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Enterovirus D68 and acute flaccid myelitis—evaluating the 
evidence for causality
Kevin Messacar, Edwin J Asturias, Alison M Hixon, Coretta Van Leer-Buter, Hubert G M Niesters, Kenneth L Tyler, Mark J Abzug, 
Samuel R Dominguez

Increased circulation of enterovirus D68 in 2014 and 2016 temporally and geographically coincided with increases in 
cases of acute flaccid myelitis, an uncommon condition of paralysis due to lesions in the anterior horn of the spinal 
cord. The identification of enterovirus D68 in respiratory specimens from cases of acute flaccid myelitis worldwide 
further supports an association, yet the absence of direct virus isolation from affected tissues, infrequent detection in 
cerebrospinal fluid, and the absence, until recently, of an animal model has left the causal nature of the relationship 
unproven. In this Personal View we evaluate epidemiological and biological evidence linking enterovirus D68 and 
acute flaccid myelitis. We applied the Bradford Hill criteria to investigate the evidence for a causal relationship and 
highlight the importance of comprehensive surveillance and research to further characterise the role of enterovirus 
D68 in acute flaccid myelitis and pursue effective therapies and prevention strategies.

Introduction
In 2012, cases of a polio-like neurological disease, now 
designated acute flaccid myelitis (AFM), occurred in 
California, with enterovirus D68 identified in respiratory 
tract specimens.1 Subsequently, temporal and geographic 
correlations of increased enterovirus D68 circulation with 
clusters of AFM cases worldwide have further suggested a 
possible causal relationship.2 However, inability to identify 
enterovirus D68 in the CNS in most cases of AFM leaves 
the association without direct proof of causality. Thus, the 
relationship between the emergence of enterovirus D68 
and the rise in AFM cases is controversial.

Enterovirus D68 and acute flaccid myelitis
Enterovirus D68 was discovered in 1962 after being 
isolated from respiratory specimens of children with 
pneumonia in California.3 Enterovirus D68 is a non-polio 
enterovirus with biological and clinical properties so 
similar to those of human rhinoviruses that it was 
initially classified as rhinovirus 87.4,5 Enterovirus D68 
grows optimally at 33°C and primarily binds sialic acid 
receptors in the upper and, less commonly, lower 
respiratory tract.4,6,7 Enterovirus D68 is transmitted 
mainly via the respiratory route and detected in 
respiratory specimens early in the course of disease. 
Unlike acid-stable and heat-stable enteroviruses, 
enterovirus D68 is uncommonly detectable in stool.4

Only 26 cases of enterovirus D68 infection were reported 
through the passive US National Enterovirus Surveillance 
System from 1970 to 2005.8 Numbers of small clusters of 
enterovirus D68 respiratory illness increased in Europe, 
Asia, and the USA from 2008 to 2010.9 In 2014, the USA 
experienced a large enterovirus D68 outbreak, with 
1153 confirmed infections coinciding with a surge in 
respiratory illnesses detected by syndromic surveillance 
that suggested millions of cases.10 Retrospective analysis 
showed enterovirus D68 circulation in Europe during the 
same period.11 In 2015, no enterovirus D68 isolates were 
reported in the USA, suggesting little to no circulation12–14 
but in the late summer to autumn of 2016, enterovirus 

D68 was again detected at sites doing active surveillance in 
the USA and Europe.13–17

AFM has recently been described as acute onset of 
flaccid limb weakness, with imaging showing spinal cord 
grey matter lesions suggestive of anterior myelitis.18 The 
inclusion of imaging criteria in the case definition for 
AFM was intended to provide more specificity to the 
broader epidemiological case definition of acute flaccid 
paralysis (AFP), which is primarily used for global 
poliovirus surveillance. Although use of the term AFM 
is new, the clinical condition it describes is not, 
encompassing cases previously described as poliomyelitis, 
polio-like illness, and acute flaccid paralysis with anterior 
myelitis.19 Throughout this paper, AFP refers to cases 
of acute flaccid limb weakness without further 
characterisation, whereas AFM is used to refer to the 
subset of cases of AFP with additional imaging findings 
suggestive of myelitis. The asymmetric lower motor-
neuron-specific deficits and characteristic longitudinal 
anterior horn predominant spinal cord grey matter lesions 
can help distinguish AFM from other causes of AFP, 
including Guillain-Barré syndrome, acute disseminated 
encephalomyelitis, and transverse myelitis, although 
some overlap in epidemiological case definitions and 
clinical findings exists.2 Most commonly associated with 
poliovirus and other non-polio enteroviruses, AFM has 
also been described in association with endemic and 
epidemic neurotropic flaviviruses, most notably West Nile 
virus and Japanese encephalitis virus.20–22 Although AFM 
is now rare in countries with adequate poliovirus 
vaccination, several AFM clusters occurred in the USA, 
Canada, and Europe in 2014 and 2016,23–30 coincident with 
emergence of enterovirus D68.

Criteria for causality
Koch’s postulates, developed in the 19th century, are the 
traditional criteria used to establish a causal relationship 
between an infectious agent and disease.31 However, in 
1965, Bradford Hill provided a set of fundamental tenets 
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of causal inference in epidemiology to move from an 
observed association to a verdict of causation.32 The 
Bradford Hill criteria provide a rigorous method to assess 
what is known and unknown about a potential causal 
relationship, but they do not require fulfilment of all 
criteria to establish causality. Fredricks and Relman33 and 
Lipkin34 highlighted the role of molecular diagnostics and 
the strength of epidemiological association and biological 
plausibility as important components for consideration of 
causality particular to pathogens, such as viruses, to which 
Koch’s postulates may not readily apply.

The establishment of a causal relationship between 
enteroviruses, such as polioviruses and enterovirus A71, 
and neurological manifestations evolved from initial 
epidemiological observations to animal experimentation 

and descriptions of pathological changes in and viral 
isolation from human CNS tissue. Epidemiological 
descriptions of paralytic outbreaks in the 19th century 
were followed by experimental evidence of a causal link 
for polioviruses in primate models and subsequent 
demonstration of pathological changes in and isolation of 
poliovirus from human spinal cord tissue.35–38 Similarly, 
epidemiological descriptions of brainstem encephalitis 
and paralytic disease associated with outbreaks of 
enterovirus A71 hand-foot-mouth disease in the 
1970s to 1990s were followed by confirmation of a causal 
link to the virus in mouse models and by demonstration 
of pathological changes in and viral isolation from human 
CNS tissues.20,39,40 In the absence of consistent detection of 
enterovirus D68 in the cerebrospinal fluid (CSF) of 

Panel : Bradford Hill criteria for evidence of causality applied to the relationship between enterovirus D68 infection and acute flaccid myelitis

Strength of association
Supportive evidence exists:
• Increased acute flaccid myelitis (AFM) cases clustering during periods of 

enterovirus D68 circulation in summer–autumn 2014 and 2016; sporadic 
AFM cases with no clustering in 2015 when enterovirus D68 was not 
circulating.10,13,14,23,26,27,29

• Enterovirus D68 was the most commonly identified pathogen in 2014 
and 2016 US cases of AFM; enterovirus D68 was found in respiratory 
specimens, not cerebrospinal fluid (CSF).23,27,30

• Increased AFM incidence in California during 2014 enterovirus D68 
outbreak using longitudinal surveillance in place since 2012.1

• 4·5–10·3 greater odds of enterovirus D68 detection in AFM patients than 
respiratory controls in Colorado case control study.41

• Assessment limited by scarcity of prospective longitudinal active surveillance.

Consistency
Supportive evidence exists:
• Cases of paralysis with enterovirus D68 detection reported from 

14 countries on six continents with consistent clinical presentation.
• Clustering of enterovirus D68-associated AFM cases in Europe in 2016.25

Specificity
Evidence does not support specificity.
• No one-to-one specificity: AFM caused by several enteroviruses and 

flaviviruses.20–22 Enterovirus D68 infection causes predominantly 
respiratory disease.12

Temporality
Supportive evidence exists:
• Febrile respiratory prodrome precedes onset of neurological 

symptoms.1,2,23,42

• Cases with samples collected during respiratory prodrome positive before 
onset of neurological symptoms.

• Frequency of enterovirus D68 detection decreases with delayed sampling 
after AFM onset.23,24

Biological gradient
Evidence does not support biological gradient.
• No dose-response relationship noted and low level detection of 

enterovirus D68 in respiratory specimens of some severe AFM cases.43

• Assessment limited by timing, dilution of respiratory specimens, and 
scarcity of CNS tissue.

Plausibility
Supportive evidence exists:
• Five case reports of accute flaccid paralysis or AFM with enterovirus D68 in 

CSF. Most AFM cases with no enterovirus D68 and no alternative 
pathogens detected in CSF.8,23,44,45,46

• One case with autopsy histopathology consistent with enterovirus 
encephalitis and myelitis and enterovirus D68 in CSF.44

• Assessment limited by scarcity of CNS tissue for testing.

Coherence
Supportive evidence exists:
• Viraemia detected early in course of enterovirus D68 infection47 and a 

neuron-specific receptor (ICAM-5) for enterovirus D68 provide potential 
mechanisms for neuroinvasion.48

Experiment
Supportive evidence exists:
• Recent enterovirus D68 strains cause paralytic myelitis in mouse model, 

whereas historical strains do not.49

• Enterovirus D68 infects and causes loss of motor neurons in anterior horn 
of spinal cord in mice.49

• Enterovirus D68 isolated from spinal cord of paralysed mice transmits 
paralytic disease to naive mice.49

• Enterovirus D68 antibodies protect against paralytic disease in mice,49 
whereas immunosuppression leads to increased paralysis and mortality.50

Analogy
Supportive evidence exists:
• Clinical presentation, neuroimaging, electrophysiological findings in 

recent enterovirus D68-associated AFM cases similar to paralytic disease 
due to poliovirus and enterovirus A71.2

• Enterovirus D68 found less commonly in CSF than poliovirus or 
enterovirus A71.23

• Detection of poliovirus or enterovirus A71 from stool when absent in 
CSF analogous to enterovirus D68 detection in respiratory 
specimens.4,38,51,52
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patients with AFM or sufficient CNS tissues available for 
pathological evaluation to prove causality, we applied the 
Bradford Hill criteria to examine current epidemiological 
and biological evidence for a causal relationship between 
enterovirus D68 and AFM (panel) and highlight areas 
where further investigation is needed.

Weighing the evidence for causality using 
Bradford Hill criteria
Strength of the association
The strength of an epidemiological association helps to 
ascertain the likelihood of causal interdependence versus 
association by chance. At a national level, increases in 
AFM cases in the USA in 2014 and 2016 temporally 
correlated with enterovirus D68 circulation (figure 1).10,13,14,26 
120 cases meeting the US Centers for Disease Control 
and Prevention (CDC) case definition for AFM were 
identified from August to December, 2014, during the 
enterovirus D68 outbreak, and enterovirus D68 was 
detected in 47% of respiratory tract specimens collected 
within 7 days of prodromal respiratory illness onset.23 By 
contrast, enterovirus D68 circulation was not detected in 
the USA in 2015,12–14 and only 21 cases of AFM without 
temporal or geographical clustering were reported 
sporadically throughout the year.26 In 2016, 144 AFM cases 
were noted in the USA,26 with a marked increase in cases 
noted from July to October correlating with a period of 
enterovirus D68 circulation detected at sites with active 
surveillance.13,14,29 Again, enterovirus D68 was the 
predominant pathogen identified from respiratory 
specimens in some reported clusters.27–30

At a regional level, prospective AFM surveillance in 
California since 2012 detected an increase in baseline 
AFM incidence from 0·028 to 0·16 cases per 
100 000 person-years from August, 2014, to January, 2015, 
(p<0·001) coinciding with the enterovirus D68 outbreak.1 
In Colorado, the number of AFM cases from August to 
October, 2014, during the enterovirus D68 outbreak was 
3 times higher than the number of cases retrospectively 
identified during any 3-month period in the previous 
4 years (p=0·0009).41 The odds of having enterovirus D68 
infection were 10·3 (95% CI 1·8–64·8) and 4·5 (1·0–21·2) 
times greater in patients with AFM than in the general 
patient population tested for respiratory infection and 
pertussis infection, respectively, after adjusting for age, 
time to specimen collection, and week of collection.41 The 
available data suggest a strong epidemiological 
association between enterovirus D68 and AFM, which is 
unlikely to be due solely to increased case finding, 
incidental detection, or chance, although more 
longitudinal and granular prospective surveillance is 
needed to confirm these findings.

Consistency
Consistent observations in diverse populations in 
different settings over time suggest that an association is 
more likely to be causal. AFP and AFM cases with 

enterovirus D68 detected in biological specimens have 
been published from 14 countries on six continents 
(table). Increasing awareness of and testing for 
enterovirus D68 in Europe led to 31 enterovirus 
D68-associated AFM cases reported in 2016, an increase 

Figure 1: Acute flaccid myelitis cases and enterovirus D68 circulation in the USA from 2014 to 2016
Shaded areas represent periods in which enterovirus D68 circulation was identified in the USA during 2014 to 
2016, although absence of active surveillance precludes quantification of prevalence.10,12–14 Bars represent the 
monthly number of confirmed acute flaccid myelitis cases in the USA reported to the Centers for Disease Control 
and Prevention with onset from August, 2014, to December, 2016 (adapted from Centers for Disease Control and 
Prevention26). 
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Month, year

2016 enterovirus
D68 circulation13,14

2015 no reported enterovirus
D68 circulation12–14

Number of cases with enterovirus D68 from 
any source (year of presentation)

Number of 
cases with 
enterovirus 
D68 in CSF

Argentina45,53 4 (2016) 1

Australia54 2 (2010) 0

Canada24,55 7 (2014) 0

Democratic Republic of the Congo56 1 (year not reported) 0

France11,57,58–60 2 (2014), 4 (2016) 0

Germany61,62 2 (2016) 0

Italy46,63 2 (2016) 1

Japan64 3 (2013, 2015) 0

Netherlands16,65 2 (2016) 0

Norway11,66,67 2 (2014) 0

Spain68 1 (2015), 2 (2016) 0

Sweden15 3 (2016) 0

UK69–72 1 (2014), 2 (2015), 6 (2016) 0

USA1,8,23,27–30,42,44,73 1 (2005), 1 (2008), 3 (2012), 12 (2014), 15 (2016) 3

Total 78 cases in 14 countries on six continents 5

CSF=cerebrospinal fluid. *Includes cases of acute flaccid paralysis or acute flaccid myelitis with enterovirus D68 
detected from respiratory, stool or rectal, blood, or CSF specimens.

Table: Acute flaccid paralysis or acute flaccid myelitis cases with enterovirus D68 identified from 
biological specimens*
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of greater than 10 times compared with 2014.25 The 
clinical course, laboratory, imaging, and electrophysiology 
in these cases and clusters are consistent with those 
reported in the USA in 2014.

Late or absent sampling of the respiratory tract remains 
an impediment to detection of enterovirus D68 in patients 
with AFM. Diagnostic testing for WHO poliovirus 
surveillance has traditionally involved sampling of CSF 
and serial stool or rectal swab specimens.74 Enteroviruses 
previously associated with paralytic disease, such as 
poliovirus and enterovirus A71, are uncommonly detected 
in CSF, but readily detectable in stool or rectal samples 
for weeks to months after infection.51,52 By contrast, 
enterovirus D68 is uncommonly detected in stool and is 
likely to be shed from the respiratory tract for a shorter 
period of time similar to human rhinoviruses.75 The delay 
in presentation of neurological symptoms in AFM 
following an initial prodromal respiratory illness 
decreases the potential to detect an infectious trigger.2 
Despite this impediment, detection of enterovirus D68 in 
AFM cases since 2014 in diverse populations across the 
globe further supports a causal relationship.

Specificity
Associations are more likely to be causal if they are 
specific—ie, when an exposure causes only one disease 
and a disease is only caused by one exposure. Enterovirus 
D68 does not have one-to-one specificity with AFM 
because most of those infected with enterovirus D68 do 
not have a neurological disease. Many infected with 
enterovirus D68 have mild respiratory symptoms; fewer 
have more severe lower respiratory disease and asthma-
like symptoms.12 If a causal relationship exists, AFM 
would appear to be an uncommon complication of 
enterovirus D68 infection. Similarly, less than 1% of 
those infected with poliovirus and enterovirus A71 
develop severe neurological disease, including 
paralysis.38,40 Two siblings infected with identical 
enterovirus D68 strains were identified in California in 
2014, one with AFM and one with respiratory illness, 
which suggests that enterovirus D68 infection with a 
neurotropic strain alone would not be sufficient to cause 
AFM.43 Investigations into host and environmental 
factors may help to explain why some individuals 
infected with the same virus may manifest neurological 
symptoms whereas others do not.

Additionally, AFM does not have one-to-one specificity 
with enterovirus D68, as there are other known infectious 
causes of this clinical syndrome. Notably, non-polio 
enteroviruses previously described as causing AFM, such 
as enterovirus C105, echoviruses, and coxsackieviruses, 
were detected in single cases of AFM during the 2014 and 
2016 outbreaks in the USA, as would be expected from 
background seasonal circulation of these viruses.23,76 
There are no unique phenotypic characteristics to 
distinguish enterovirus D68-associated AFM from other 
infectious causes.2 Nevertheless, despite considerable 

overlap with paralytic disease associated with poliovirus 
and enterovirus A71, AFM associated with enterovirus 
D68 appears to more commonly have a respiratory 
prodrome and predilection for areas high in the 
brainstem and spinal cord, causing more upper limb 
paralysis and cranial neuropathies.42 The long-term 
outcomes of enterovirus D68-associated AFM appear to 
be more similar to those of paralytic poliovirus disease 
than to those of enterovirus A71-associated paralysis, 
with muscle atrophy and long-term disability in the most 
affected muscle groups in most patients.77 Although 
there is no one-to-one specificity between enterovirus 
D68 and AFM, such specificity is uncommon for viruses 
which cause a wide spectrum of clinical presentations 
and clinically defined syndromes which can be attributed 
to a variety of pathogens.

Temporality
If a pathogen causes a disease, infection with that agent 
must precede the disease in time. In AFM, clinical 
symptoms of a febrile prodromal respiratory illness 
precede the acute onset of headache, meningeal signs, 
and pain in either the neck, back, or affected limb, with 
associated limb weakness by a median of 5 days.23 At least 
two published cases describe children with enterovirus 
D68 detected during hospitalisation for the initial 
prodromal presentation of respiratory illness who 
subsequently developed neurological illness meeting 
AFM criteria.42,57 Further evidence for a temporal 
relationship is the finding that delayed respiratory 
sampling following presentation with AFM decreases the 
frequency of enterovirus D68 detection. In the USA 
during 2014 enterovirus D68 was identified in 47% 
of respiratory specimens collected within 7 days, 20% of 
specimens collected between 7 and 14 days, and 0% 
of 17 specimens collected more than 14 days after onset of 
prodromal respiratory symptoms.23 Likewise, respiratory 
specimens that tested positive for enterovirus D68 in 
AFM cases in Canada in 2014 were more likely to be 
obtained earlier than those that tested negative (median 
3·5 days’ difference).24 The pattern of respiratory 
symptoms and detection of enterovirus D68 before onset 
of neurological symptoms in AFM shows a temporal 
relationship between enterovirus D68 and AFM that 
suggests causality.

Biological gradient
An increase in pathogenicity or severity of disease with 
increasing exposure to a putative aetiological agent can 
support causality. However, for most viruses, dose-
response curves are non-linear and vary depending on 
unique characteristics of the given population, exposure 
route, and molecular endpoints assessed. Further, virus 
quantification from respiratory samples is influenced by 
dilution from the method of collection (nasopharyngeal 
swab vs nasal wash vs bronchoalveolar lavage), viral 
replication within the host after exposure, and timing of 
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specimen collection. Several samples from AFM patients 
demonstrated low concentrations of virus in respiratory 
specimens compared with samples from patients with 
isolated respiratory symptoms, but this result might have 
been confounded by longer intervals between infection 
and sampling in AFM cases.43 No study of virus 
quantification in human spinal cord or brain tissue to 
analyse an association of tissue virus concentration with 
AFM severity has been reported. Thus, although a dose-
response relationship between enterovirus D68 and AFM 
has not yet been identified, demonstration of such a 
relationship might not be expected based on existing 
information.

Plausibility
Consistent identification of a virus in the CNS with 
associated pathology would suggest that the virus is a 
neuropathogen. However, obtaining spinal cord tissue to 
assess pathology is only feasible postmortem. 
Furthermore, CSF testing might not reliably detect 
infection of brain and spinal cord tissue, as shown by 
viruses proven to cause neuroinvasive infections, such as 
poliovirus, enterovirus A71, West Nile virus, and rabies 
virus, which are frequently absent in CSF at the time of 
clinical presentation.38,51,78,79 Despite these limitations, 
enterovirus D68 has been identified in the CNS, albeit 
uncommonly, in association with AFM with consistent 
pathology. In 2008, a previously healthy 5-year-old boy 
with preceding upper respiratory symptoms developed 
pneumonia, progressive bulbar and limb paralysis, and 
encephalopathy and subsequently died.44 Autopsy showed 
meningoencephalomyelitis with lymphocytic infla- 
mmation in the motor nuclei of the anterior spinal cord 
in a histopathological pattern consistent with CNS 
enterovirus infection. Enterovirus D68 was identified in 
the CSF by PCR. Four additional cases have been 
reported of AFP or AFM with enterovirus D68 identified 
in CSF by PCR: one in a young adult with AFP in the 
USA in 2005 identified through enteroviral surveillance,8 
one in a child with AFM during the 2014 USA enterovirus 
D68 outbreak (noted to have a blood-contaminated CSF 
specimen and co-detection of Epstein-Barr virus nucleic 
acid),23 one in a child with AFM during a cluster of cases 
in Argentina in 2016,45,53 and a fatal case of AFM in an 
immunosuppressed adult in Italy in 2016.46 Enterovirus 
D68 has also been detected in the CSF of two children 
and a young adult with aseptic meningitis without 
AFM.57,80 These reports suggest that it is biologically 
plausible that enterovirus D68 can be neuroinvasive and 
cause AFM.

In most cases of AFM, even those associated with 
enterovirus D68 outbreaks or with enterovirus D68 
identified from other sites, enterovirus D68 is not detected 
in CSF. Among the cases of AFM reported in the USA in 
2014, enterovirus D68 was only identified in one of 54 CSF 
specimens collected a median of 7·5 days after onset of 
respiratory or febrile illness.23 Testing for a broad range of 

pathogens in CSF, including enteroviruses, adenoviruses, 
herpesviruses and arboviruses, and metagenomic next-
generation sequencing, failed to identify alternative 
pathogenic organisms in any patient with AFM tested in 
2014 or 2016.23,43 Scarcity of spinal cord specimens for 
evaluation precludes the ability to definitively assess 
whether virus isolation in CNS tissues or histopathological 
changes consistent with neuroinvasive destruction of 
anterior horn cells is present in most cases of enterovirus 
D68-associated AFM.

Coherence
A causal relationship should be consistent with the 
scientific knowledge regarding pathogen and disease. 
Enterovirus D68 appears to be primarily a respiratory 
virus that binds to sialic acid receptors on respiratory 
epithelium.6,81 However, there is emerging evidence that 
enterovirus D68 might have mechanisms to invade the 
CNS. Viraemia was detected in 43% of patients with 
enterovirus D68 pneumonia a median of 2 days 
after symptom onset, suggesting that haematogenous 
migration, similar to poliovirus, may be possible.47 
Additionally, sialic acid-independent enterovirus 
D68 strains have been identified that bind to the neuron-
specific receptor intracellular adhesion molecule 5, 
which is present only on neurons of the telencephalon, 
including cranial nerves I and II, and the cerebral 

Figure 2: Experimental mouse model of enterovirus D68 paralytic disease
Several 2014 strains of enterovirus D68 caused permanent paralysis in neonatal mice by intracerebral 
(ic) inoculation. One strain tested in further detail, US/MO/14-18947, caused paralysis by multiple routes of 
inoculation, in inverse order of disease frequency: intramuscular (im, 100%), intracerebral (ic, about 50%), 
intraperitoneal (ip, about 5%), and intranasal (in, about 3%). During the course of enterovirus D68 infection, 
whole spinal cords were removed from paralysed animals. (A) Infected spinal cords inoculated into cell culture 
resulted in cytopathic effect. Media from cell culture inoculated into naive mice produced paralytic disease, as per 
Koch’s postulates. (B) Spinal cords taken over the course of infection showed enterovirus D68 VP2 protein within 
motor neurons of the anterior horn and subsequent loss of infected neurons. (C) Cell culture assays of affected 
spinal cords demonstrated presence of infectious virus. Spinal cords tested by qRT-PCR and metagenomic deep 
sequencing confirmed the presence of enterovirus D68.
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H

Enterovirus D68 strains
tested that caused paralysis
in neonatal mice:
US/MO/14-18947 (im, ic, ip, in)
US/IL/14-18952 (ic tested)
US/KY/14-18953 (ic tested)
US/CA/14-4232 (ic tested)

Enterovirus D68 infectious virus detected by cell
culture assays and enterovirus D68 viral genome
detected by qRT-PCR and metagenomic deep
sequencing

Enterovirus D68
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neurons followed
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B Histology
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cortex.48,81,82 The possibility of a functional enterovirus 
D68 receptor being located on olfactory nerve endings in 
the upper nasal cavity epithelium provides another 
potential portal of CNS entry through retrograde axonal 
transport. Thus, although enterovirus D68 is most 
commonly associated with respiratory disease, a causal 
role in AFM is consistent with potential mechanisms of 
neuroinvasion.

Experiment
Controlled investigation in animal models can provide 
experimental evidence of the relationship between 
pathogen and disease, although it cannot prove causality in 
humans. Four enterovirus D68 strains from the 2014 US 
outbreak were found to cause paralytic myelitis in a 
neonatal mouse model following intracerebral infection 
(figure 2), whereas inoculation of equivalent titres of the 
1962 prototype enterovirus D68 strains Fermon and Rhyne 
did not.49 The potential to cause paralysis via intramuscular, 
intraperitoneal, and intranasal routes of infection was 
also shown with a 2014 enterovirus D68 strain. 
Immunofluorescent and electron microscopy showed 
enterovirus D68 infection of neurons and motor neuron 
death within the anterior horns of spinal cord segments 
corresponding to paralysed limbs. Infectious virus and 
enterovirus D68 viral RNA increased over time in spinal 
cord, but not brain tissue, concordant with disease 
progression. In agreement with Koch’s postulates, 
enterovirus D68 isolated from spinal cords of paralysed 
mice transmitted paralytic disease when injected into 
naive mice not previously exposed to the virus. Enterovirus 
D68 antiserum samples and human intravenous 
immunoglobulin containing neutralising enterovirus 
D68 antibodies given before inoculation protected mice 
from development of paralysis and death, whereas mouse 
serum samples not containing enterovirus D68 antibodies 
failed to provide protection; conversely, corticosteroid 
treatment worsened motor outcomes and mortality, and 
increased spinal cord viral loads.50

This model suggests that enterovirus D68 is 
neuroinvasive, with tropism for spinal cord motor 
neurons, and causes direct viral injury that results in 

paralysis. These observations match the clinical findings 
and biological mechanisms associated with other 
enteroviruses that cause paralysis. Serological protection 
against paralysis conveyed by enterovirus D68 antibodies 
and worsening of outcomes after immunosuppression 
further strengthens the case for causality and has 
implications for therapeutic and preventive strategies. 
Data from studies in animals, however, must be 
interpreted cautiously, as there may be differing patterns 
of infectivity and disease between animal hosts and 
human beings. For example, Sabin poliovirus vaccine 
strains without reversion mutations that confer 
neurovirulence have been shown to cause paralysis in 
neonatal mice following intracerebral injection, but do 
not cause paralysis in humans.83 Nevertheless, these 
mouse model studies provide additional evidence of the 
neuropathogenicity of enterovirus D68.

Analogy
A causal relationship is more conceivable if similar 
exposures are known to cause analogous disease. 
Polioviruses and non-polio enteroviruses, which are 
among the most common infectious causes of AFM, are 
known to be neuroinvasive with tropism for spinal cord 
motor neurons. The clinical course seen with these 
viruses of febrile illness followed by acute-onset 
asymmetrical flaccid limb weakness and cranial nerve 
motor neuropathies, particularly bulbar paralysis, with 
infrequent sensory findings resembles the clinical pattern 
observed in AFM cases associated with enterovirus D68.2 
Tropism for spinal cord motor neurons characteristic of 
polioviruses and other non-polio enteroviruses is 
analogous to the pattern of spinal cord involvement shown 
in enterovirus D68-associated AFM: longitudinal, anterior 
horn-specific lesions shown by MRI and pure motor 
neuron deficits shown by electrophysiological studies.66,77,84 
Detection of poliovirus and enterovirus A71 in stool or 
rectal samples with negative CSF testing in most patients 
with paralytic disease is similar to detection of enterovirus 
D68 in respiratory specimens in many AFM cases, but 
rarely in CSF.38,51,52 The ability of enteroviruses, such as 
poliovirus and enterovirus A71, to cause anterior horn 
motor neuron disease reinforces the plausibility that 
enterovirus D68 might similarly cause paralytic disease.

Next steps in investigating a causal association
Prospective studies evaluating the epidemiological 
association between enterovirus D68 and AFM are  
needed. Because of the voluntary and passive nature of 
most enteroviruses surveillance systems in the USA and 
Europe, enterovirus D68 infections are probably under-
recognised and under-reported. A global network of 
active enterovirus surveillance sites would provide real-
time monitoring for resurgences of enterovirus D68 with 
collaborative genotyping efforts to allow for detection 
of strain changes and monitoring of molecular 
epidemiology.

Search strategy and selection criteria 

We searched PubMed for articles published in English and 
Japanese before Sept 9, 2017, using the terms “acute flaccid 
paralysis” or “acute flaccid myelitis” and “enterovirus 68” or 
“enterovirus D68” as well as relevant articles identified 
through searches in the authors’ personal files, in Google 
Scholar, and conference proceedings. We reviewed relevant 
articles resulting from these searches and references cited in 
those articles. We included articles pertinent to the 
relationship between enterovirus D68 and acute flaccid 
myelitis, including case reports, case series, epidemiological 
studies, research articles, and review articles.
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Before 2014, AFP and AFM were not reportable 
conditions in the USA. In 2015, voluntary, passive 
surveillance for the clinical syndrome of AFM was 
adopted in the USA by the Council of State and Territorial 
Epidemiologists, with the CDC compiling nationwide 
US data.85 Mandated reporting of AFM cases in the USA 
and Europe would ensure more robust epidemiological 
data, improve outbreak investigations, and provide better 
estimates of disease burden for public health planning 
and response. Additionally, dedication of financial and 
logistical resources to expand WHO surveillance to 
include collection of respiratory samples with molecular 
testing for non-polio enteroviruses would facilitate 
worldwide detection of enterovirus D68-associated AFM, 
strengthening virological investigation and research. 
Essential to these efforts would be international sharing 
of epidemiological data, virus strains, and outcomes data 
with cross-specialty collaboration among the neurology, 
physiatry, infectious diseases, virology, and epidemiology 
communities.

Awareness of AFM amongst health-care providers, 
leading to earlier recognition and earlier collection of 
biological specimens, would improve the potential for 
detecting enterovirus D68. Spinal cord tissue from any 
fatal AFM case should be tested for enterovirus D68 and 
evaluated for anterior horn motor neuron pathology. An 
enterovirus D68-specific neutralising antibody test would 
enable intrathecal antibody testing to detect host 
response to CNS infection when virus is not present in 
CSF at the time of testing, a diagnostic standard 
employed for West Nile virus and other known 
neuroinvasive pathogens. Additional laboratory 
investigation, including animal and cell culture models, 
is needed to identify pathophysiological mechanisms 
and inform approaches to prevention and treatment.

Conclusion
Application of the Bradford Hill criteria to the putative 
association between enterovirus D68 and AFM supports a 
causal relationship, specifically through the fulfilment of 
the strength, consistency, temporality, plausibility, 
coherence, experiment, and analogy criteria. Of the 
remaining Bradford Hill criteria, evidence of specificity 
or biologic gradient is insufficient but these criteria are 
not met for many infectious conditions, including 
enterovirus A71 and West Nile virus-associated AFM. 
Importantly, the lack of specificity suggests that, if indeed 
a causal relationship exists, AFM is an infrequent 
manifestation of enterovirus D68 infection and 
enterovirus D68 is only one of several pathogens with the 
capacity to cause the condition. Prospective 
epidemiological studies with collection of appropriately 
timed specimens from all relevant anatomical sites 
(respiratory, stool, rectal, blood, CSF, and CNS tissue 
when available) for virological, serological, and 
immunological analyses are needed to further define the 
role of enterovirus D68 in AFM, identify other potential 

causes, and define disease pathogenesis. Currently 
available evidence supporting a causal role of enterovirus 
D68 in AFM and the potential for future disease outbreaks 
highlights the need for comprehensive surveillance of 
enterovirus D68 and AFM and development of preventive 
and therapeutic strategies.
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