
Citation: Kordi, R.; Chang, A.J.; Hicar,

M.D. Seasonal Testing, Results, and

Effect of the Pandemic on

Coxsackievirus Serum Studies.

Microorganisms 2024, 12, 367.

https://doi.org/10.3390/

microorganisms12020367

Academic Editor: Didier Hober

Received: 10 December 2023

Revised: 23 January 2024

Accepted: 24 January 2024

Published: 10 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Article

Seasonal Testing, Results, and Effect of the Pandemic on
Coxsackievirus Serum Studies
Ramesh Kordi 1 , Arthur J. Chang 2 and Mark D. Hicar 1,*

1 Department of Pediatric Infectious Diseases, State University of New York at Buffalo, Buffalo, NY 14203, USA;
rameshko@buffalo.edu

2 Division of Pediatric Infectious Diseases, University of Nebraska Medical Center, Omaha, NE 68198, USA;
archang@unmc.edu

* Correspondence: markhica@buffalo.edu; Tel.: +1-716-323-0150

Abstract: Coxsackieviruses (CVs) are common causes of infections and can be life-threatening.
Unfortunately, rigorous studies guiding the clinician in interpreting CV serum antibody titer testing
is lacking. To explore the epidemiology of circulating CVs and the serological test utility in aiding
diagnosis of CV infections in our community, we obtained results of CV immunologic diagnostic
tests between 2018 and 2022 from a regional healthcare database. For CV type A, rare individuals
had positive CF (complement fixation) tests whereas all 16 individuals with IFA testing showed
at least one positive serotype. For CV type B CF testing, 52.2% of 222 patients had at least one
serotype positive, with B5 being most common and also the most common with higher titers (14.8%
with ≥1:32). We found a significant reduction in seropositivity rate during the pandemic in 2020
compared to 2018, which continued through 2022 (OR: 0.2, 95% CI: 0.08–0.49, p-value < 0.001). During
the pandemic, the seasonal pattern of positive tests varied from the pre-pandemic pattern. Testing for
CVs was increased after the first year of the pandemic. Overall, the variability by month and seasonal
change in our data support that CF testing can be used to identify recent CVB infection.

Keywords: coxsackievirus A (CVA); coxsackievirus B (CVB); complement fixation; indirect
immunofluorescence assay; seroprevalence; SARS-CoV-2 pandemic

1. Introduction

Enteroviruses are a public health concern, given their ubiquitous nature and ability
to cause fatal or chronic diseases [1]. A member of the family Picornaviridae, genus En-
terovirus are positive-sense single-stranded non-enveloped RNA viruses. Named for their
main transmission route of fecal–oral spread, transmission can also occur via respiratory
droplets [2]. There are ten recognized species of Enterovirus (EV A–J), with EV species A-D
including over 100 different serotypes that can cause diseases in humans [3]. Non-polio en-
teroviruses are classified into coxsackievirus A (CVA), coxsackievirus B (CVB), echoviruses,
and recently identified numbered enteroviruses (such as EV-D68 and EV-A71) [4].

Enteroviruses circulate widely across the globe and affect individuals of all age
groups [1,5–13]. Infection occurs equally in males and females and is more prevalent
in summer and fall in temperate regions [2,14]. Non-polio enteroviruses may cause a wide
range of clinical presentations, from asymptomatic or mild viral clinical syndromes with
or without focal manifestations to life-threatening diseases [15]. While most cases are spo-
radic, there have been major outbreaks involving multiple serotypes, sometimes resulting
in significant morbidity or mortality, reported worldwide [14,16–22]. Enteroviruses may
shed for a prolonged period, but many cases may go unrecognized.

Herpangina and hand, foot, and mouth disease (HFMD) occur worldwide, predomi-
nantly in infants and children. The majority of enteroviral serotypes causing herpangina
and HFMD belong to coxsackievirus A [23–26]. Outbreaks of HFMD have emerged most
commonly with coxsackievirus A6 [25,27–30], A10 [31,32], A16 [33,34], and EV-A71 [34,35].
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Although CVA infections are typically mild, there have been rare reports of fatalities as-
sociated with coxsackievirus A16 infection, including cases of infantile myocarditis [36]
and pneumonitis in an adult [37]. Furthermore, in recent years, an increased number of
acute flaccid myelitis cases have been noticed associated with EV-D68, EV-A71 [38,39], and
CVA24 [40,41].

Coxsackievirus B can cause severe conditions, including myocarditis, meningitis, en-
cephalitis, hepatitis, and septic-like illness, more frequently in infants and neonates [20,42–45].
Immunocompromised patients might also be prone to severe life-threatening CVA or CVB
infections, especially encephalitis [46–49]. Significant CVB outbreaks have occurred in
various countries, leading to fatal myocarditis in infants [50,51] and meningoencephali-
tis [52,53]. Studies suggest that CVB can be transmitted vertically, leading to severe neonatal
hepatitis, myocarditis, meningoencephalitis, and disseminated intravascular coagulopa-
thy [45,54,55]. CVB is a common pathogen in viral acute myocarditis in infants, chil-
dren, and adults [56–59]. Between 10% and 20% of CVB-induced acute myocarditis may
progress to dilated cardiomyopathy [59–61], which is believed to be attributed to persis-
tent viral non-replicating RNA remnants in myocardial cells and continued autoimmune
response [59,62–65]. Enterovirus genomes were found using reverse transcription-PCR
(RT-PCR) in about 35% of explanted heart samples from patients with end-stage dilated
cardiomyopathy [66]. Multiple epidemiological studies have also demonstrated a strong
association between coxsackievirus B and type 1 diabetes mellitus [67–71]. It has been
postulated that persistent CVB RNA remnants may induce cell autoimmunity and islet cell
damage [72].

Most reports on enterovirus infections in the United States have been based on passive
surveillance conducted by laboratories through the National Enterovirus Surveillance
System (NESS), which relies on voluntary participation from laboratories [5,12,13]. The
most detected serotypes, as well as their respective frequencies, have changed over time.
In 2007–2008, CVB1 was reported for the first time as the most prevalent serotype in
the United States, which was associated with clusters of severe neonatal myocarditis,
including fatalities [73]. Based on NESS reports, the circulation of enterovirus serotypes
has exhibited either epidemic patterns, such as with CVB1, CVB3, and CVB5, characterized
by occasional peaks lasting one to three years, or endemic patterns, such as with CVB2,
CVB4, and CVB6, with stable and usually low-level circulation [5]. The mechanism behind
the cyclic epidemic pattern of enteroviruses has not been fully understood. However,
the population herd immunity to a specific serotype, cross-serotype immunity, and virus
evolution/mutation have been proposed [74]. Since NESS relies on voluntary reports
from participating laboratories, and many cases of CVB infection present with mild or
non-specific symptoms and go unrecognized, the reports may not accurately reflect the
actual circulation of enteroviruses in the population.

Diagnosis of acute coxsackievirus infection via serology can be used, but the lim-
ited literature on the duration and significant cutoffs, potential for cross-reactivity, and
requirement for paired acute and convalescent testing make it challenging to determine the
usefulness of serological testing. In practice, paired samples are either difficult to obtain or
rarely pursued by clinicians.

Current testing using serology also has a number of varying assays. Neutralization
antibody assay involves incubating the sample presumably containing antibodies with the
target virus. If the sample contains antibodies, they will bind to virus and prevent it from
infecting a susceptible cell culture [10]. Neutralization assays are technically complex and
typically take 7–12 days to have results. The complement fixation test (CF) is a traditional
method to detect the presence of a specific antibody or antigen in a patient’s serum and
can return results within 24 h. The patient’s serum is heated in order to be depleted of
complements. Then, a known amount of standard complement protein and the antigen of
interest are added to the serum. In the next stage, sheep red blood cells (sRBCs) pre-bound
with anti-sRBCs are added. If the patient’s serum contains antibodies that fix the com-
plement (IgG1 and IgG3 or IgM), the antigen–antibody complexes consume complement
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proteins, thereby depleting the complement reaction with sRBC–antibody complexes, and
subsequent hemolysis will not occur. The CF test cannot distinguish between IgG and
IgM [75]. Indirect immunofluorescent assay (IFA) uses secondary antibodies labeled with
a fluorophore that specifically binds to the primary antibodies. The fluorescence emitted
by the secondary antibodies will prove the existence of the complex of primary antibody-
antigen in the patient’s serum [76]. According to experimental respiratory infections in
volunteers and murine studies, the adaptive immune response following coxsackievirus
infection is consistent with other viral infections [77–80]. Coxsackievirus-neutralizing IgM
antibodies appear 3 days after infection, reach their peak on day 7, and typically vanish
around 3 months after exposure. Anti-CV IgG antibodies released by adaptive B cells
appear on day 4 after infection, reach their maximum level 2 to 3 weeks after exposure, and
persist for years, although they may decrease gradually over time [81,82].

In this study, we investigated the coxsackievirus serum results from a regional healthcare
database. We described the seasonal pattering of both testing and results to gain insights into
the ability to describe past infection, herd immunity, and overall virus circulation.

2. Materials and Methods

HEALTHeLINK, a not-for-profit regional health information organization (RHIO) in
Western New York, was used as the data source for antibody tests. This study was approved
by the University at Buffalo IRB (# STUDY00006097) and by the HEALTHeLINK Research
Committee. The HEALTHeLINK database encompasses data from hospitals in eight
counties of Western New York (WNY), including Erie, Niagara, Chautauqua, Cattaraugus,
Wyoming, Allegany, Genesee, and Orleans. The HEALTHeLINK database was queried
using the SNOMED-CT identifier 117778005 (measurement of human coxsackievirus A
antibody) and SNOMED-CT identifier 117787001 (measurement of human coxsackievirus
B antibody) from results obtained between 1 January 2018 and 1 January 2023. Results
obtained included test specifics, associated LOINC code (Logical Observation Identifiers
Names and Codes), associated test code, result, date of test, and age of patient (in years).

LOINC code results obtained included CVA IFA IgG serology (A7 59584-3, A9 58792-3,
A16 59583-5, A24 59582-7); CVA CF serum antibody (A2 9753-5, A4 9754-3, A7 9755-0, A9
9757-6, A10 9750-1, A16 6688-6); CVB CF serum antibody (B1 5104-5, B2 5106-0, B3 5108-6,
B4 5110-2, B5 5112-8, B6 5114-4); and CVB semi-quantitative neutralization titers (B1 5103-7,
B2 5105-2, B3 5107-8, B4 5109-4, B5 5111-0, B6 5113-6). Per manufacturer’s testing [LabCorp,
Burlington, NC, USA], positive result cutoffs were as follows: CVA IFA 1:100, CVA CF
1:8, CVB CF 1:8, and CVB semi-quantitative neutralization 1:10. Data obtained were then
analyzed for duplicate entries (as we did not obtain specific patient identifiers, duplicates
were defined as two test results with identical serotype, age of individual, result date, and
titer). For CVB CF testing, 129 duplicates were removed from the original 881 test results
leaving 752 for analysis. No other modality had duplicates noted. To investigate the impact
of the SARS-CoV-2 pandemic on testing and seropositivity rates, we separated the data
into pre-pandemic (2018 through 2019) and during the pandemic (2020 through 2022).

We analyzed the data using SPSS 29 software (SPSS Inc., Chicago, IL, USA). Descrip-
tive analysis and proportions were calculated to determine seroprevalence in different
categories, and the chi-square test was used to compare seropositivity rates between groups.
Logistic regression was performed to assess the association between seropositivity rate and
age as well as year. We considered p-values less than 0.05 as statistically significant. Figures
were created using Excel (Microsoft Corporation, Redmond, WA, USA; version 16).

3. Results
3.1. Coxsackievirus B

There were no IFA and only 15 CVB neutralization assay results from a restricted time
period in the dataset. Five of the 15 neutralization assay results were positive (>1:10): B2 of
1:40 and 1:80, B4 of 1:320 and ≥1:640, and B5 1:80.
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We obtained data from a total of 1637 CF tests for both CVA (see Section 3.2) and
CVB. The CVB CF dataset revealed a robust dataset, with 752 tests from 222 patients with
a median age of 42 (range: 3–80). The median number of serotype results obtained (B1–
B6) per individual was three. A total of 266 tests (35.3%) were positive with titers ≥1:8
(Figure 1a), and 40 CVB CF tests ≥1:32 were seen in 29 individuals (Figure 1a,b). From
222 patients, 116 (52.2%) had one or more positive serotypes (highest titer achieved shown
in Figure 1b).
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B6 (5/118, 4.2%).  

Figure 1. CVB complement fixation (CF) by total test (a) and by subject (b). (a) The orange color
indicates the test results on a titer of <1:8. The different blue shades show the number and rate of
positive tests for each titer. (b) The orange color indicates the number of individuals with negative
tests based on a titer of <1:8. The different blue shades show the number of individuals with positive
tests. For each individual, the highest CVB titer achieved in any serotype (B1–B6) was considered.

The most common positive serotype was the B5 serotype (62 patients), followed by B1
(54 patients) and B6 (51 patients). The B4 serotype had the lowest seropositivity (21 patients)
(Figure 2). The serological titers ≥1:32 for each CVB serotype were as follows: B1 (5/132,
3.7%), B2 (6/114, 5.2%), B3 (4/126, 3.1%), B4 (1/134, 0.7%), B5 (19/128, 14.8%), and B6
(5/118, 4.2%).
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Figure 2. CVB CF titers in each serotype. Each colored bar demonstrates the number of specific titers.
The orange bars show the number of negative tests, and different blue shades reveal the number of
positive tests with various titers (cutoff ≥1:8). The floating numbers above each bar show the number
of positive CVB CF tests/total tests for each serotype.

Given that the data were obtained from individuals with a wide age range, we catego-
rized testing by age group. Among 266 positive tests, 171 (64.2%) were found in individuals
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between the ages of 30 and 60. Beyond that, there was no discernable pattern of positive
results in decadal adult groups (ages 20–29, 30–39, 40–49, 50–59, or 60+); total positive
(titers ≥1:8) were 34–65 tests per group and high titer (titers ≥1:32) was 7–9 per group.
We did not observe any significant variation in the rate of seropositivity when comparing
individuals aged 21 years or younger to those older than 21 years, using a positive cutoff
point of ≥1:8 (29/103, 28.1% vs. 237/649, 36.5%, p = 0.09), although this analysis reveals
that the database accessed may favor data obtained from adults.

In analyzing the seasonality of the data, it is evident that positive tests were more
frequently detected during the summer and fall seasons (Figure 3). The data exhibits a
dual-peak distribution, with the lowest point observed in May. The majority of serum titers,
specifically those ≥1:32, were observed between July and October (29 out of 40, 72.5%).

Microorganisms 2024, 12, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 2. CVB CF titers in each serotype. Each colored bar demonstrates the number of specific titers. 
The orange bars show the number of negative tests, and different blue shades reveal the number of 
positive tests with various titers (cutoff ≥ 1:8). The floating numbers above each bar show the num-
ber of positive CVB CF tests/total tests for each serotype. 

Given that the data were obtained from individuals with a wide age range, we cate-
gorized testing by age group. Among 266 positive tests, 171 (64.2%) were found in indi-
viduals between the ages of 30 and 60. Beyond that, there was no discernable pattern of 
positive results in decadal adult groups (ages 20–29, 30–39, 40–49, 50–59, or 60+); total 
positive (titers ≥ 1:8) were 34–65 tests per group and high titer (titers ≥ 1:32) was 7–9 per 
group. We did not observe any significant variation in the rate of seropositivity when 
comparing individuals aged 21 years or younger to those older than 21 years, using a 
positive cutoff point of ≥1:8 (29/103, 28.1% vs. 237/649, 36.5%, p = 0.09), although this anal-
ysis reveals that the database accessed may favor data obtained from adults.  

In analyzing the seasonality of the data, it is evident that positive tests were more 
frequently detected during the summer and fall seasons (Figure 3). The data exhibits a 
dual-peak distribution, with the lowest point observed in May. The majority of serum 
titers, specifically those ≥ 1:32, were observed between July and October (29 out of 40, 
72.5%).  

 
Figure 3. The CVB CF positivity rates and positive titers in each month. The distribution of CVB CF 
positive tests (cutoff ≥ 1:8) and seropositivity rates across months in the Western New York commu-
nity from 2018 to 2022. Each colored bar demonstrates the number of positive tests for various titers. 
The darkest blue bar shows a titer of 1:32, and the lightest indicates titer of 1:8. As shown, the highest 

1 2 2 2
8

3 6
12

3 1

9
7

9
3

9

15

8
9

5

7 10

6

9

18
17

2

6

14

24
8

8

12 11

0
5

10
15
20
25
30
35
40

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1:8
1:16
≥ 1:32

9/41
21.9%

25/84
29.7%

28/64
43.7%

22/49
44.9%

To
ta

l n
um

be
r o

f p
os

iti
ve

 C
VB

 te
st

s

Month

25/65
38.4%

23/71,
32.3%

35/100
35%

37/76
48.6%

17/50
34%

7/48
14.5%

16/50
35%

22/54
40.7%

Figure 3. The CVB CF positivity rates and positive titers in each month. The distribution of CVB
CF positive tests (cutoff ≥1:8) and seropositivity rates across months in the Western New York
community from 2018 to 2022. Each colored bar demonstrates the number of positive tests for various
titers. The darkest blue bar shows a titer of 1:32, and the lightest indicates titer of 1:8. As shown, the
highest numbers of positive tests are in July and October. The floating numbers above each bar show
positive CVB CF tests/total tests in each month.

To assess the effect of the pandemic on the seasonal pattern of testing results, we
compared the presence of CVB antibodies between the periods of 2018–2019 and 2020–2021.
There was a marked shift in the monthly distribution of positive cases and the positivity
rate (Figure 4) away from summer months during the pandemic.
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Figure 4. Positive CVB CF tests for each month during 2018–2019 vs. 2020–2021. CVB CF positive
tests (cutoff ≥1:8) across months for the year span listed. Cases are noted on left axis and numbered
above the bar; percentage positive is noted on right axis. Blue bars represent positive cases; blue
dashed line represents rate of positive test percentage for the pre-pandemic period (2018–2019).
Orange bars represent positive cases; orange dashed line represents rate of positive test percentage
for the period during the pandemic (2020–2021). The number of positive cases decreased notably in
the summer during the pandemic.
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We observed a decrease in the number of positive tests and the positivity rate in 2020,
when SARS-CoV-2 was first seen in our area. The positivity rate increased relatively in 2021,
then declined, despite an overall increase in testing (Figure 5 and Table 1). The number of
individuals with at least one positive serotype and the seropositivity rate decreased in 2020
(Figure 6). We found a significantly higher rate of test positivity in the pre-pandemic period
(2018–2019) compared to the pandemic period of 2020–2022 (141/295, 47.8% vs. 125/457,
27.4%; p < 0.001). This variance seemed to be driven by an overall increase in testing for
CVs during the pandemic.
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Table 1. The number of positive serological CVB tests (cutoff ≥1:8) for each serotype in the Western
New York community across the years 2018 through 2022.

Serotype
Year/Total Tests

2018
123 *

2019
172

2020
64

2021
160

2022
233

Total
752

B1 16 9 3 16 10 54
B2 12 13 3 10 10 48
B3 10 8 1 3 8 30
B4 7 8 0 3 3 21
B5 16 14 3 14 15 62
B6 13 15 5 10 8 51

Total
positive

% positive

74
(60.1%)

67
(39%)

15
(23.4%)

56
(35%)

54
(23.1%)

266
(35.3%)

* Total number of CVB CF tests each year.

Among individuals, CVB seropositivity rate was almost equal among various age
groups of 0–20, 21–40, and 41–60. Individuals older than 60 had relatively a lower seroposi-
tivity rate than other age groups; however, the difference was not statistically significant.
The seropositivity rate decreased significantly in 2020 as compared to 2018 and continued
to decline through 2022 (Table 2).
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Table 2. Coxsackievirus B seropositivity (cutoff ≥1:8) for at least one serotype in individuals according
to age and year.

Factor Positive/Total
n (%) OR * 95% CI ** p-Value ***

Age:
0–20 15/27 (55.6) 1 - -
21–40 48/85 (56.5) 0.93 0.43–2.48 0.93
41–60 44/80 (55) 0.97 0.40–2.35 0.96
60+ 10/30 (35.5) 0.4 0.13–1.17 0.09

Year:
2018 26/35 (74.2) 1 - -
2019 33/52 (63.5) 0.55 0.21–1.42 0.29
2020 9/21 (42.9) 0.26 0.08–0.82 0.02
2021 23/44 (52.2) 0.38 0.14–0.95 0.04
2022 25/70 (35.7) 0.19 0.07–0.47 <0.001

* odds ratio, ** confidence interval, *** logistic regression p-value.

3.2. Coxsackievirus A

In contrast to the robust dataset obtained for CVB, there were more limited data for
CVA. A total of 885 CVA CF test results from 257 patients (median age 42, range 6–89) was
reviewed. The total numbers of tests conducted were 132 in 2018 and 182 in 2019. Tests
experienced a decline in 2020 (134 tests), correlating with the beginning of the SARS-CoV-2
pandemic. The highest two annual test totals were in 2021 (196) and 2022 (241), similar
to the pattern of testing seen for CVB. Only six patients (2.3%) had a positive test result.
Notably, there were no positive results observed for the A7 and A10 serotypes. Notably, no
positive CVA serological tests were detected using CF in 2021 and 2022.

A total of 35 CVA IgG IFA results (positive at a cutoff of ≥1:100 for serotypes A7, A9,
A16, and A24) was obtained, and no IgM results were available. These tests were from a
total of 18 patients (median age 51; ages: 22–73). Positive results showed no discernable
pattern in age or year of study. Three of the 18 individuals were found to have a positive
titer for only a single strain (2 A24 and 1 A9) with only 1:200 as the highest titer. Of
the remaining 15 with multiple positive serotypes, titers were identical across the tested
serotypes in 12 cases.
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4. Discussion

This study shows that, similar to other viruses, amount of testing and CV seasonal
patterning was affected by the SARS-CoV-2 pandemic. The variance in the month-to-month
positivity of CVB CF results supports the transient nature of CF testing. As CF testing
reflects predominantly IGM complement fixation, and the pattern of positive testing shown
here parallels known epidemiologic patterns of coxsackievirus circulation, this supports
the idea that CF testing mostly reflects recent infection. Ideally, using nucleic acid testing
during acute presentation or comparison of acute and convalescent titers would be used for
diagnosis. In lieu of such testing, our current study suggests that CVB CF positive testing
can support the diagnosis of recent CVB infection in clinically appropriate individuals.

This study does not have enough data to support CF testing for CVA, however.
Coxsackieviruses cause a wide range of clinical diseases from mild non-specific viral
infections to serious conditions including severe pulmonary infections, myocarditis, and
meningo-encephalitis. HFMD can be caused by various enterovirus serotypes, including
EV-A71, A6, A10, and A16 [33,83–87]. A seroprevalence study on EV-A71 and CVA6 was
performed in the United Kingdom from 2006 to 2017 including 1573 residual samples.
Using a microneutralization assay, the seroprevalences of EV-A71 and CVA6 were 32% and
54%, respectively, in the 6–11 month age group, and it increased to over 75% by the age of
10 [88]. A meta-analysis of 71 studies from 13 countries reported that the seroprevalence
of EV-A71 ranged from 4.31% to 88.8% and CVA6 from 40.8% to 80.9% [89]. We had very
few positive CVA serotypes via CF (2.6%), possibly due to few children being included in
this study or a more limited CF CVA response during infections. Therefore, it is difficult to
draw firm conclusions related to CVA testing through CF. To the best of our knowledge,
there is no sero-epidemiological study on CVA using the CF method.

Our CVA CF results are in contrast to CVA IFA testing, where all of the 18 individuals
tested were positive. The high sensitivity and specificity (>95%) of the IFA kit have been
shown to be useful for detection of CVA serotypes [90]. However, as the IgG antibodies’
assay with IFA can persist for years, likely these reflect remote past infections. Moreover,
among 12/15 (80%) individuals having multiple CVA IFA tests, the titers were identi-
cal across tested serotype, which suggests antibody cross-reactivity between serotypes
through this method. It is unclear why hospitals in our region have not utilized IFA IgM
testing assays.

Although most CVB infections are mild and non-specific and do not lead to testing, in
certain situations such as suspected involvement of the central nervous system, myoperi-
carditis, neonatal infections, or immunocompromised patients, laboratory diagnosis can
have implications in management. Commercial molecular tests are sensitive in detecting
enteroviral RNA, but they cannot determine the specific serotype as they rely on primers
from the conserved 5’-noncoding region of the enterovirus genome [91]. Additionally, com-
mercial enterovirus RT-PCR cannot distinguish between enteroviruses and rhinoviruses
due to similarity in the 5’-noncoding region [92]. Serology tests may be considered when
a specific serotype is suspected. We found a CVB CF seropositivity rate of 52.2% from
individuals presumed to have a viral illness, consistent with other studies globally, in-
dicating the widespread circulation of coxsackievirus B [10,93–95]. The positive results
could be attributed to acute infection or history of previous exposure. Previous studies
have shown a significant percentage of healthy individuals had positive serological CVB
antibody results through complement fixation [96], ELISA [95], or neutralizing antibody
assay [10,93]. Although setting a higher cutoff point increases the specificity for detection
of the acute infection, it reduces the sensitivity [96]. Overall, ideal testing using serological
diagnosis of an acute enteroviral infection requires paired acute and convalescent tests
separated by at least 4 weeks with a four-fold or greater increase in titer [96–98]. Our
most common CVB strain was B5, with a paucity of B4 positive tests. In regards to CVB6,
we observed a seropositivity rate of 51/118 (43.2%), which is notably different from rare
reports of CVB6 using NESS surveillance data [12,13]. This discrepancy can be explained
by mild manifestations caused by CVB6, rendering most cases undetected.
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We observed a significant decline in the number of CVB positive results in 2020. This
mirrors the decrease observed in viral respiratory illnesses following the SARS-CoV-2 pan-
demic in most countries [99–101]. The implementation of rigorous public health measures
such as social isolation, physical distancing, and widespread use of masks and disinfectants
can account for the reduction in all viral infections. The CVB seropositivity in our popu-
lation was reduced in 2020. The lower rate of positivity persisted through 2022 (Table 2);
however, this also reflected a general increase in testing (Figure 6).

There is limited population-based serological data available on CVB. A retrospective
study conducted in an academic center in Rome, Italy between 2004 and 2016 examined
CVB seropositivity in 2459 subjects [94]. Using a neutralizing antibody assay with a cutoff
≥1:32, 69.1% of individuals were positive for at least one serotype. Seropositivity rates
increased with age, from 25.2% in those under 2 years old to 50.3% in the 3–5-year-old
group, and 70% in children aged 6–10. The number of positive serotypes increased with
age, with a 22.4% positive rate for three serotypes in individuals aged 41 to 50. The study
observed significant changes in seropositivity rates over the years, particularly for B1–B5.
In our series, we did not find a significant difference in seropositivity rates among different
age groups. However, it should be noted that our series had a small number of cases
under 10 years old (10/218, 4.6%), which limits the reliability of the results for this age
group. In a case-control study conducted between 2001 and 2005 in five European countries
(Finland, England, France, Sweden, and Ireland), the prevalence of CVB antibodies was
compared between 249 children newly diagnosed with type I diabetes and 249 control
children who were matched in terms of sex, age, time of sampling, and country [93]. The
children, with a median age of 9 (ranging from 1 to 23), were tested for seropositivity to
at least one serotype using the plaque neutralizing assay method. The results showed
that seropositivity rates ranged from 28% in children under the age of 4 to over 80% in
children older than 8 years. CVB1 and CVB6 were the least prevalent serotypes, while CVB1
showed a significantly higher positivity rate in patients with type I diabetes as compared
to the control group. Notably, the prevalence of CVB antibodies was lower in Finland
compared to the other countries. In a study conducted in Germany [96], the threshold
for detecting anti-enterovirus antibodies was determined using the complement fixation
test. They analyzed the results from 200 healthy individuals, which included 50 healthy
pregnant women, 50 healthy children, and 100 healthy blood donors. The study revealed
that 67% of the healthy individuals had titers equal to or less than 1:32, 24% had titers of
1:64, 6% had titers of 1:128, and 3% had titers greater than 1:256. Considering titers greater
than 1:256 as positive, the complement fixation test yielded positive results in 15/43 (21%)
of patients diagnosed with enterovirus meningitis confirmed through RT-PCR analysis of
cerebrospinal fluid (CSF). This cutoff proved a high specificity of 85% in 105 patients with
enterovirus negative meningitis. Similarly, out of 11 patients who were enteroviral RT-PCR
positive in stool specimens, titers of 1:256 and ≥1:128 were found in one (10%) and five
patients (45.4%), respectively. Choosing a lower cutoff at 1:32 had a higher sensitivity in
patients with CSF RT-PCR-positive enteroviral meningitis (31/43, 72%) and in patients
with the virus detected in stool using RT-PCR (9/11, 81.8%); however, this cutoff comes
at the cost of low specificity. The authors concluded that for diagnosis of acute infection
via complement fixation test, paired acute and convalescent tests with at least four-fold
increase in antibody titer are required. Positive molecular testing for RNA detection in a
relevant sample is the current standard of care for confirming acute infection [97].

Our study has a number of limitations. This study captured data from hundreds of
subjects, but lacked clinical data, other testing (including molecular), and International
Classification of Disease (ICD) diagnostic data to attempt to clinically correlate these
findings. As noted, paired samples with a rise in convalescence are a classic way to
confirm an infection, but we did not have the ability to pair these results. As we lacked
clinical correlates and paired sampling, we were unable to precisely distinguish acute
infections from history of previous infection based on a single positive serological result.
As discussed above, the low sensitivity and/or low specificity of serological tests may
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make the interpretation of the results challenging. This database also lacked results from
other available testing, notably IFA IgM-based assays. Our SNOMED query does capture
these, so this type of assay is likely not used readily in our region. This database was also
an active enrollment dataset, requiring subject written participation, so there is selection
bias regarding data available in this database. This was particularly notable in the low
number of children included in this database. The data are from patients referred to clinics
or hospitals with a presumed presentation that would necessitate testing, so our findings
cannot be presumed to be true population seroprevalence. As enteroviruses can vary yearly,
five years of data is a small sample size for comparing seasonal patterning, particularly for
serotypes with epidemic patterns of circulation such as CVB1, CVB3, and CVB5 [5].

There is no study on sero-epidemiology of coxsackieviruses in the United States.
Future studies should be aimed at correlating serum testing, clinical presentation, and acute
viral infection to further support the use of serum testing for diagnosis. True seroprevalence
testing and long-term surveillance (5–10 years) to properly assess the circulation of these
serotypes in a community should be pursued.
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Rainetova, P.; Fischer, T.K. Circulation of non-polio enteroviruses in 24 EU and EEA countries between 2015 and 2017: A
retrospective surveillance study. Lancet Infect. Dis. 2020, 20, 350–361. [CrossRef]

8. Keeren, K.; Böttcher, S.; on behalf of the LaNED; Diedrich, S. Enterovirus Surveillance (EVSurv) in Germany. Microorganisms 2021,
9, 2005. [CrossRef]

9. Wong, A.H.; Lau, C.; Cheng, P.K.; Ng, A.Y.; Lim, W.W. Coxsackievirus B3-associated aseptic meningitis: An emerging infection in
Hong Kong. J. Med. Virol. 2011, 83, 483–489. [CrossRef] [PubMed]

10. Zhu, R.; Cheng, T.; Yin, Z.; Liu, D.; Xu, L.; Li, Y.; Wang, W.; Liu, J.; Que, Y.; Ye, X. Serological survey of neutralizing antibodies to
eight major enteroviruses among healthy population. Emerg. Microbes Infect. 2018, 7, 2. [CrossRef] [PubMed]

11. Centers for Disease Control and Prevention. Nonpolio enterovirus and human parechovirus surveillance—United States,
2006–2008. MMWR Morb. Mortal. Wkly. Rep. 2010, 59, 1577–1580.

12. Abedi, G.R.; Watson, J.T.; Pham, H.; Nix, W.A.; Oberste, M.S.; Gerber, S.I. Enterovirus and human parechovirus surveillance—
United States, 2009–2013. Morb. Mortal. Wkly. Rep. 2015, 64, 940–943. [CrossRef]

13. Abedi, G.R.; Watson, J.T.; Nix, W.A.; Oberste, M.S.; Gerber, S.I. Enterovirus and parechovirus surveillance—United States,
2014–2016. Morb. Mortal. Wkly. Rep. 2018, 67, 515. [CrossRef]

www.healthelink.org
https://doi.org/10.1007/978-3-642-60687-8_2
https://doi.org/10.1134/S0006297917130041
https://doi.org/10.1097/QCO.0000000000000187
https://www.ncbi.nlm.nih.gov/pubmed/26203854
https://doi.org/10.3390/v13030434
https://doi.org/10.1016/S1473-3099(19)30566-3
https://doi.org/10.3390/microorganisms9102005
https://doi.org/10.1002/jmv.21998
https://www.ncbi.nlm.nih.gov/pubmed/21264869
https://doi.org/10.1038/s41426-017-0003-z
https://www.ncbi.nlm.nih.gov/pubmed/29323107
https://doi.org/10.15585/mmwr.mm6434a3
https://doi.org/10.15585/mmwr.mm6718a2


Microorganisms 2024, 12, 367 11 of 14

14. Rotbart, H.A.; McCracken, G.H., Jr.; Whitley, R.J.; Modlin, J.F.; Cascino, M.; Shah, S.; Blum, D. Clinical significance of enteroviruses
in serious summer febrile illnesses of children. Pediatr. Infect. Dis. J. 1999, 18, 869–874. [CrossRef]

15. Zaoutis, T.; Klein, J.D. Enterovirus infections. Pediatr. Rev. 1998, 19, 183–191. [CrossRef] [PubMed]
16. Lim, B.K.; Ju, E.S.; Lao, D.H.; Yun, S.H.; Lee, Y.J.; Kim, D.K.; Jeon, E.S. Development of a enterovirus diagnostic assay system for

diagnosis of viral myocarditis in humans. Microbiol. Immunol. 2013, 57, 281–287. [CrossRef] [PubMed]
17. Chen, B.-S.; Lee, H.-C.; Lee, K.-M.; Gong, Y.-N.; Shih, S.-R. Enterovirus and encephalitis. Front. Microbiol. 2020, 11, 261. [CrossRef]

[PubMed]
18. Fowlkes, A.L.; Honarmand, S.; Glaser, C.; Yagi, S.; Schnurr, D.; Oberste, M.S.; Anderson, L.; Pallansch, M.A.; Khetsuriani, N.

Enterovirus-associated encephalitis in the California encephalitis project, 1998–2005. J. Infect. Dis. 2008, 198, 1685–1691. [CrossRef]
[PubMed]

19. Wang, S.-M.; Lei, H.-Y.; Liu, C.-C. Cytokine immunopathogenesis of enterovirus 71 brain stem encephalitis. Clin. Dev. Immunol.
2012, 2012, 876241. [CrossRef] [PubMed]

20. Freund, M.W.; Kleinveld, G.; Krediet, T.G.; van Loon, A.M.; Verboon-Maciolek, M.A. Prognosis for neonates with enterovirus
myocarditis. Arch. Dis. Child.-Fetal Neonatal Ed. 2010, 95, F206–F212. [CrossRef]

21. Badorff, C.; Knowlton, K.U. Dystrophin disruption in enterovirus-induced myocarditis and dilated cardiomyopathy: From bench
to bedside. Med. Microbiol. Immunol. 2004, 193, 121–126. [CrossRef]

22. Knipe, D.; Howley, P.; Griffin, D.; Lamb, R.; Martin, M.; Roizman, B.; Straus, S. Fields Virology, Volumes 1 and 2; Lippincott Williams
& Wilkins: Philadelphia, PA, USA, 2013.

23. Puenpa, J.; Chieochansin, T.; Linsuwanon, P.; Korkong, S.; Thongkomplew, S.; Vichaiwattana, P.; Theamboonlers, A.; Poovorawan,
Y. Hand, foot, and mouth disease caused by coxsackievirus A6, Thailand, 2012. Emerg. Infect. Dis. 2013, 19, 641. [CrossRef]

24. Park, K.; Lee, B.; Baek, K.; Cheon, D.; Yeo, S.; Park, J.; Soh, J.; Cheon, H.; Yoon, K.; Choi, Y. Enteroviruses isolated from herpangina
and hand-foot-and-mouth disease in Korean children. Virol. J. 2012, 9, 205. [CrossRef] [PubMed]

25. Blomqvist, S.; Klemola, P.; Kaijalainen, S.; Paananen, A.; Simonen, M.-L.; Vuorinen, T.; Roivainen, M. Co-circulation of cox-
sackieviruses A6 and A10 in hand, foot and mouth disease outbreak in Finland. J. Clin. Virol. 2010, 48, 49–54. [CrossRef]
[PubMed]

26. Kushner, P.; Krebs, M. Epidemiology of hand, foot, and mouth disease in a summer camp due to Coxsackie virus A16. J. Am.
Osteopath. Assoc. 1972, 72, 281–283.

27. Centers for Disease Control and Prevention. Notes from the field: Severe hand, foot, and mouth disease associated with
coxsackievirus A6-Alabama, Connecticut, California, and Nevada, November 2011–February 2012. MMWR Morb. Mortal. Wkly.
Rep. 2012, 61, 213–214.

28. Hayman, R.; Shepherd, M.; Tarring, C.; Best, E. Outbreak of variant hand-foot-and-mouth disease caused by coxsackievirus A 6
in A uckland, N ew Z ealand. J. Paediatr. Child Health 2014, 50, 751–755. [CrossRef]

29. Fujimoto, T.; Iizuka, S.; Enomoto, M.; Abe, K.; Yamashita, K.; Hanaoka, N.; Okabe, N.; Yoshida, H.; Yasui, Y.; Kobayashi, M. Hand,
foot, and mouth disease caused by coxsackievirus A6, Japan, 2011. Emerg. Infect. Dis. 2012, 18, 337–339. [CrossRef]

30. Sinclair, C.; Gaunt, E.; Simmonds, P.; Broomfield, D.; Nwafor, N.; Wellington, L.; Templeton, K.; Willocks, L.; Schofield, O.;
Harvala, H. Atypical hand, foot, and mouth disease associated with coxsackievirus A6 infection, Edinburgh, United Kingdom,
January to February 2014. Eurosurveillance 2014, 19, 20745. [CrossRef]

31. Bian, L.; Gao, F.; Mao, Q.; Sun, S.; Wu, X.; Liu, S.; Yang, X.; Liang, Z. Hand, foot, and mouth disease associated with coxsackievirus
A10: More serious than it seems. Expert Rev. Anti-Infect. Ther. 2019, 17, 233–242. [CrossRef]

32. Mirand, A.; Henquell, C.; Archimbaud, C.; Ughetto, S.; Antona, D.; Bailly, J.-L.; Peigue-Lafeuille, H. Outbreak of hand, foot and
mouth disease/herpangina associated with coxsackievirus A6 and A10 infections in 2010, France: A large citywide, prospective
observational study. Clin. Microbiol. Infect. 2012, 18, E110–E118. [CrossRef]

33. Hosoya, M.; Kawasaki, Y.; Sato, M.; Honzumi, K.; Hayashi, A.; Hiroshima, T.; Ishiko, H.; Kato, K.; Suzuki, H. Genetic diversity of
coxsackievirus A16 associated with hand, foot, and mouth disease epidemics in Japan from 1983 to 2003. J. Clin. Microbiol. 2007,
45, 112–120. [CrossRef] [PubMed]

34. Liu, W.; Wu, S.; Xiong, Y.; Li, T.; Wen, Z.; Yan, M.; Qin, K.; Liu, Y.; Wu, J. Co-circulation and genomic recombination of
coxsackievirus A16 and enterovirus 71 during a large outbreak of hand, foot, and mouth disease in Central China. PLoS ONE
2014, 9, e96051. [CrossRef] [PubMed]

35. Yang, T.O.; Huang, K.-Y.A.; Chen, M.-H.; Chen, P.-C.; Huang, W.-T. Comparison of nonpolio enteroviruses in children with
herpangina and hand, foot and mouth disease in Taiwan. Pediatr. Infect. Dis. J. 2019, 38, 887–893. [CrossRef]

36. Wang, C.-Y.; Lu, F.L.; Wu, M.-H.; Lee, C.-Y.; Huang, L.-M. Fatal coxsackievirus A16 infection. Pediatr. Infect. Dis. J. 2004, 23,
275–276. [CrossRef]

37. Legay, F.; Lévêque, N.; Gacouin, A.; Tattevin, P.; Bouet, J.; Thomas, R.; Chomel, J.-J. Fatal coxsackievirus A-16 pneumonitis in
adult. Emerg. Infect. Dis. 2007, 13, 1084. [CrossRef] [PubMed]

38. McKay, S.L.; Lee, A.D.; Lopez, A.S.; Nix, W.A.; Dooling, K.L.; Keaton, A.A.; Spence-Davizon, E.; Herlihy, R.; Clark, T.A.; Hopkins,
S.E. Increase in acute flaccid myelitis—United States, 2018. Morb. Mortal. Wkly. Rep. 2018, 67, 1273. [CrossRef] [PubMed]

39. Bitnun, A.; Yeh, E.A. Acute flaccid paralysis and enteroviral infections. Curr. Infect. Dis. Rep. 2018, 20, 34. [CrossRef]

https://doi.org/10.1097/00006454-199910000-00007
https://doi.org/10.1542/pir.19.6.183
https://www.ncbi.nlm.nih.gov/pubmed/9613170
https://doi.org/10.1111/1348-0421.12028
https://www.ncbi.nlm.nih.gov/pubmed/23586632
https://doi.org/10.3389/fmicb.2020.00261
https://www.ncbi.nlm.nih.gov/pubmed/32153545
https://doi.org/10.1086/592988
https://www.ncbi.nlm.nih.gov/pubmed/18959496
https://doi.org/10.1155/2012/876241
https://www.ncbi.nlm.nih.gov/pubmed/22956971
https://doi.org/10.1136/adc.2009.165183
https://doi.org/10.1007/s00430-003-0189-7
https://doi.org/10.3201/eid1904.121666
https://doi.org/10.1186/1743-422X-9-205
https://www.ncbi.nlm.nih.gov/pubmed/22985487
https://doi.org/10.1016/j.jcv.2010.02.002
https://www.ncbi.nlm.nih.gov/pubmed/20189452
https://doi.org/10.1111/jpc.12708
https://doi.org/10.3201/eid1802.111147
https://doi.org/10.2807/1560-7917.ES2014.19.12.20745
https://doi.org/10.1080/14787210.2019.1585242
https://doi.org/10.1111/j.1469-0691.2012.03789.x
https://doi.org/10.1128/JCM.00718-06
https://www.ncbi.nlm.nih.gov/pubmed/17093028
https://doi.org/10.1371/journal.pone.0096051
https://www.ncbi.nlm.nih.gov/pubmed/24776922
https://doi.org/10.1097/INF.0000000000002351
https://doi.org/10.1097/01.inf.0000115950.63906.78
https://doi.org/10.3201/eid1307.070295
https://www.ncbi.nlm.nih.gov/pubmed/18214187
https://doi.org/10.15585/mmwr.mm6745e1
https://www.ncbi.nlm.nih.gov/pubmed/30439867
https://doi.org/10.1007/s11908-018-0641-x


Microorganisms 2024, 12, 367 12 of 14

40. Laxmivandana, R.; Yergolkar, P.; Rajeshwari, M.; Chitambar, S.D. Genomic characterization of coxsackievirus type A24 strains
associated with acute flaccid paralysis and rarely identified Hopkins syndrome. Arch. Virol. 2014, 159, 3125–3129. [CrossRef]
[PubMed]

41. Korukluoglu, G.; Ozdemirer, U.; Bayrakdar, F.; Unal, Z.; Cosgun, Y.; Atak, T.; Karademirtok, H.; Ata, I.; Kara, F. Detection of
non-polio and polio enteroviruses in Acute Flaccid Paralysis surveillance in Turkey. Acta Microbiol. Immunol. Hung. 2021, 68,
92–98. [CrossRef]

42. Gear, J.; Measroch, V. Coxsackievirus infections of the newborn. Prog. Med. Virol. Fortschritte Med. Virusforschung. Prog. Virol.
Medicale 1973, 15, 42–62.

43. Editorial Board. Avoiding the danger of enteroviruses to newborn infants. Lancet 1986, 1, 194–195.
44. Kaplan, M.H.; Klein, S.W.; McPhee, J.; Harper, R.G. Group B coxsackievirus infections in infants younger than three months of

age: A serious childhood illness. Rev. Infect. Dis. 1983, 5, 1019–1032. [CrossRef] [PubMed]
45. Bryant, P.A.; Tingay, D.; Dargaville, P.A.; Starr, M.; Curtis, N. Neonatal coxsackie B virus infection—A treatable disease? Eur. J.

Pediatr. 2004, 163, 223–228. [CrossRef] [PubMed]
46. Cree, B.C.; Bernardini, G.L.; Hays, A.P.; Lowe, G. A fatal case of coxsackievirus B4 meningoencephalitis. Arch. Neurol. 2003, 60,

107–112. [CrossRef]
47. Eyckmans, T.; Wollants, E.; Janssens, A.; Schoemans, H.; Lagrou, K.; Wauters, J.; Maertens, J. Coxsackievirus A16 encephalitis

during obinutuzumab therapy, Belgium, 2013. Emerg. Infect. Dis. 2014, 20, 913–915. [CrossRef]
48. Moschovi, M.A.; Sterpi, P.; Youroukos, S.; Tzortzatou-Stathopoulou, F. Encephalitis and myocarditis in a child with acute

lymphoblastic leukemia: Role of coxsackievirus B5? Pediatr. Hematol. Oncol. 2002, 19, 205–210. [CrossRef] [PubMed]
49. Sabeena, S.; Bhat, K.G.; Bharani, K.C.; Ramachandran, S.; Arunkumar, G. Coxsackievirus A6 (CV-A6) Encephalomyelitis in an

Immunocompromised Child: A Case Report and Brief Review of the Literature. Jpn. J. Infect. Dis. 2018, 71, 388–389. [CrossRef]
50. Kim, H.; Kang, B.; Hwang, S.; Hong, J.; Chung, J.; Kim, S.; Jeong, Y.S.; Kim, K.; Cheon, D.S. Molecular characteristics of human

coxsackievirus B1 infection in Korea, 2008–2009. J. Med. Virol. 2013, 85, 110–115. [CrossRef]
51. Verma, N.A.; Zheng, X.T.; Harris, M.U.; Cadichon, S.B.; Melin-Aldana, H.; Khetsuriani, N.; Oberste, M.S.; Shulman, S.T. Outbreak

of life-threatening coxsackievirus B1 myocarditis in neonates. Clin. Infect. Dis. 2009, 49, 759–763. [CrossRef]
52. Kriger, O.; Abramovich, A.; Fratty, I.S.; Leshem, E.; Amit, S.; Stein, M.; Ben-Zeev, B.; Via-Dorembus, S.; Hoffmann, C.; Rabinowicz,

S. An Outbreak of Coxsackievirus B Type 2 Acute Meningoencephalitis in Children, Israel, July–September 2022. Pediatr. Infect.
Dis. J. 2023, 42, e177–e179. [CrossRef] [PubMed]

53. Chen, P.; Tao, Z.; Song, Y.; Liu, G.; Wang, H.; Liu, Y.; Song, L.; Li, Y.; Lin, X.; Cui, N. A coxsackievirus B5-associated aseptic
meningitis outbreak in Shandong Province, China in 2009. J. Med. Virol. 2013, 85, 483–489. [CrossRef] [PubMed]

54. Fukazawa, M.; Hoshina, T.; Nanishi, E.; Nishio, H.; Doi, T.; Ohga, S.; Hara, T. Neonatal hemophagocytic lymphohistiocytosis
associated with a vertical transmission of coxsackievirus B1. J. Infect. Chemother. 2013, 19, 1210–1213. [CrossRef]

55. Cheng, L.L.; Ng, P.C.; Chan, P.K.-S.; Wong, H.L.; Cheng, F.W.T.; Tang, J.W.-T. Probable intrafamilial transmission of coxsackievirus
b3 with vertical transmission, severe early-onset neonatal hepatitis, and prolonged viral RNA shedding. Pediatrics 2006, 118,
e929–e933. [CrossRef]

56. Andréoletti, L.; Lévêque, N.; Boulagnon, C.; Brasselet, C.; Fornes, P. Viral causes of human myocarditis. Arch. Cardiovasc. Dis.
2009, 102, 559–568. [CrossRef] [PubMed]

57. Kandolf, R.; Ameis, D.; Kirschner, P.; Canu, A.; Hofschneider, P.H. In situ detection of enteroviral genomes in myocardial cells by
nucleic acid hybridization: An approach to the diagnosis of viral heart disease. Proc. Natl. Acad. Sci. USA 1987, 84, 6272–6276.
[CrossRef] [PubMed]

58. Leonard, E.G. Viral myocarditis. Pediatr. Infect. Dis. J. 2004, 23, 665–666. [CrossRef] [PubMed]
59. Gaaloul, I.; Riabi, S.; Harrath, R.; Hunter, T.; Hamda, K.B.; Ghzala, A.B.; Huber, S.; Aouni, M. Coxsackievirus B detection in

cases of myocarditis, myopericarditis, pericarditis and dilated cardiomyopathy in hospitalized patients. Mol. Med. Rep. 2014, 10,
2811–2818. [CrossRef] [PubMed]

60. Spotnitz, M.D.; Lesch, M. Idiopathic dilated cardiomyopathy as a late complication of healed viral (Coxsackie B virus) myocarditis:
Historical analysis, review of the lliterature, and a postulated unifying hypothesis. Prog. Cardiovasc. Dis. 2006, 49, 42–57.
[CrossRef] [PubMed]

61. Cambridge, G.; MacArthur, C.; Waterson, A.; Goodwin, J.; Oakley, C. Antibodies to Coxsackie B viruses in congestive cardiomy-
opathy. Heart 1979, 41, 692–696. [CrossRef]

62. Bouin, A.; Gretteau, P.-A.; Wehbe, M.; Renois, F.; N’guyen, Y.; Lévêque, N.; Vu, M.N.; Tracy, S.; Chapman, N.M.; Bruneval,
P. Enterovirus persistence in cardiac cells of patients with idiopathic dilated cardiomyopathy is linked to 5′terminal genomic
RNA-deleted viral populations with viral-encoded proteinase activities. Circulation 2019, 139, 2326–2338. [CrossRef]

63. Chapman, N.; Kim, K.-S. Persistent coxsackievirus infection: Enterovirus persistence in chronic myocarditis and dilated car-
diomyopathy. In Group B Coxsackieviruses; Springer: Berlin/Heidelberg, Germany, 2008; pp. 275–292. [CrossRef]

64. Rose, N.R. Viral myocarditis. Curr. Opin. Rheumatol. 2016, 28, 383. [CrossRef] [PubMed]
65. Alexander, J.P., Jr.; Baden, L.; Pallansch, M.A.; Anderson, L.J. Enterovirus 71 infections and neurologic disease—United States,

1977–1991. J. Infect. Dis. 1994, 169, 905–908. [CrossRef]

https://doi.org/10.1007/s00705-014-2129-9
https://www.ncbi.nlm.nih.gov/pubmed/25081118
https://doi.org/10.1556/030.2021.01353
https://doi.org/10.1093/clinids/5.6.1019
https://www.ncbi.nlm.nih.gov/pubmed/6318288
https://doi.org/10.1007/s00431-004-1408-y
https://www.ncbi.nlm.nih.gov/pubmed/14986123
https://doi.org/10.1001/archneur.60.1.107
https://doi.org/10.3201/eid2005.131766
https://doi.org/10.1080/088800102753541369
https://www.ncbi.nlm.nih.gov/pubmed/11936734
https://doi.org/10.7883/yoken.JJID.2018.073
https://doi.org/10.1002/jmv.23359
https://doi.org/10.1086/605089
https://doi.org/10.1097/INF.0000000000003876
https://www.ncbi.nlm.nih.gov/pubmed/36795579
https://doi.org/10.1002/jmv.23478
https://www.ncbi.nlm.nih.gov/pubmed/23212939
https://doi.org/10.1007/s10156-013-0629-2
https://doi.org/10.1542/peds.2006-0554
https://doi.org/10.1016/j.acvd.2009.04.010
https://www.ncbi.nlm.nih.gov/pubmed/19664576
https://doi.org/10.1073/pnas.84.17.6272
https://www.ncbi.nlm.nih.gov/pubmed/2819870
https://doi.org/10.1097/01.inf.0000132280.36984.a9
https://www.ncbi.nlm.nih.gov/pubmed/15247607
https://doi.org/10.3892/mmr.2014.2578
https://www.ncbi.nlm.nih.gov/pubmed/25241846
https://doi.org/10.1016/j.pcad.2006.06.001
https://www.ncbi.nlm.nih.gov/pubmed/16867849
https://doi.org/10.1136/hrt.41.6.692
https://doi.org/10.1161/CIRCULATIONAHA.118.035966
https://doi.org/10.1007/978-3-540-75546-3_13
https://doi.org/10.1097/BOR.0000000000000303
https://www.ncbi.nlm.nih.gov/pubmed/27166925
https://doi.org/10.1093/infdis/169.4.905


Microorganisms 2024, 12, 367 13 of 14

66. Li, Y.; Bourlet, T.; Andreoletti, L.; Mosnier, J.-F.; Peng, T.; Yang, Y.; Archard, L.C.; Pozzetto, B.; Zhang, H. Enteroviral capsid
protein VP1 is present in myocardial tissues from some patients with myocarditis or dilated cardiomyopathy. Circulation 2000,
101, 231–234. [CrossRef]

67. Allen, D.W.; Kim, K.W.; Rawlinson, W.D.; Craig, M.E. Maternal virus infections in pregnancy and type 1 diabetes in their offspring:
Systematic review and meta-analysis of observational studies. Rev. Med. Virol. 2018, 28, e1974. [CrossRef] [PubMed]

68. Hober, D.; Sane, F. Enteroviral pathogenesis of type 1 diabetes. Discov. Med. 2010, 10, 151–160. [CrossRef]
69. Honkanen, H.-R. Epidemiology of Enteroviruses and Their Association with Type 1 Diabetes in Finland; Tampere University Press:

Tampere, Finland, 2016.
70. Viskari, H.; Ludvigsson, J.; Uibo, R.; Salur, L.; Marciulionyte, D.; Hermann, R.; Soltesz, G.; Füchtenbusch, M.; Ziegler, A.G.;

Kondrashova, A. Relationship between the incidence of type 1 diabetes and enterovirus infections in different European
populations: Results from the EPIVIR project. J. Med. Virol. 2004, 72, 610–617. [CrossRef] [PubMed]

71. Carré, A.; Vecchio, F.; Flodström-Tullberg, M.; You, S.; Mallone, R. Coxsackievirus and type 1 diabetes: Diabetogenic mechanisms
and implications for prevention. Endocr. Rev. 2023, 44, 737–751. [CrossRef] [PubMed]

72. Nekoua, M.P.; Alidjinou, E.K.; Hober, D. Persistent coxsackievirus B infection and pathogenesis of type 1 diabetes mellitus. Nat.
Rev. Endocrinol. 2022, 18, 503–516. [CrossRef] [PubMed]

73. Wikswo, M.E.; Khetsuriani, N.; Fowlkes, A.L.; Zheng, X.; Penaranda, S.; Verma, N.; Shulman, S.T.; Sircar, K.; Robinson, C.C.;
Schmidt, T. Increased Activity of Coxsackievirus B1 Strains Associated with Severe Disease among Young Infants in the United
States, 2007—2008. Clin. Infect. Dis. 2009, 49, e44–e51. [CrossRef]

74. Pons-Salort, M.; Grassly, N.C. Serotype-specific immunity explains the incidence of diseases caused by human enteroviruses.
Science 2018, 361, 800–803. [CrossRef]

75. SHINGU, M. Studies on the complement fixation test with enteroviruses. Effects of heating antigens at various temperatures on
their complement fixing ability. Kurume Med. J. 1961, 8, 43–60. [CrossRef]

76. Rigonan, A.S.; Mann, L.; Chonmaitree, T. Use of monoclonal antibodies to identify serotypes of enterovirus isolates. J. Clin.
Microbiol. 1998, 36, 1877–1881. [CrossRef]

77. Spickard, A.; Evans, H.; Knight, V.; Johnson, K. Acute respiratory disease in normal volunteers associated with Coxsackie A-21
viral infection. III. Response to nasopharyngeal and enteric inoculation. J. Clin. Investig. 1963, 42, 840–852. [CrossRef] [PubMed]

78. Couch, R.B.; Cate, T.R.; Douglas Jr, R.G.; Gerone, P.J.; Knight, V. Effect of route of inoculation on experimental respiratory viral
disease in volunteers and evidence for airborne transmission. Bacteriol. Rev. 1966, 30, 517–529. [CrossRef] [PubMed]

79. Dörries, R.; Ter Meulen, V. Specificity of IgM antibodies in acute human coxsackievirus B infections, analysed by indirect solid
phase enzyme immunoassay and immunoblot technique. J. Gen. Virol. 1983, 64, 159–167. [CrossRef] [PubMed]

80. Muir, P.; Singh, N.B.; Banatvala, J.E. Enterovirus-specific serum IgA antibody responses in patients with acute infections, chronic
cardiac disease, and recently diagnosed insulin-dependent diabetes mellitus. J. Med. Virol. 1990, 32, 236–242. [CrossRef]

81. Dotzauer, A.; Kraemer, L. Innate and adaptive immune responses against picornaviruses and their counteractions: An overview.
World J. Virol. 2012, 1, 91–107. [CrossRef]

82. Lodge, P.A.; Herzum, M.; Olszewski, J.; Huber, S. Coxsackievirus B-3 myocarditis. Acute and chronic forms of the disease caused
by different immunopathogenic mechanisms. Am. J. Pathol. 1987, 128, 455.

83. Mao, Q.-y.; Wang, Y.; Bian, L.; Xu, M.; Liang, Z. EV71 vaccine, a new tool to control outbreaks of hand, foot and mouth disease
(HFMD). Expert Rev. Vaccines 2016, 15, 599–606. [CrossRef]

84. Wong, S.; Yip, C.; Lau, S.; Yuen, K. Human enterovirus 71 and hand, foot and mouth disease. Epidemiol. Infect. 2010, 138,
1071–1089. [CrossRef]

85. De, W.; Changwen, K.; Wei, L.; Monagin, C.; Jin, Y.; Cong, M.; Hanri, Z.; Jun, S. A large outbreak of hand, foot, and mouth disease
caused by EV71 and CAV16 in Guangdong, China, 2009. Arch. Virol. 2011, 156, 945–953. [CrossRef]

86. Chan, K.P.; Goh, K.T.; Chong, C.Y.; Teo, E.S.; Lau, G.; Ling, A.E. Epidemic hand, foot and mouth disease caused by human
enterovirus 71, Singapore. Emerg. Infect. Dis. 2003, 9, 78–85. [CrossRef]

87. Cai, K.; Wang, Y.; Guo, Z.; Yu, H.; Li, H.; Zhang, L.; Xu, S.; Zhang, Q. Clinical characteristics and managements of severe hand,
foot and mouth disease caused by enterovirus A71 and coxsackievirus A16 in Shanghai, China. BMC Infect. Dis. 2019, 19, 285.
[CrossRef] [PubMed]

88. Kamau, E.; Nguyen, D.; Celma, C.; Blomqvist, S.; Horby, P.; Simmonds, P.; Harvala, H. Seroprevalence and virologic surveillance
of Enterovirus 71 and Coxsackievirus A6, United Kingdom, 2006–2017. Emerg. Infect. Dis. 2021, 27, 2261. [CrossRef] [PubMed]

89. Shi, Y.; Chen, P.; Bai, Y.; Xu, X.; Liu, Y. Seroprevalence of coxsackievirus A6 and enterovirus A71 infection in humans: A systematic
review and meta-analysis. Arch. Virol. 2023, 168, 37. [CrossRef]

90. Lin, T.-L.; Li, Y.-S.; Huang, C.-W.; Hsu, C.-C.; Wu, H.-S.; Tseng, T.-C.; Yang, C.-F. Rapid and highly sensitive coxsackievirus a
indirect immunofluorescence assay typing kit for enterovirus serotyping. J. Clin. Microbiol. 2008, 46, 785–788. [CrossRef]

91. Glenet, M.; Heng, L.; Callon, D.; Lebreil, A.-L.; Gretteau, P.-A.; Nguyen, Y.; Berri, F.; Andreoletti, L. Structures and functions of
viral 5′ non-coding genomic RNA domain-I in group-B enterovirus infections. Viruses 2020, 12, 919. [CrossRef] [PubMed]

92. Donelan, S.V.; Spitzer, S.; Spitzer, E. 2799. Inability to Locally Differentiate Rhinovirus/Enterovirus Results Impacts Infection
Control Practices. Open Forum Infect. Dis. 2019, 6, S989–S990. [CrossRef]

https://doi.org/10.1161/01.CIR.101.3.231
https://doi.org/10.1002/rmv.1974
https://www.ncbi.nlm.nih.gov/pubmed/29569297
https://doi.org/10.1097/QCO.0b013e3283608300
https://doi.org/10.1002/jmv.20033
https://www.ncbi.nlm.nih.gov/pubmed/14981763
https://doi.org/10.1210/endrev/bnad007
https://www.ncbi.nlm.nih.gov/pubmed/36884282
https://doi.org/10.1038/s41574-022-00688-1
https://www.ncbi.nlm.nih.gov/pubmed/35650334
https://doi.org/10.1086/605090
https://doi.org/10.1126/science.aat6777
https://doi.org/10.2739/kurumemedj.8.43
https://doi.org/10.1128/JCM.36.7.1877-1881.1998
https://doi.org/10.1172/JCI104776
https://www.ncbi.nlm.nih.gov/pubmed/13990087
https://doi.org/10.1128/br.30.3.517-529.1966
https://www.ncbi.nlm.nih.gov/pubmed/5920335
https://doi.org/10.1099/0022-1317-64-1-159
https://www.ncbi.nlm.nih.gov/pubmed/6185632
https://doi.org/10.1002/jmv.1890320408
https://doi.org/10.5501/wjv.v1.i3.91
https://doi.org/10.1586/14760584.2016.1138862
https://doi.org/10.1017/S0950268809991555
https://doi.org/10.1007/s00705-011-0929-8
https://doi.org/10.3201/eid1301.020112
https://doi.org/10.1186/s12879-019-3878-6
https://www.ncbi.nlm.nih.gov/pubmed/30917800
https://doi.org/10.3201/eid2709.204915
https://www.ncbi.nlm.nih.gov/pubmed/34423767
https://doi.org/10.1007/s00705-022-05642-0
https://doi.org/10.1128/JCM.01114-07
https://doi.org/10.3390/v12090919
https://www.ncbi.nlm.nih.gov/pubmed/32839386
https://doi.org/10.1093/ofid/ofz360.2476


Microorganisms 2024, 12, 367 14 of 14

93. Oikarinen, S.; Tauriainen, S.; Hober, D.; Lucas, B.; Vazeou, A.; Sioofy-Khojine, A.; Bozas, E.; Muir, P.; Honkanen, H.; Ilonen, J.
Virus antibody survey in different European populations indicates risk association between coxsackievirus B1 and type 1 diabetes.
Diabetes 2014, 63, 655–662. [CrossRef]

94. Sciandra, I.; Falasca, F.; Maida, P.; Tranquilli, G.; Di Carlo, D.; Mazzuti, L.; Melengu, T.; Giannelli, G.; Antonelli, G.; Turriziani, O.
Seroprevalence of group B Coxsackieviruses: Retrospective study in an Italian population. J. Med. Virol. 2020, 92, 3138–3143.
[CrossRef]

95. Mavrouli, M.; Spanakis, N.; Levidiotou, S.; Politi, C.; Alexiou, S.; Tseliou, P.; Hatzitaki, M.; Foundouli, K.; Tsakris, A.; Legakis, N.
Serologic prevalence of coxsackievirus group B in Greece. Viral Immunol. 2007, 20, 11–18. [CrossRef]

96. Terletskaia-Ladwig, E.; Metzger, C.; Schalasta, G.; Enders, G. Evaluation of enterovirus serological tests IgM-EIA and complement
fixation in patients with meningitis, confirmed by detection of enteroviral RNA by RT-PCR in cerebrospinal fluid. J. Med. Virol.
2000, 61, 221–227. [CrossRef]

97. Harvala, H.; Broberg, E.; Benschop, K.; Berginc, N.; Ladhani, S.; Susi, P.; Christiansen, C.; McKenna, J.; Allen, D.; Makiello, P.
Recommendations for enterovirus diagnostics and characterisation within and beyond Europe. J. Clin. Virol. 2018, 101, 11–17.
[CrossRef]

98. Committee on Infectious Diseases 2018–2021. Enterovirus (nonpoliovirus). In Red Book: 2021–2024 Report of the Committee on
Infectious Diseases, 32nd ed.; Kimberlin, D.W., Barnett, E.D., Lynfield, R., Sawyer, M.H., Eds.; American Academy of Pediatrics:
Itasca, IL, USA, 2021; pp. 315–318.

99. Falsey, A.R.; Cameron, A.; Branche, A.R.; Walsh, E.E. Perturbations in respiratory syncytial virus activity during the SARS-CoV-2
pandemic. J. Infect. Dis. 2023, 227, 83–86. [CrossRef] [PubMed]

100. Chuang, Y.-C.; Lin, K.-P.; Wang, L.-A.; Yeh, T.-K.; Liu, P.-Y. The Impact of the COVID-19 pandemic on respiratory syncytial virus
infection: A narrative review. Infect. Drug Resist. 2023, 16, 661–675. [CrossRef] [PubMed]

101. Redlberger-Fritz, M.; Kundi, M.; Aberle, S.W.; Puchhammer-Stöckl, E. Significant impact of nationwide SARS-CoV-2 lockdown
measures on the circulation of other respiratory virus infections in Austria. J. Clin. Virol. 2021, 137, 104795. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2337/db13-0620
https://doi.org/10.1002/jmv.26096
https://doi.org/10.1089/vim.2006.0085
https://doi.org/10.1002/(SICI)1096-9071(200006)61:2%3C221::AID-JMV8%3E3.0.CO;2-E
https://doi.org/10.1016/j.jcv.2018.01.008
https://doi.org/10.1093/infdis/jiac434
https://www.ncbi.nlm.nih.gov/pubmed/36315855
https://doi.org/10.2147/IDR.S396434
https://www.ncbi.nlm.nih.gov/pubmed/36743336
https://doi.org/10.1016/j.jcv.2021.104795
https://www.ncbi.nlm.nih.gov/pubmed/33761423

	Introduction 
	Materials and Methods 
	Results 
	Coxsackievirus B 
	Coxsackievirus A 

	Discussion 
	References

