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Abstract

A substantial amount of epidemiological data has been reported on Enterovirus D68 (EV-
D68) infections after the 2014 outbreak. Our goal was to map the case fatality rate (CFR)
and prevalence of current and past EV-D68 infections. We conducted a systematic review
(PROSPERO, CRD42021229255) with published articles on EV-68 infections in PubMed,
Embase, Web of Science and Global Index Medicus up to January 2021. We determined
prevalences using a model random effect. Of the 4,329 articles retrieved from the data-
bases, 89 studies that met the inclusion criteria were from 39 different countries with appar-
ently healthy individuals and patients with acute respiratory infections, acute flaccid myelitis
and asthma-related diseases. The CFR estimate revealed occasional deaths (7/1353)
related to EV-D68 infections in patients with severe acute respiratory infections. Analyses
showed that the combined prevalence of current and past EV-D68 infections was 4% (95%
Cl=3.1-5.0) and 66.3% (95% CI = 40.0-88.2), respectively. The highest prevalences were
in hospital outbreaks, developed countries, children under 5, after 2014, and in patients with
acute flaccid myelitis and asthma-related diseases. The present study shows sporadic
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deaths linked to severe respiratory EV-D68 infections. The study also highlights a low preva-
lence of current EV-D68 infections as opposed to the existence of EV-D68 antibodies in
almost all participants of the included studies. These findings therefore highlight the need to
implement and/or strengthen continuous surveillance of EV-D68 infections in hospitals and
in the community for the anticipation of the response to future epidemics.

Author summary

Enterovirus D68 (EV-D68) infections represent a global public health concern. EV-D68
are detected in apparently healthy subjects and patients with acute respiratory illnesses,
acute flaccid myelitis, and asthma-related illnesses. Enterovirus D68 was first described in
1962 and exhibited sporadic circulation until August 2014 when outbreaks of EV-D68
infections were reported in the USA and Canada mainly in children with acute flaccid
myelitis and severe acute respiratory disease. We systematically reviewed the literature on
EV-D68 infections globally in the present study to determine the case fatality rate and
prevalence of current and past infections. Our results show sporadic deaths in patients
with severe acute respiratory EV-D68 infections. Our data also show a low prevalence of
EV-D68 in current infections unlike the presence of EV-D68 antibodies (past infections)
in almost all individuals of all ages. EV-D68 infections were more prevalent in hospital
outbreaks, industrialized countries, children < 5 years, and patients with acute flaccid
myelitis and asthma-related diseases. These data highlight the need to strengthen the sur-
veillance of EV-D68 infections.

Introduction

Enteroviruses (EVs) are a major public health concern worldwide. Although the majority of
EV infections are subclinical, they can be associated with a broad spectrum of clinical illnesses
mainly in children, including acute respiratory illness, meningitis, encephalitis, myocarditis,
pericarditis, conjunctivitis, gastrointestinal diseases, hand-foot-and-mouth disease (HFMD),
inflammatory muscle diseases, and rarely, its can lead to neurological complications in severe
cases [1-3]. Enteroviruses are members of the genus Enterovirus (Picornaviridae family). They
are non-enveloped, positive-sense single strand RNA viruses with of approximately 7400-7500
nucleotides in length. More than 100 Enterovirus genotypes are currently classified based on
their molecular and antigenic properties into seven types associated with human disease
(Enterovirus A-D and Rhinovirus A-C) [3,4]. While Human rhinoviruses tropism is restricted
to the respiratory tract, the vast majority of Human enteroviruses infect the gastrointestinal
tract, the central nervous system, respiratory tract and other organs such as heart and cause a
significant morbidity and mortality worldwide.

First isolated in California, in 1962 [5], enterovirus D68 (EV-D68) which belongs to the
species enterovirus D, circulated at low levels around the world all over the year and infections
had been identified sporadically until 2014 [6-8] and only 699 persons were confirmed
infected worldwide before 2014 [7]. In August 2014, virus has emerged and captured public
attention when a widespread outbreak of neurological impairment (mostly acute flaccid myeli-
tis (AFM)) and severe respiratory illness has firstly been reported across United States and
Canada and affecting more than 2000 persons worldwide, mainly children [5,7,9-18]. These
severe illness requiring hospitalization and admissions to intensive-care units were potentially
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fatal particularly in children [7,16,18-20]. This unpredictable outbreak of enterovirus D68
associated to severe respiratory illness and AFM in 2014, led to implementation of enhanced
laboratory-based surveillance for enterovirus in many countries.

Following the 2014 outbreak, other waves of EV-D68 infections were observed in 2016 and
2018 with reports of outbreaks in several parts of the world, including Europe [10,21-26], USA
[15,27,28], South America [29,30], Asia [31,32] and West Africa [33,34]. These EV-D68 out-
breaks also coincided with waves of AFM. Thus, AFM mainly associated with EV-D68 is now
recognized as a global disease, with hundreds of cases reported across Europe [35], Asia
[36,37], Australia [38], Africa [33,34], North America [39] and South America [30,40].

Given that there are no vaccines approved to protect against EV-D68 infections and given
its ability to cause a potential uncontrollable epidemic of severe respiratory illness and poten-
tial neurological complications such as AFM, it is important to understand its full epidemiol-
ogy spectrum, in order to elucidate the patterns and outbreak dynamics of such infections and
predict its long-term disease burden and impact on public health. In this review, we seek to
systematically review the available literature and assess EV-D68 infections prevalence and case
fatality rate in humans.

Methods
Protocol and registration

The Checklist of Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) was used in the development and reporting of this review [41] (S1 Table). The
PROSPERO international prospective registry was used for the registration of the protocol
(ID: CRD42021229255).

Data sources and search strategies

Extensive searches were performed by an investigator in the PubMed, Embase, Web of Science
and Global Index Medicus databases from inception to January 05, 2021. To enhance the sen-
sitivity of the search strategy, we used only terms covering the field of EV-D68 infections (S2
Table). The search strategy was initially applied to PubMed and then adapted to other data-
bases. Other potentially eligible studies were searched from the list of references of included
studies.

Study eligibility

Titles and abstracts were independently reviewed in Rayyan review tool by two investigators to
rule out those who did not meet the inclusion criteria. Studies that reported data in English
and/or French on the case fatality rate (CFR) and/or prevalence of current or past EV-D68
infections were included. No restrictions on study design, type of EV-D68 detection method,
type of specimen for testing for EV-D68, geographic regions or population category were
applied. Studies with selection bias (selection of samples with preliminary Rhinovirus (RV)
and/or EV results known for EV-D68 typing), with full texts and/or abstracts not found, dupli-
cates, and with sample size <10 were excluded. Studies in which all generic RT-PCR positives
for EV/RV were not typed for EV-D68 were excluded for inappropriate prevalence.

Data extraction

Study eligibility and data retrieval was performed in duplicate from full text articles using Goo-
gle form. Disagreements were resolved by discussion and consensus among independent
investigators. Pre-designed and pre-tested google forms were used to collect the following
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data: first author name, year of publication, study design, sampling method, number of sites,
time of sample collection, country, study period, age group, population studied, EV-D68 diag-
nostic method, sample types, number tested for EV-D68, number with EV-D68, number of
deaths among EV-D68 positive, and data from the assessment of risk of bias according to Hoy
etal (S3 Table) [42]. We collected only the first EV-D68 specific screening technique and did
not consider the confirmatory screening methods such as sequencing. In studies reporting the
EV-D68 prevalence of several different sample types or detection methods for the same partici-
pants, we selected the highest prevalence. A single study could contribute to multiple points of
prevalence specific to country, population category, sample type and detection technique.

Data synthesis and analysis

We categorized the countries according to the United Nations Statistics Division (UNSD),
World Health Organization (WHO) and income level [43-45]. The age range was grouped
into <5 years, <18 years, and all ages. Population categories included presumably healthy
individuals, patients with acute respiratory infections (ARI), acute flaccid myelitis (AFM), and
asthma-related illnesses. Patients with respiratory symptoms were considered to be ARI.
Patients with respiratory symptoms accompanied by hospitalization or lower respiratory tract
infections were considered as severe acute respiratory infections (SARI). Infections were
aggregated into current (detection of live virus, RNA and/or viral antigen) and past (detection
of antibodies). We presented the individual data of the included studies in a database. We
aggregated these individual data with the qualitative variables in number and percentage and
the continuous variables in range. Data analyses were carried out using R software version
4.0.3 [46,47]. The forest plot, the proportions grouped with the 95% confidence interval were
obtained by a random-effect meta-analysis [48,49]. Estimates were obtained following a Free-
man-Tukey double arcsine transformation. Cochran’s Q test and the 12 statistic were used to
assess the possibility of heterogeneity between studies, with the values of p <0.05 and 12> 50%
indicating the presence of heterogeneity [48,50]. The funnel plot and Egger’s test were used to
assess publication bias, with the skewness of the funnel diagram and the p-value <0.05 indicat-
ing the presence of publication bias [51]. The stability of the meta-analyses was assessed by
sensitivity analyses including only cross-sectional studies and studies with a low risk of publi-
cation bias. Subgroup analyses were conducted according to study design, sampling, timing of
sample collection, country, WHO region, UNSD region, country income level, period of study
(before and after 2014), age group, category of study population, EV-D68 diagnostic method,
and sample type. Subgroup analyses were only conducted when at least 3 studies that fell into
at least two different categories applied.

Results
Study selection and characteristics

The article selection process is shown in Fig 1. The database search returned 4329 articles
including 992 duplicates. A total of 89 articles were included in this meta-analysis after exclu-
sions by title and abstract and full-text eligibility review (54 Table) [11,16-18,20,25,30,32—
34,37,52-129]. These 89 articles were published between 2011 and 2020 in 39 countries in the
6 WHO regions and mainly in high-income countries (USA, China and Japan) (S5 and S6
Tables). Participants were recruited between 1994 and 2019, but most of the participants were
after 2014, when EV-D68 infections emerged in the USA. Most of the studies were cross-sec-
tional and prospective with non-probabilistic recruitment. The recruited participants con-
sisted of presumed healthy individuals and patients with acute respiratory infections, acute
flaccid myelitis and asthma-related illnesses. The predominant technique used was RT-PCR to
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Fig 1. Flow diagram summarizing the selection of eligible studies.

https://doi.org/10.1371/journal.pntd.0010073.9001

search for EV-D68 RNA in nasopharyngeal samples. About half of the studies had a low risk of
bias and no study had a high risk of bias (S7 Table).

The case fatality rate of Enterovirus D68 (Meta-analysis)

The study with reported death due to EV-D68 infections were conducted in 5 countries: Can-
ada, Japan, Panama, United Kingdom and USA (Fig 2). Seven deaths in patients with ARI
were reported among 1353 participants in two included studies conducted in the United King-
dom and USA [20,58]. The CFR due to EV-D68 infections ranged from 0 to 4.4% in the 10
included studies with a combined random effect rate of 0.0% (95% CI: 0.0-0.1) (Fig 3)
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Fig 2. Global distribution, case fatality rate, and prevalence estimate of Enterovirus D68 current and past
infections. The figures represent from top to bottom: the Enterovirus D68 case fatality rate and the prevalence of
Enterovirus D68 current and past infections. Map source: https://www.datawrapper.de/basemaps/world/.

https://doi.org/10.1371/journal.pntd.0010073.g002

[18,20,53,58,59,65,102,112,113,127]. No statistical heterogeneity was observed in the overall
estimate of the CFR (I2 = 27.5% [0.0%; 65.2%]).

The prevalence of Enterovirus D68 current infection (Meta-analysis)

Studies reporting EV-D68 current infections were conducted in 41 countries across 5 WHO
regions: America, Europe, West Pacific, Africa, and Southeast Asia (Fig 2). A total of 4,440
EV-D68 infections were reported among 204,351 participants with acute respiratory
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Study Death Positive Case fatality rate (%) 95% Cl  Weight

CFR_Acute Flaccid Myelitis :
Yea, 2020_Canada 0 15 0.00 [0.00; 21.80] 2.1%
Random effect meta-analysis 15 '=—— 0.00 [0.00; 11.16] 2.1%
Heterogeneity: not applicable -

CFR_Acute Flaccid Myelitis, Severe acute respiratory iinfections

Edwin, 2015_Canada 0 268 = 0.00 [0.00; 1.37] 20.2%
Random effect meta-analysis 268 l> 0.00 [0.00; 0.64] 20.2%
Heterogeneity: not applicable 5

CFR_Acute respiratory infections :
Carrion Martin , 2017_United Kingdom 2 45 i 4.44 [0.54;15.15] 5.6%

Schuster, 2016_USA 0 339 = 0.00 [0.00; 1.08] 22.7%
Sejvar, 2016_USA 0 1 0.00 [0.00; 28.49] 1.6%
Random effect meta-analysis 395 T— 0.20 [0.00; 6.06] 30.0%

Heterogeneity: /% = 72.5% [7.4%; 91.9%)], t° = 0.0132, p = 0.0263

CFR_Asthma related illnesses ]
Ikuse, 2020_Japan 0 22 0.00 [0.00; 15.44] 3.0%
Random effect meta-analysis 22 = 0.00 [0.00; 7.67] 3.0%
Heterogeneity: not applicable :

CFR_Severe acute respiratory infections

17 0.00 [0.00; 19.51] 2.4%

Biggs, 2020_Panama 0

Funakoshi, 2019_Japan 0 40 - 0.00 [0.00; 8.81] 5.1%
Midgley, 2015_USA 5 499 = 1.00 [0.33; 2.32] 26.8%
Rao, 2016_USA 0 97 — 0.00 [0.00; 3.73] 10.5%
Random effect meta-analysis 653 D 0.12 [0.00; 0.82] 44.7%

Heterogeneity: /2 = 0% [0.0%; 56.3%], ©° = 0, p = 0.7888

Overall random effect meta-analysis 1353 | 0.00 [0.00; 0.15] 100.0%
Prediction interval = [0.00; 1.04]
Heterogeneity: /2 = 27.5% [0.0%; 65.2%), 12 = 0.0008, p = 0.1911 ! ' I ' !

Residual heterogeneity: /% = 40.0% [0.0%; 76.2%), p = 0.1389 O 5 10 15 20 25

Test for subgroup differences: 2 = 3.72, df = 4 (p = 0.4451)

Fig 3. The pooled global case fatality rate of Enterovirus D68.
https://doi.org/10.1371/journal.pntd.0010073.g003

infections, acute flaccid myelitis, asthma-related illnesses, and presumed healthy individuals.
EV-D68 current infection prevalences ranged from 0 to 74.3% in the included studies with a
combined random effect rate of 4.0% (95% CI: 3.1-5.0) (Fig 4). Substantial statistical heteroge-
neity was observed in the overall estimate of the prevalence of EV-D68 current infections

(12 = 99.0% [98.9%; 99.1%]).

The prevalence of Enterovirus D68 past infection (Meta-analysis)

Studies reporting EV-D68 past infections were conducted in 4 countries China (four esti-
mates), USA (one estimate), Japan (one estimate) and the Netherlands (one estimate) (Fig 2).
A total of 2390 EV-D68 past infections were reported among 3004 participants with acute flac-
cid myelitis and presumed healthy individuals in 7 included studies [37,60,63,69,76,79,115].
EV-D68 past infections prevalences ranged from 2.0 to 100.0% in included studies with a
combined random effect rate of 66.3% (95% CI: 40.0-88.2) (Fig 5). Substantial statistical het-
erogeneity was observed in the overall estimate of the prevalence of EV-D68 past infections
(I2=99.5% [99.3%; 99.6%]).
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Study Total

Current infection_Acute Flaccid Myelitis :
Random effect meta-analysis 5263 —H—
Heterogeneity: I° = 94.8% [93.2%; 96.0%), 1 = 0.0458, {p < 0.0001

Current infection_Acute respiratory infections
Random effect meta-analysis 116342 []
Heterogeneity: I° = 99.4% [99.3%; 99.4%], 1° = 0.0135,7p = 0

Current infection_Asthma related illnesses :
Random effect meta-analysis 6092 : &
Heterogeneity: /° = 98.5% [97.5%; 99.0%], ©° = 0.0828, p < 0.0001

Current infection_Presumed healthy individual$
Random effect meta-analysis 863 « .
Heterogeneity: /° = 0%, ©° = 0, p = 0.8371 ;

Current infection_Severe acute respiratory infei:tions
Random effect meta-analysis 75791 []
Heterogeneity: /° = 99% [98.9%; 99.1%], t° = 0.0141, p'= 0

Overall random effect meta-analysis 204351 0

Residual heterogeneity: /° = 99.0% [98.9%; 99.1%], p'=0 ! ! '

0 20 40 60

Fig 4. The pooled global prevalence of Enterovirus D68 current infections.
https://doi.org/10.1371/journal.pntd.0010073.g004

Publication bias and sensitivity analysis

Prevalence (%)

11.30

2.84

22.86

0.33

3.51

4.06

95% ClI

[ 5.45; 18.63]

[ 1.70; 4.25]

[ 3.96; 50.50]

[0.02; 0.89]

[2.17; 5.12]

[3.13; 5.09]

Egger’s test indicates that no publication bias was observed for the estimates of CFR and preva-
lence of EV-D68 past infections (Table 1). Egger’s test indicates publication bias in estimating

Study Positive Total Prevalence (%) 95% CI Weight
byvar = Past infection_Acute Flaccid Myelitis
Chong, 2018_Japan_Serum 1 49 = 2.04 [0.05; 10.85] 13.9%
Random effect meta-analysis 49 = 2.04 [ 0.00; 8.55] 13.9%
Prediction interval -
Heterogeneity: not applicable
byvar = Past infection_Presumed healthy individuals
Harrison, 2019_USA 436 436 d 100.00 [99.16; 100.00]  14.4%
Hu, 2019_China 25 130 —F 19.23 [12.85; 27.07] 14.2%
Kareletho, 2019_Netherlands 234 242 : — 96.69 [93.59; 98.56] 14.3%
Lee, 2020_China 612 920 —’— 66.52 [63.37; 69.57] 14.4%
Liu, 2020_China 995 1050 : 94.76 [93.24; 96.03] 14.4%
Sun, 2018_China 87 177 — : 49.15 [41.57; 56.76] 14.3%
Random effect meta-analysis 2955 —O 77.68 [52.77; 95.02] 86.1%
Prediction interval . . - [ 0.63; 100.00] -
Heterogeneity: /2 = 99.5% [99.3%; 99.6%], t° = 0.1084, p < 0.0001
Overall random effect meta-analysis 3004 —O 66.39 [40.02; 88.24] 100.0%
Prediction interval [ 0.00; 100.00]
Heterogeneity: /2 = 99.5% [99.3%; 99.6%], t° = 0.1273, p < 0.0001 | T ! T T !
Residual heterogeneity: /° = 95.5% [99.3%; 99.6%], p < 0.0001 O 20 40 60 80 100
Test for subgroup differences: Xf =35.27, df =1 (p < 0.0001)
Fig 5. The pooled global prevalence of Enterovirus D68 past infections.
https://doi.org/10.1371/journal.pntd.0010073.g005
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Table 1. Summary of meta-analysis results for global case fatality rate and prevalence of Enterovirus D68 in humans.

Overall
Cross-sectional

Low risk of bias

Current
infection

Overall
Cross-sectional
Low risk of bias
Past infection
Overall

Cross-sectional

Low risk of bias

0[0-0.2]
0[0-0.1]
0[0-0.7]

4.1 [3.1-5.1]
3.8 [2.9-4.8]
2.4 (1.7-3.3]

77.7 [52.8-95]

93.2 [74.5-100]

77.7 [52.8-95]

Prevalence. % (95%CI) | 95% Prediction interval | N Studies | N Participants |TH (95%CI)
EV-D68 case fatality rate

1% (95%CI)

P heterogeneity | P Egger test

[0-1] 10 1353 1.2 [1-1.7] 27.5[0-65.2] 0.191 0.343

[0-0.5] 7 1271 1.1[1-1.5] 14.7 [0-58.4] 0.318 0.862

[0-1.4] 5 587 1[1-1.8] 0 [0-70.6] 0.586 0.345

EV-D68 prevalence

[0-18.1] 107 204351 9.9[9.6-10.3] |99 [98.9-99.1] < 0.001 < 0.001

[0-17.6] 102 199378 10.1 [9.7-10.4] | 99 [98.9-99.1] < 0.001 < 0.001

[0-11.2] 55 165151 9.6 [9.1-10.1] 98.9 [98.8-99] < 0.001 0.002

[0.6-100] 6 2955 13.8 [12.2— 99.5[99.3- < 0.001 0.521
15.7] 99.6]

[0-100] 4 2648 133 [11.2— 99.4 [99.2- < 0.001 0.540
15.7] 99.6]

[0.6-100] 6 2955 13.8 [12.2— 99.5[99.3- < 0.001 0.521
15.7] 99.6]

CI: confidence interval; N: Number; 95% CI: 95% Confidence Interval; NA: not applicable.

H is a measure of the extent of heterogeneity, a value of H = 1 indicates homogeneity of effects and a value of H >1lindicates a potential heterogeneity of effects.

$: 12 describes the proportion of total variation in study estimates that is due to heterogeneity, a value > 50% indicates presence of heterogeneity

https://doi.org/10.1371/journal.pntd.0010073.t001

the prevalence of EV-D68 current infections. The distribution of the studies in the funnel plot
was in agreement with the results of the Egger test (52-S4 Figs). The results of sensitivity analy-
ses including only cross-sectional studies and studies with low risk of bias showed no signifi-
cant difference from the overall estimates.

Sub-group analysis

Relationships between EV-D68 CFR and prevalence (current and past infections) according to
study design, sampling approach, timing of sample collection, country, WHO region, UNSD
region, country income level, study period, age group, category of study population, diagnostic

method, and sample type were established with subgroup analyses (S8 Table). The CFR was

not heterogeneous and none of these factors significantly affected the reported estimates. The
prevalence of EV-D68 current infections were significantly higher in hospital outbreak,

cohorts, study with non-probabilistic recruitments, prospective studies, countries in the Amer-
icas WHO region (USA, Argentina, Mexico, and Canada), high income countries, studies with
recruitments made after August 2014, studies in <5 years old, studies recruiting patients with
asthma-related diseases and AFM and studies that detected EV-D68 in nasopharyngeal sam-
ples by real-time RT-PCR. The prevalence of EV-D68 past infections were significantly higher
in studies with non-probabilistic recruitments, in the USA, in high-income countries and in
subjects of all ages.

Discussion

This systematic review provides a summary of the prevalence of EV-D68 past and current
infections and its case fatality rate in humans obtained by the exploitation of published articles
between 1962 and 2020 in 41 countries across 5 WHO regions: America, Europe, West Pacific,
Africa, and Southeast Asia. This review reveals occasional deaths from patients with acute
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respiratory EV-D68 infections. The combined prevalence of current EV-D68 infections in
apparently healthy individuals and patients with ARI, AFM and asthma-related illness was 4%.
Current EV-D68 infections were higher in hospital outbreaks, high-income countries in the
Americas, in children <5 years, after 2014, and in patients with AFM and asthma-related ill-
nesses. Almost all of the individuals had scars from EV-D68 past infections with a combined
prevalence of 66.3%. EV-D68 past infections were present in subjects of all ages and higher in
high incomes countries.

Although, there is no approved antiviral for EV-D68 infections, this review shows a low
case fatality rate with seven deaths in patients with ARI reported among 1353 participants.
This low number of deaths can be explained by early management with supportive treatment
with careful monitoring focused on potential vital emerging complications. In addition,
EV-D68 infections are mainly reported in high-income countries, which may result a better
care. In 2018, 96% of identified AFM cases in the USA were admitted to hospital, and 58% to
an intensive-care unit [130]. Nonetheless, Enterovirus D68 treatment option is limited to sup-
portive care for mild and severe cases. Sufficient evidence of efficacy of corticosteroids, immu-
noglobulins or plasma exchange has not been found although these immunomodulatory
treatments have often administered during the acute management of this pathology [113]. Flu-
oxetine was found to have in vitro activity against EV-D68 infections. A recent study on the
use of fluoxetine in patients with AFM found that fluoxetine was well tolerated and safe. In
addition, immune suppressive therapies have also been used by some centers to target the
inflammatory response to infection [131]. It should be noted that recently much progress has
been made in the development of the EV-D68 antivirals by targeting various viral proteins and
host factors essential for viral replication [132]. However, this intervention was not associated
with improved neurologic outcomes [133].

Overall EV-D68 current infection prevalence around 4.0% was estimated in this study with
a range of prevalence of 0.0 and 74.29%. The wide range of prevalence found can be explained
by the large variation of the prevalence of EV-D68 infections observed according to the study
period, the epidemic context, the geographical location, the target population, as well as the
various detection assays. High infection rate in North America may be explained by the fact
that outbreaks occurred there before spreading in other geographies. The high prevalence of
EV-D68 (current and past infection) observed in developed countries could also be attributed
to the establishment of an effective surveillance system and the numerous studies that are
carried out. In Europe, increasing awareness of and testing for enterovirus D68 led to 31
enterovirus D68-associated AFM cases reported in 2016, an increase of greater than 10 times
compared with 2014 [134]. In contrast, in developing countries such as African countries, the
low prevalence of EV-D68 infections can be explained by the unawareness of the virus and the
resulting lack of studies carried out. Thus, there may be a silent circulation of the virus as wit-
nessed by retrospective studies carried out in West Africa in 2019 [33,135,136] and 2020 [34]
which showed circulation of the virus during the epidemics of 2014 and 2016.

In this review the majority of EV-D68 current infections were recorded after the 2014 epi-
demic. Indeed, minor outbreaks of enterovirus D68 had also been described, with 699 cases
confirmed in Europe, Africa, America and Asia from 1970 to 2013 with disease manifestations
mainly ranging from mild respiratory symptoms to severe ARI requiring intensive care [7].
The high numbers of EV-D68 infections reported after 2014 in the review can therefore be
explain by the multiple outbreaks observed from 2014. Indeed, only during the 2014 EV-D68
infections outbreak, 2287 cases recorded in 20 countries which are mainly located in North
America and Europe, but also in Southeast Asia and Chile [7]. Following the 2014 outbreak,
an upsurge of EV-D68 infections was also occurred in 2016 and 2018 in almost geographic
location [10,15,22,24,28,32-34,137]. Regarding the study period, since 2014, previously
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published data on the seasonality of EV-D68 infections have suggested circulation with a bien-
nial epidemic cycle of EV-D68 infections in Europe and North America [70,138,139]. More-
over, the periodic upsurge of EV-D68 infections in same geographical area is supporting by
study of Gilrane and colleagues which reported that the resurgence of EV-D68 infections was
only recognized in 2014, 2016 and 2018 compared to 2015 and 2017 where only sporadic cases
were detected [140]. The impact of geographical location in prevalence can be explained in
USA context were several studies noticed a widespread of EV-D68 infections in 2014 and 2018
but only low-level circulation in 2016 in some states, such as Colorado, Missouri, and Ohio. In
contrast, high prevalence of EV-D68 infections was reported in the Lower Hudson Valley and
Philadelphia in 2016 [139,140].

The high prevalence observed in hospital outbreak in this study can be explained by noso-
comial transmission of the virus. Indeed, evidence supporting the role of EV-D68 in respira-
tory infections in hospitalised patients has been provided in several countries as Spain [141],
in Italy [24], Japan [142] and USA [143].

As in our study, it has been reported in several studies that the paediatric population is
more vulnerable to EV-D68 infections [22,33,70]. EV-D68 infections has mostly been reported
in children probably because of the lower amount of physical space in the airways than in
adults but also the immaturity of their immune system [19,78,87,106,144]. Although children
are at higher risk for severe respiratory symptoms than are adults [64,78,144-148], cases of
respiratory disease associated with EV-D68 have been reported in both healthy adults and
adults with under lying respiratory diseases or immunosuppression [149]. However, although
constituted of four clades and five subclades, including clade A, clade B (subclades B1 to B3),
clade C and clade D (subclades D1 to D2), recent studies reported that EV-D68 clade D1 is
more likely to cause respiratory infections in adults than in children [26,96,115,150]. Nonethe-
less, AFM occurs almost exclusively in children [151]. Indeed, these major co-circulating
EV-D68 (AC) clades emerged in the world in the 2000s [6] and subsequently diversified, with
a single monophyletic group (genotypes B1 and B3) with a common ancestor in 2009 associ-
ated until now at AFM [152]. In vitro studies of the neurotropism of these viruses compared
to ancestral strains have given conflicting results as to whether neurotropism increased
[153,154]. The timing of increased transmission estimated in a recent study in the UK on the
basis of serological data analysis roughly corresponds to the genetic emergence of clade B
around 2007, and it could be hypothesized that increased transmissibility of the virus is a trait
associated with this clade [155]. More efficient viral replication may improve transmission as
well as the likelihood of the virus reaching the central nervous system, although changes in
receptor use may also play a role [155]. Regarding immunity, studies that more closely investi-
gated EV-D68 infections seroepidemiology in children noted a low population antibody preva-
lence around one year of age, with a gradual rise in the presence of EV-D68 neutralizing
antibodies through childhood [115,156]. A recent study shown also that natural EV-D68 infec-
tions of humans induces B cells encoding broad and potently neutralizing antibodies that can
prevent or treat infection and disease in both the respiratory tract and the nervous system
[157]. In addition, EV-D68 phylogenetic of pattern does not suggest continuous immune
escape [158] and a broad range of cross-reactivity among clades of EVD68, both with binding
and neutralization was also observed by Vogt et al. [157].

High prevalence of EV-D68 infections in people with asthma was observed in this study.
Indeed, it has been shown that EV-D68 infections peaks in 2014 and 2018 were related to an
increase in summertime hospitalizations for asthma in USA, which agrees with a study con-
ducted in Japan [145]. Some studies have shown a more severe clinical course among hospital-
ized children with EV-D68 infections who have pre-existing asthma [20,159], whereas others
have not observed this difference [16,160].
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In this study, from 5263 participants with AFM, an overall prevalence of EV-D68 current
infections of 11.3% was obtained. However, although other pathogens like enterovirus A71
and West Nile virus have been recognized responsible to AFM, EV-D68 is associated for the
majority of AFM cases. However, several evidences have been shown which support that the
AFM was caused by EV-68. The first is the coincidence of outbreaks of EV-68 and the increase
of AFM case in 2014, 2016 and 2018 [35,37,156]. In addition, EV-D68 was found predomi-
nantly in specimens from patients with AFM [52,113,151]. The second evidence has been
highlighted by two independent studies on sera and CSF of AFM patients who have demon-
strated a strong antibody enrichment associated with enteroviruses, including antibodies
against a specific epitope of the EV-D68 in up to 73% of patients [161,162]. In addition, multi-
ple mouse models of EV-D68 have been developed that replicate key features of AFM [163-
167] and Koch’s postulates for causation were fulfilled in one mouse model [164]. Two others
analyses have also concluded that the Bradford Hill criteria support a causative relationship
between EV-D68 and AFM in humans [39,168]. Moreover, these facts may explain the high
prevalence of EV-D68 in AFM, which corroborates with the high prevalence of 22.5 and
27.8 observed in California from 2012 to 2015 [118] and in Canada in 2014 and 2018 [127],
respectively.

Past infections were investigated in this review in patients with acute flaccid myelitis and
presumed healthy individuals and EV-D68 past infections prevalence of 66.3% was found with
arange from 2.0 to 100.0%. As the result, anti-EV-D68 neutralizing antibodies levels have
been gradually increasing worldwide with a geometric mean titer 40.50 in 2002 in the Finnish
[1] and a highest antibody titer reached 676.08 in the Kansas City population from 2011 to
2013 [115]. In additions, after the 2014 EV-D68 infections outbreak in the United States, the
geometric means of the titers of anti-EV-D68 neutralizing antibodies in human sera was up to
14, 562 [169]. Moreover, the presence of neutralizing antibodies is a widely accepted correlate
of immunity and protection against severe disease associated with EV infection [170]. Thus,
age-stratified serosurveys of neutralizing antibodies are a valuable method of understanding
the prevalence of EV-D68 infections and evaluating the risk of an outbreak among the general
population.

One of the main limitations of this study is the poverty or lack of data observed in resource
limited settings. Furthermore, the role played by EV-D68 in the deaths reported in this
review is unclear. Most of the published work included in this review retrospectively tested
EV-D68 in nasopharyngeal swabs and therefore could likely underestimate the reported
prevalences. The heterogeneity between diagnostic tools used in different included studies
also constitutes a limit in the detection of EV-D68. Regarding the diagnostic, in this study we
also considered all AFP as AFM. However, a consensus case definition applicable in all WHO
regions will help differentiate between AFM and other neurological complications. Although
there were some limitations, this is to the very best of our knowledge, the first review with
meta-analysis summarizing data on the global prevalence of EV-D68 infections. This review
also allowed us to map the articles published on the EV-D68 infections and to see the data
gap observed in countries with limited resources. This article also highlighted the importance
of AFM cases associated with EV-D68, nosocomial infections and the vulnerability of chil-
dren with asthma.

In the absence of a vaccine, prevention is based on strict respect with universal hygiene
rules, and in particular hand washing, to stop the chain of transmission within the family and
the community. EV-D68 infections outbreak observed in hospital in this study demands effec-
tive implementation of vigorous prevention and control strategies to break nosocomial
EV-D68 infections. For that personal protective equipment (PPE), like face masks, will help to
prevent the spread EV-D68 infections. In addition, until more progress in treatment is
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achieved; we recommend that the children population should remain shielded during EV-D68
infection outbreaks. For a better understanding of the virus and the diseases caused, efficient
and standardized laboratory diagnosis and characterization of circulating viral strains is the
first step towards effective and continuous surveillance activities.

In conclusion, the high prevalence observed in these studies shows that EV-D68 should be
considered a pathogen emerging. The large-scale outbreak of 2014, 2016 and 2018, sometimes
associated with respiratory infections complicated by severe neurological damage, must
encourage the implementation of continuous global surveillance. However, standardization of
detection systems, types of samples and case definitions, especially for AFM, would be a real
advance in understanding about the mechanisms for the sudden upsurge in incidence and its
unusual and severe complex disease manifestations.
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