 

tested 
No. IgG+/total 

IgG+ (%) 
No. NA+/no. 
IgG+ tested 

Patients attending rheumatology clinic 2013–2017 31/165 (18.8) 5.5 31/69 (44.9) 29/31 
High-risk populations† 2016–2017 13/136 (9.6) 2.3 13/69 (18.8) 13/13 
Patients with AFI, no diagnosis 2007– 2010 25/267 (9.4) 4.4 25/69 (36.2) 23/25 
Total no. patients  69/568 12.2  65/69 
*We used an in-house ELISA to measure Sindbis virus–specific IgG and a 50% tissue culture infectious dose serum neutralization assay to measure 
Sindbis virus neutralizing antibodies in patient serum samples. AFI, acute febrile illness; NA, neutralizing antibody; +, positive. 
†Residents of Sindbis virus-endemic regions. 
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The name of author Tróndur Høgnason Mohr was misspelled in Epidemiology and Clinical Course of First 
Wave Coronavirus Disease Cases, Faroe Islands (M.F. Kristiansen et al.). The article has been corrected online 
(https://wwwnc.cdc.gov/EID/article/27/3/20-2589_article).

Vol. 28, No. 8
The Figure legend has been corrected to refer to case counts by category in Incidence of Nontuberculous My-
cobacterial Pulmonary Infection, by Ethnic Group, Hawaii, USA, 2005–2019 (R.A. Blakney et al.). The article 
has been corrected online (https://wwwnc.cdc.gov/EID/article/28/8/21-2375_article).

Vol. 26, No. 9
The descriptions in the Acknowledgments have been expanded and updated for Sequestration and Destruc-
tion of Rinderpest Virus–Containing Material 10 Years after Eradication (C.M. Budke et al.). The article has 
been corrected online (https://wwwnc.cdc.gov/EID/article/28/9/22-0297_article).

Corrections



Forgotten People,  
Forgotten Diseases:  
The Neglected Tropical  
Diseases and Their Impact  
on Global Health and  
Development
Peter J. Hotez

John Wiley & Sons, Hoboken, NJ, USA, 
2021;ISBN: 9781683673897 (eBook); ISBN: 
9781683673873 (print); ISBN-10: 9781555818746; 
ISBN-13: 978-1555818746; Pages: 256; Price: US 
$38.00  (eBook), US $46.99 (paperback)

Forgotten People, Forgotten 
Diseases by Peter J. Hotez 

provides an overview of ne-
glected tropical diseases (NTDs) 
that affect marginalized com-
munities. NTDs are major 
global burdens but receive lim-
ited attention from research-
ers, policymakers, and funding 
agencies. Dr. Hotez is working 
to change this paradigm. He is 
a professor in the Departments 
of Pediatrics and Molecular Virology and Microbiology 
at Baylor College of Medicine, Houston, Texas; found-
ing dean of the National School of Tropical Medicine at 
Baylor; and former president of the American Society 
for Tropical Medicine and Hygiene. Dr. Hotez shares 
his expertise in this clear and accessible text.

This book begins by introducing the geographic 
distribution of NTDs and features that make these 
diseases stigmatizing, poverty-promoting, chronic, 
and often disabling. In subsequent chapters, Dr. Ho-
tez addresses groups of related tropical diseases, such 
as soil transmitted helminths (Chapter 2) and myco-
bacterial infections (Chapter 6). Using vivid descrip-
tions, he demonstrates vital reasons for treating these 
diseases, such as “each adult hookworm has the abil-
ity to fasten deeply to the inner lining of the intestine 
and extract blood… hookworms essentially rob grow-
ing children of their daily iron” (Chapter 2). Each 
chapter discusses morbidity and mortality (where 
known), essential features of biology and epidemiol-
ogy, treatments, and public health control measures. 
Also included are current research, policy initiatives, 
economics of public health programs, and on-going 

global eradication efforts, including mass drug ad-
ministration for lymphatic filariasis. He states, “In 
2019 alone, more than 500 million people received 
[mass drug administration], representing almost two-
thirds of the global population at risk” (Chapter 4).

The final chapters discuss current trends in 
NTD research and control. Although obstacles ex-
ist for validating and implementing treatments, Dr. 
Hotez praises pharmaceutical companies for donat-
ing albendazole and creating new facilities for NTD 
research (Chapter 11). This book concludes with a 
plea for tikkun olam, a Hebrew phrase for “repairing 
the world.” Dr. Hotez’s main objective is to inspire 
well-optimized interventions, such as including NTD 
control measures in US foreign policy, financial inno-
vations, or government–academic–industrial enter-
prises devoted to NTDs (Chapter 12).

As a pioneer and global leader in NTD research 
and vaccine development, Dr. Hotez uses this book 
to highlight his unique perspective and research con-
ducted with a large and diverse number of collabora-
tors. As a clinician, he describes his experiences work-
ing with patients with NTDs. For example, he writes 
about patients who are concurrently affected by mal-
nutrition and Chagas disease (Chapter 7).

The book could be improved by expanding dis-
cussion of the challenges to NTD elimination, such as 
the discovery of new paratenic hosts for dracuncu-
liasis and ongoing effects of COVID-19. In addition, 
details provided for NTDs vary substantially. Almost 
an entire chapter is dedicated to schistosomiasis, but 
a single paragraph is dedicated to foodborne trema-
todes (Chapter 3). Additional information on the 
most neglected diseases would strengthen this text.

This book is useful for persons who are familiar 
with biology but have limited knowledge of NTDs, 
especially health economists, students, early-career 
global health researchers, and policymakers involved 
with NTD prevention, treatment, and elimination. Al-
though the extent of NTDs is vast and diverse, Dr. 
Hotez conveys optimism throughout the text and 
projects a positive outlook toward ongoing research 
and elimination initiatives.
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Before the introduction of smallpox vaccine, vari-
olation was practiced as a preventive measure 

(i.e., deliberate infection with smallpox to provide 
immunity), most commonly by inserting or rubbing 
material from smallpox lesions into the skin of un-
infected persons. Most persons thus infected would 
get a milder case of smallpox as the virus was gener-
ally introduced via the skin rather than via the re-
spiratory route, as in the case of natural exposure. 

Infection occurring in this manner could still be 
transmitted by droplets to others who could develop 
a full-blown case of smallpox. Variolation developed 
over several centuries in many different sites includ-
ing China, India, Sudan, Asia Minor, and Britain. 
Because variolation was reputed to have risk of in-
ducing severe disease, variolation hesitancy existed 
long before the smallpox vaccine and its associated 
vaccine hesitancy. Inoculation with materials puta-
tively derived from cowpox lesions (vaccination) or 
from horsepox lesions (equination) was a welcomed 
advance because it was safer and did not present the 
hazard of onward transmission of smallpox to the 
contacts of recipients. 
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Figure. Obverse of medal featured on the cover art. Timothy 
Ivanov (1729−1802), Bust of Catherine II, (c. 1770−1800). 
Copper, 2.5 in/64.7 mm, 6.1 oz/173 gm. Louvre Museum, 
Department of Art Objects of the Middle Ages, Renaissance 
and Modern Times. Permalink: https://collections.louvre.fr/en/
ark:/53355/cl010366995 .
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On the cover of this month’s journal is an image of 
a copper medal, executed by the Russian sculptor Tim-
othy Ivanov (1729–1802). Ivanov created several med-
als celebrating the contributions of Catherine II (1729–
1796), also known as Catherine the Great, whose reign 
(1762–1796) was that of Russia’s longest-ruling female 
leader. This medal was struck to honor those most 
distinguished in Russia’s mass immunization efforts 
against smallpox at the turn of the 18th into the 19th 
centuries. On the obverse (Figure), a crowned right-
facing bust of Catherine is surrounded by a legend that 
reads Б[ОЖИЕЮ] ∙ М[ИЛОСТЬЮ] ∙ ЕКАТЕРИНА 
II ИМПЕРАТ[РИЦА] ∙ И САМОДЕРЖ[ИЦА] ∙ 
ВСЕРОСС[ИЙСКАЯ] (By the grace of God, Catherine 
II, Empress and absolute ruler of all Russia). Under-
neath the bust is inscribed TИМOΘЕИ. ÏВАН[ОВЬ] 
(Timothy Ivan[ov]). On the reverse (featured on the 
cover) is a female figure, presumably Catherine her-
self, holding the hand of her son, Paul Petrovich (later 
Tsar Paul I), encountering another female figure, per-
haps Russia itself, and two small children. Represent-
ing disease, a dead hydra lies in the background be-
low the colonnade and pediment of a classical-style 
building; these figures are surrounded by a legend: 
COБOЮ ПOДАΛА ПPИМҌPЪ (She herself set the ex-
ample). Beneath is the Russian lettering for “October 
12 in the year 1768,” the date on which Catherine was  
inoculated with smallpox material.

Catherine’s efforts focused on the high en-
demicity of smallpox in Russia after the death of 
one of her ministers and after corresponding with 
Voltaire, another proponent of variolation. In 1768, 
Catherine recruited Thomas Dimsdale, an English 
physician who had published on inoculation meth-
ods and on variolation. On October 12, the empress 
was variolated in great secrecy. She then developed 
a mild case of smallpox, from which she recovered 
in 2 weeks. Her son, Paul, was variolated with ma-
terial from one of her own smallpox pustules. How-
ever, as a precaution, in case her subjects were to 
hold Dimsdale accountable if she were to become 
gravely ill or die after variolation, Catherine had 
arranged for a yacht to be stationed temporarily in 
the Gulf of Finland to convey Dimsdale to a site out 
of danger, if needed. News of the success of Cath-
erine’s procedure was then widely disseminated 
and Dimsdale inoculated more than 140 members 
of her court. The response to Catherine’s successful 
experiment was widespread uptake of the proce-
dure elsewhere in Russia, and a burst of interest in 
funding hospitals and training programs and im-
proving healthcare in general. 

The use of medals as a decorative form of jewelry 
dates to the 4th century bce, but from the Renaissance 
into the 19th century, the portrait medal flourished 
as a distinct art form to honor public figures. Med-
als have also been commonly used to commemorate 
public events or to reward worthy individuals. More 
than 20,000 medals are in the domain of medical nu-
mismatics, many of which commemorate discover-
ies in infectious diseases and the ends of epidemics. 
What sets Catherine’s medal apart is its uniqueness 
as a tool of public health advocacy. 

In 1796, English physician Edward Jenner inocu-
lated a child with fluid extracted from human cow-
pox lesions. After the same child was later inoculated 
with material obtained from a human smallpox lesion, 
the child exhibited no clinical symptoms of smallpox, 
demonstrating that receipt of cowpox inoculation was 
protective against smallpox. The procedure was suc-
cessful because cowpox virus and smallpox virus both 
belong to the same family (Poxviridae) and genus (Or-
thopoxvirus) of viruses; some Orthopoxvirus species gen-
erate cross-immunity in humans against subsequent 
infection with certain other Orthopoxvirus species. An-
other example of cross-immunity was observed after 
monkeypox, another Orthopoxvirus species, was iden-
tified in human populations. In the 1980s, when great-
er numbers of persons in Zaire (now the Democratic  
Republic of the Congo) had received smallpox vac-
cine, its prior receipt was found to confer considerable  



protection in close contacts of persons with monkey-
pox and in reducing the severity of disease associated 
with monkeypox. This phenomenon has been noted in 
considerations of vaccine development and risk in the 
current monkeypox outbreak.

The work of Dimsdale in pursuing variolation, 
the work of Catherine II in mobilizing the support 
of influential nobles to overcome inoculation hes-
itancy, and the work of Jenner in developing the 
first vaccine against smallpox all took place many 
decades before the germ theory of disease  was 
conceived of and demonstrated by Edwin Klebs, 
Louis Pasteur, Robert Koch, and their disciples. As 
public recognition of the science and its success in-
creased, variolation was replaced by the less risky 
practice of vaccination and inoculation hesitancy 
decreased with the concomitant decrease in associ-
ated adverse events. 
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Article Title

Systematic Review and Meta-analysis of  
Foodborne Tick-Borne Encephalitis, Europe, 1980–2021

CME Questions
1.  You are advising a public health department 
in Europe about the prevention and detection of 
foodborne tick-borne encephalitis (FB-TBE). On the 
basis of the systematic review and meta-analysis 
by Elbaz and colleagues, which one of the following 
statements about epidemiological characteristics of 
FB-TBE in Europe in the last 4 decades is correct? 
A. 	 Most cases were reported during fall and winter
B. 	 Most cases were associated with ingestion of 

unpasteurized dairy products from cows
C. 	 Approximately 10% of cases were vaccinated
D. 	 Incubation period was short

2.  On the basis of the systematic review and  
meta-analysis by Elbaz and colleagues, which one of 
the following statements about clinical characteristics 
and estimated attack rate of FB-TBE in Europe in the 
last 4 decades is correct?
A. 	 Biphasic disease occurred in 49 (77%) of 64 patients 

for whom the disease course was described 
B. 	 Skin rash was the most prominent symptom of the first 

phase of disease

C. 	 In studies specifically reporting on central nervous 
system (CNS) disease, the rate of probable/proven 
neuroinvasive disease was 26% 

D. 	 Overall clinical attack rate for outbreaks occurring after 
2012 was 8%, mostly consistent among outbreaks 

3.  According to the systematic review and  
meta-analysis by Elbaz and colleagues, which one 
of the following statements about clinical and public 
health implications of FB-TBE in Europe in the last 4 
decades is correct? 
A. 	 Most reported cases of FB-TBE occurred in months 

different from the tick season in Europe
B. 	 Vaccination programs and public awareness 

campaigns have the potential to reduce the number of 
patients with this potentially severe CNS infection

C. 	 TBE is currently not a reportable disease in Europe
D. 	 Cases of FB-TBE and attack rate are unlikely to be 

underestimated
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Article Title

Demographic and Socioeconomic Factors  
Associated with Fungal Infection Risk, United States, 2019

CME Questions
1.  All the following fungal infections were more 
common among men vs women in the current study of 
hospitalized patients except:
A.	 Candidiasis
B.	 Pneumocystis
C.	 Coccidiomycosis
D.	 Cryptococcus

2.  Which one of the following sociodemographic risk 
factors was most associated with a higher risk for 
aspergillosis infections in the current study?
A.	 Non-Hispanic White race and higher income
B.	 Low income and rural location
C.	 Hispanic ethnicity and being a woman
D.	 Medicare insurance and Black race

3.  Which of the following types of fungal infection 
were more common among Black and Hispanic 
patients in the current study?
A.	 Histoplasmosis and mucormycosis
B.	 Coccidiomycosis and candidiasis
C.	 Aspergillosis and mucormycosis
D.	 Cryptococcus and pneumocystis

4.  Which one of the following fungal infections was 
significantly more common among adults at age 65 
years and older compared with younger adults in the 
current study?
A.	 Histoplasmosis
B.	 Candidiasis
C.	 Mucormycosis
D.	 Cryptococcus
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