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INTRODUCTION

The ongoing severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic is beginning to provide further insights to
infection-related neurological manifestations [1]. The conditions
reported in the context of coronavirus disease 2019 (COVID-19)

Abstract

Background and purpose: An incremental number of cases of acute transverse myelitis
(ATM) in individuals with ongoing or recent coronavirus disease 2019 (COVID-19) have
been reported.

Methods: A systematic review was performed of cases of ATM described in the context
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection by screening
both articles published and in preprint.

Results: Twenty cases were identified. There was a slight male predominance (60.0%)
and the median age was 56 years. Neurological symptoms first manifested after a mean
of 10.3 days from the first onset of classical, mostly respiratory symptoms of COVID-19.
Overall, COVID-19 severity was relatively mild. Polymerase chain reaction of cerebro-
spinal fluid for SARS-CoV-2 was negative in all 14 cases examined. Cerebrospinal fluid
findings reflected an inflammatory process in most instances (77.8%). Aquaporin-4 and
myelin oligodendrocyte protein antibodies in serum (tested in 10 and nine cases, respec-
tively) were negative. On magnetic resonance imaging, the spinal cord lesions spanned
a mean of 9.8 vertebral segments, necrotic-hemorrhagic transformation was present in
three cases and two individuals had additional acute motor axonal neuropathy. More than
half of the patients received a second immunotherapy regimen. Over a limited follow-up
period of several weeks, 90% of individuals recovered either partially or near fully.
Conclusion: Although causality cannot readily be inferred, it is possible that cases of ATM
occur para- or post-infectiously in COVID-19. All identified reports are anecdotal and
case descriptions are heterogeneous. Whether the condition and the observed radiologi-

cal characteristics are specific to SARS-CoV-2 infection needs to be clarified.
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include but are not limited to encephalitis, myelitis, meningitis,
acute disseminating encephalomyelitis (ADEM), metabolic and acute
hemorrhagic necrotizing encephalopathy, cerebrovascular diseases,
Guillain-Barré syndrome (GBS), cranial polyneuritis, dysautonomia
and myopathies [2]. From a pathogenetic viewpoint, neurologi-

cal manifestations can fall into any of four categories—direct virus
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effects on the nervous system, para- or post-infectious immune-
mediated diseases and neurological conditions stemming from com-
plications of systemic COVID-19 [3].

Reports of neurological manifestations in observational cohorts
vary widely from 3.5% to 84% [4]. One large prospective study of
4491 individuals with COVID-19 in New York City (United States) re-
ported neurological complications in 606 of them (13.5%) [4]. In that
study, encephalopathy, seizures and stroke were the most common
manifestations. At the same time, one of the earliest studies from
Wuhan also considered mild and unspecific neurological symptoms
like anosmia, headache and dizziness and found that 78 out of 241
individuals (36.4%) with COVID-19 were affected [5].

Neither of the above cohort studies depicted cases of myelitis in
the context of COVID-19. Yet, there is mounting—although, at this
point, largely anecdotal—evidence of individuals with acute trans-
verse myelitis (ATM) and a history of infection with SARS-CoV-2.
Considering that more than 50 million cases of COVID-19 have been
recorded worldwide to date and that this number will only grow, even
rare complications may be important to recognize, especially if they
require specific management strategies. Eight cases of acute and sub-
acute neurological complications in the form of encephalitis, seizures,
leukoencephalopathy, neuropathy or myopathy due to direct viral
invasion have been reported for SARS-CoV-1 and Middle Eastern re-
spiratory syndrome CoV (MERS-CoV) [6-8]. Yet, no reports of ATM
associated with these two beta-coronaviruses, which caused epidem-
ics in recent history, are found in the literature [9]. However, the total
number of infected individuals for both viruses combined only totaled
approximately 11,000 individuals; the frequency may not have been
sufficient to notice potentially rarer complications [3]. For CoV-OC43
or CoV-229E, which belong to another subspecies of coronaviruses,
cases of severe central nervous system (CNS) manifestations includ-
ing encephalitis, ADEM or GBS in combination with detection of the
virus by histological analysis of brain sections have been reported
[10,11]. There has also been a case of acute flaccid myelitis in asso-
ciation with respiratory CoV-OC43 and CoV-229E co-infection [12].

In order to elucidate a potential occurrence of ATM in associ-
ation with SARS-CoV-2 infections, all cases reported to date were

systematically reviewed.

METHODS

This systematic review was carried out in accordance with PRISMA
guidelines [13]. MEDLINE and two preprint servers (MedRxiv and
BioRxiv) was searched from database inception to October 20,

» o«

2020, using the following search terms: “myelitis”, “myelopathy”,
“spinal cord”, “neurologic manifestations”, “neurological manifes-
tations” as well as “neurology” in combination with “SARS-CoV-2"
and “COVID-19". No language restrictions were applied. All types
of studies were considered but only studies presenting original data
were included in downstream analyses. Additionally, reference lists
of included articles were also followed up to check for additional

relevant studies that might have been missed.

Study bias was assessed using the Newcastle-Ottawa scale to
identify possible selection bias, assessment bias, comparability is-
sues, causality bias and reporting bias [14].

Cases were defined as “confirmed”, “probable” or “suspected”
COVID-19 cases using the case definitions put forward by the World
Health Organization (WHO) and as “confirmed”, “probable” or “pos-
sible” SARS-CoV-2 myelitis as described previously [3]. Confidence
in SARS-CoV-2-associated myelopathy/myelitis was established
using the four categories (“suspected myelopathy”, “myelopathy”,
“possible myelitis” and “myelitis”) suggested by Ellul et al. [3]. Overall
COVID-19 severity was judged using the O to 10 scale of the WHO
outcome criteria [15]. Wherever timeframes of disease course were
not stated explicitly, a “best guess” was employed, where possible,
using data derived from the case descriptions. If this was not deemed
possible, the cases were left out of the analyses. Accordingly, for a
reference, the number of cases which were used is stated in all anal-
yses. Averages are reported as means + standard deviation.

RESULTS
Systematic review and bias assessment

In total, 497 records were identified on MEDLINE, 156 records from
preprint servers and four records from other sources, totaling to 657
records.

After the removal of 36 duplicates, titles and abstracts of 621
records were screened and 52 full-length articles were assessed for
eligibility. Twenty full-length articles were included in the individ-
ual level data synthesis (Figure 1). Two case reports were identified
[16,17] which seemed to report the same patient. This notion was
confirmed by at least one of the corresponding authors (personal
correspondence). Accordingly, in the analyses, information was syn-
thesized from both reports into one case presentation.

Bias assessment revealed low quality for almost all studies, with
only one case series with moderate quality (Appendix S1). Since
most cases are reported as single case reports, the compromised

quality was mainly due to selection or reporting bias.

Demographics

Over the period from January 1, 2020, to October 20, 2020, a total
of 20 cases of ATM in the context of COVID-19 were reported in
the form of case reports or case series with individual level data.
The first case of acute myelitis reported in Wuhan appeared on
March 16, 2020, although currently still only available on a preprint
server [18].

Cases were reported from 14 different countries; ancestries in-
cluded European, Arabic, Native American, African and East Asian.
60.0% were men (12/20). The average age was 48.1 + 19.2 years,
with a median of 56. The comorbidities included hypertension
(7/18), diabetes (4/18), obesity (2/18), hyperlipidemia (2/18) and



3232 |

SCHULTE eT AL.

PubMed preprint servers

v v

[497 records identified on] [156 records identified on]

[

through other sources

FIGURE 1 Record selectionin

4 ds identified
ks J accordance with PRISMA guidelines

657 of records after L
removal of duplicates J‘

[ 621 records screened ]————*[

569 records excluded mostly
due to off-target content

\ 4

52 of full text articles
assessed for eligibility

-

32 of articles excluded mostly
because case definition not fulfilled

i

hypothyroidism (2/18). Amongst the rarer comorbidities were
human immunodeficiency virus (1/18) and glucose-6-phosphate-
dehydrogenase deficiency (1/18). Six out of 18 individuals did not

have comorbidities (Table 1).

Clinical presentation

In most instances, neurological symptoms consisted of the classical
triad of weakness of the lower extremities, sensory deficits in the
form of a sensory level, and bladder or bowel dysfunction. Details on
the neurological presentation and individual findings are presented
in Tables 1 and 2.

Progression from onset of neurological symptoms to maxi-
mum symptom severity was approximately 80.8 + 66.9 h, range
6 h to approximately 7 days, median 48 h (data available for 17/20
cases; Table 1). Neurological symptoms first manifested on average
10.3 + 5.8 days after the first onset of classical, mostly respira-
tory, symptoms of COVID-19 (range 0-19 days, data available for
15/20 polymerase chain reaction [PCR] positive cases; Table 1).
The most frequently reported symptoms of the initial manifesta-
tion of SARS-CoV-2 infection included fever/subfebrile tempera-
tures (15/18 cases), cough (7/18 cases), dyspnea (5/18), rhinorrhea
(3/18) and myalgia (4/18) (also see Table 1). Only in the instance of
a 3-year-old child were no symptoms of respiratory tract infection
or fever reported prior to the onset of neurological symptoms [19].
COVID-19 manifestation overall was relatively mild with an average
WHO score [15] of 3.2 + 1.7 (median 2, range 1-8), equivalent to
respiratory symptoms that can be treated at home without need for
hospitalization. Two cases with mild respiratory symptoms and sud-
den death from cardiac arrest were not included in the analysis due
to the fact that the association between COVID-19 and the deaths

could not be established. Pneumonia was diagnosed in 68.4% of
cases (13/19). Additional possibly COVID-19-related complications
included cardiac arrest (2/19), hepatic inflammation and failure
(1/19) and pulmonary embolism (1/19). Of note, distal axonal motor
neuropathies were reported in two individuals with myelitis (2/19;
10.5%). No individual was described as having had a prior episode
of transverse myelitis (TM) or other autoimmune conditions of the
CNS.

Laboratory and cerebrospinal fluid findings

Polymerase chain reaction (PCR) from nasopharyngeal swabs was
performed in all cases. It was positive at some point in the disease
course in 75.0% of cases (16/20 cases). In the four cases without
a positive SARS-CoV-2 PCR, anti-SARS-CoV-2 antibodies were pre-
sent in serum (immunoglobulin G [IgG] only in 2/4; 1gG/IgM in 1/4;
1gG/1gM/IgA in 1/4). At the time of onset of neurological symptoms,
8/16 cases were PCR positive. Of the 8/16 negative cases, two
turned positive 2 or 3 days later; the others remained negative or
were not tested again but had had a positive SARS-CoV-2 PCR prior
to the onset of neurological symptoms. Chest X-rays (8/18 cases) or
computed tomography (10/18 cases) were performed in 90.0% of
individuals (18/20 cases). In five cases, these were within normal lim-
its (5/18 cases; 27.8%). Thirteen of 18 showed patchy infiltrations,
which were unilateral in 3/13 cases and bilateral in 7/13 cases. Data
regarding the extent of infiltrations was lacking in 3/13 cases.

Blood laboratory findings were reported in 15/20 cases although
the extent of what was reported was very heterogeneous (Table S2). In
the majority of cases (13/15 cases), laboratory changes showed a mild,
often incomplete, systemic inflammatory syndrome with slightly ele-
vated white blood cell counts (5/14 cases), erythrocyte sedimentation
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rates (1/5 cases) and C-reactive protein (8/13 cases) as well as lym-
phocytopenia (3/11 cases). In five out of 15 cases, additional changes
often seen in the context of SARS-CoV-2 infection, such as elevated
D-dimer levels or liver enzymes, were also observed. In half of the
cases, serological work-up for autoimmune diseases was performed.
Where tested, anti- aquaporin 4 (anti-AQP4) antibodies (10/20 cases)
and anti-myelin oligodendrocyte glycoprotein (anti-MOG) antibodies
(9/20 cases) were not present and panels for systemic autoimmune
diseases (9/20 cases) or anti-neuronal antibodies (3/20) returned neg-
ative results. In one individual who also had axonal motor neuropathy,
anti-GD1b IgM ganglioside antibodies were detected [20].

Cerebrospinal fluid (CSF) findings were heterogeneous but re-
flected some form of inflammatory process in most cases (14/18
cases): lymphocytic pleocytosis with elevated protein was seen in
6/18 cases, isolated lymphocytic pleocytosis was present in 3/18
cases and isolated protein elevation was found in 5/18 cases. CSF glu-
cose levels were available in 11 of 18 cases and were within normal
limits in nine and increased in two individuals with diabetes. If evalu-
ated, CSF-specific oligoclonal bands were not detected (8/18) and IgG
index was unremarkable or at the upper limit of normal (5/18) (Table 2).
In all 14 cases examined, no SARS-CoV-2 RNA was detected by real-
time PCR in the CSF. In two of three cases, CSF was positive for anti-
SARS-CoV-2 IgG [21] in one case, it was negative [22]. No other viral
or bacterial infections were detected in the CSF or serum of those 19
individuals for whom it was reported (Tables 2 and 3 for details).

Based on the WHO definitions for describing associations be-
tween SARS-CoV-2 and myelitis/myelopathy, the association was
“confirmed” in two cases based on the presence of anti-SARS-CoV-2
1gG in CSF. In 40% of cases, it was “probable” (8/20 cases) with nei-
ther viral RNA or SARS-CoV-2 antibodies found in CSF but clear
evidence of SARS-CoV-2 infection and no evidence of alternative
causes for TM. In the remaining 50%, association was “possible”
(10/20 cases) due to incomplete exclusion of potential alternative
causes of TM (Tables 1-3).

Neuroradiological imaging

Nineteen out of 20 cases had a magnetic resonance imaging (MRI)
of the spinal cord; two of these (10%) were unrevealing and two
showed degenerative changes, in one instance with concomitant
T2 hyperintensities of the cauda. In the remaining 78.9% (15/19),
classical T2 hyperintensities of the spinal cord were observed. At
the time of first spinal cord imaging, lesions in nine individuals were
described as non-enhancing whilst in three individuals they were
enhancing. In the remaining cases, it is unclear whether MRIs were
performed with contrast (Table 2). In three instances, there was also
evidence of hemorrhagic transformation and necrosis of the spinal
cord lesion [19,23,24].

Transverse localization was central, frequently with extension
throughout most of the transverse diameter, in 7/11 cases. The tho-
racic subsegment of the spinal cord was affected most frequently
(93.3%; 14/15 cases), followed by the cervical subsegment (53.3%;

8/15) (Table 2). Interestingly, in most cases lesions were longitu-
dinally extensive extending over an average of 9.8 + 8.3 vertebral
body segments (median 6; range 2-24) (Table 2). In 93.3% of individ-
uals with a clear lesion on spinal cord imaging, the lesion extended
over three or more spinal cord segments, fulfilling the criteria for
longitudinally extensive transverse myelitis (LETM). In five out of 15
individuals with a spinal cord lesion, the lesion spanned more than
half the spinal cord. Whenever performed (16/20 cases), brain MRI
showed no additional supratentorial inflammatory lesions (Table 2).
In several instances, T2 hyperintensities were described as “patchy”
(3/15) or with “patchy enhancement” (2/15), whilst they were con-
tinuous in the other cases (10/15).

Applying the diagnostic levels set forth by Ellul et al. specifically
for myelopathy/myelitis in the context of infections with SARS-
CoV-2 [3], 16/20 cases were classified as having “myelitis”, three as
having “possible myelitis” and one as having “myelopathy” only, due
to the lack of both CSF analysis and imaging studies (Table 1).

Treatment and outcome

The majority of cases (90.0%, 18/20 cases) received some form of im-
mune therapy. Eight of 18 cases, received either intravenous meth-
ylprednisolone (MP) (seven cases) or plasma exchange (one case)
alone. However, in 10 of 18 cases, more than one immune therapy
was administered. Eight individuals were treated with a combination
of two different immune therapies—in most instances, intravenous
MP followed by plasma exchange—, in one case a combination of
three and in another of four different immune therapies (Table 3).
Additional antivirals or antibiotics were administered in five cases
each (Table 3). Whilst antibiotic regimes varied, acyclovir was the
most commonly used antiviral (4/5 cases). Only one of the reported
individuals received an antiviral combination specifically geared at
SARS-CoV-2 (ritonavir/lopinavir). Other SARS-CoV-2-specific thera-
pies such as remdesivir, convalescent plasma or monoclonal antibod-
ies were not administered to any of the individuals.

Follow-up was mostly limited to several weeks of in-hospital
treatment. Over this limited time period, 90.0% of individuals recov-
ered either partially (15/20 cases) or near fully (3/20 cases). Two pa-
tients died from sudden cardiac arrest on day 5 after onset of myelitis
symptoms whilst undergoing treatment in the hospital. In one case,
cardiac arrest occurred immediately following sudden-onset respira-

tory failure; in the other, no additional details are provided (Table 3).

DISCUSSION

In most of the reported cases reviewed herein, the diagnosis of my-
elitis in the context of SARS-CoV-2 infection was undisputed. Yet,
since the majority of cases were reported as single case reports,
there is likely to be reporting bias and one needs to be wary of infer-
ring causality directly from the anecdotal data provided. Although
presented as a set of cases for reasons of practicality, one needs to
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(Continued)

TABLE 1

Myelitis

Latency
toNLO
(days)

COVID-19

COVID-19

Demographics

WHO

severity

diagnosis
category

WHO

non-NLO
symptoms

presenting

Time to

confidence

Comorbidities

symptoms

NLO max

Neurological findings

Neurological presentation

Diagnosis

Age  Origin

Sex

Reference

4to5

Myelitis (1)

Fever, dyspnea, P, hepatitis, HTN, glaucoma 13 Possible

h

24

Bilatl facial weakness,

Unsteady gait, limb ataxia,

Rhomben-

UK (African)

40

M

Wong [24]

rhomben-

cough,

tongue weakness,

altered sensation right
arm, hiccups, diplopia,

oscillopsia

cephalomyelitis

cephalitis

diarrhea

upbeat nystagmus,

limb ataxia greater on
right and lower limbs

2

Probable Myelitis (1)

12

Obesity,

Headache,

7 days

Lower limb weakness, par- Moderate proximal

Switzerland ™

60

M

Zachariadis

smoking,

rhinorrhea,
myalgia,

paraparesis lower
limbs, pyramidal

and hypoaesthesias of

[57]

alcohol abuse

both feet progressing to

abdominal area

subfebrile

signs, sensory level
Th10 -» paraplegia,

sphincter dysfunction

5

Myelopathy

Possible

NA

P

4-8h Fever, fatigue,

Bilateral lower > upper limb Tetraparesis (3/5 arms,

™

66 China

M

Zhao [18]

cough,

0/5 legs), hyporeflexia
lower limbs, sensory
level at Th10

weakness, reduced

dyspnea

sensation lower limbs,

urinary/bowel incontinence

Abbreviations: AMAN, acute motor axonal neuropathy; DM, diabetes mellitus; F, female; HIV, human immunodeficiency virus; HLP, hyperlipidemia; HT, hypothyroidism; HTN, hypertension; IHD,

ischaemic heart disease; LETM, longitudinally extensive transverse myelitis; M, male; NA, not available; NLO, neurological; P, pneumonia; PE, pulmonary embolism; RF, respiratory failure; TM, transverse

myelitis; WHO, World Health Organization.
*Same case reported in two publications.

be wary of seeing them as a uniform cohort as they really represent
single cases documented in unique individual settings. Further, inter-
pretability is hampered by the limited number of available cases, the
highly diverse patient population spanning many ages and ancestries,
and the heterogeneous and, in many cases, incomplete work-up.

None of the 20 cases could be classified as confirmed SARS-
CoV-2 myelitis. Most frequently, this was due to the fact that SARS-
CoV-2 could not be detected by PCR in the CSF, and the work-up
did not include analysis of spinal cord specimens. Of note, at least
one large prospective cohort study of neurological manifestations
in COVID-19 did not identify any cases of myelitis amongst 4491
individuals with COVID-19 [4]. At the same time, even though the
follow-up period was not long enough to fully exclude this possi-
bility, none of the reported cases showed signs of laboratory or im-
aging findings suggestive of other underlying autoimmune diseases
that could manifest with LETM such as neuromyelitis optica spec-
trum disorders or spinal cord manifestation of systemic autoimmune
disease [25,26]. The work-up included the exclusion of viruses with
neuroinvasive potential as well as other viruses known for para- or
post-infectious spinal cord complications.

Another possible way to assess whether SARS-CoV-2 is actually
responsible for cases of TM would be to compare the incidence of
myelitis cases pre-SARS-CoV-2 pandemic to the current incidence
to see if there is an overall increase in cases of TM. The incidence of
TM has been reported to range somewhere between 1 and 8 cases
per 1 million population per year, with rates relatively stable across
ancestries [27,28]. If cases that are later diagnosed as having an un-
derlying autoimmune disorder are included, this number increases to
around 32 cases per 1 million population per year [29]. Extrapolated
to the 107 million reported infections to date, this would mean that
between 107 and 3317 cases of TM would be expected to occur
amongst these individuals from causes unrelated to COVID-19. Not
least due to this large number and the wide range of TM cases that
can be ascribed to causes other than potentially COVID-19, it will
be very important to continue to survey the situation of myelitis in
COVID-19 both by systematically including neurological manifesta-
tions as outcomes in large COVID-19 cohort studies and by collect-
ing myelitis cases in the context of COVID-19 in Neuro-COVID-19
registries [30].

A number of demographic characteristics reinforce the notion
that the cases depicted herein, for the most part, truly represent
myelitis caused by SARS-CoV-2 infection. First, affected individuals
were of all different ages and ancestries, and had a slight predom-
inance for males. Male predominance and a median age of 56 are
not in line with TM as the first manifestation of autoimmune disor-
ders of the CNS, where patients are predominantly female and much
younger. Observational cohorts of ATM of any cause show a bimodal
age distribution with peaks between 10 and 20 years of age and 30
and 40 years of age with the mean age of onset between 35 and
40 [29]. Sex and age distributions of the cases herein, on the other
hand, are in line with more complicated presentations of COVID-19
and the finding that neurological symptoms in COVID-19 have been
reported to occur more frequently in men and older individuals [5].



| 3237

COVID-19 AND ACUTE TRANSVERSE MYELITIS

(senuijuo))

8au sqy #dOV 3au s1s01
/90N 's820 |ers3oeq pue
VN 21412ads-4SDON  ‘[edIA ‘Z-A0D-SYVS INM INM INM INM  snonuiuo) 6 dldeJoy) ‘|ediaie) - + [gs]awus
(sww/z87) 3au sjpued
J18eyioway |eLia3oeqoIDIW
‘8au sqy 4OV pue ‘|eJiA ((Ip/8wi G-GT) 2ljilydosinau J1oeI0Y) sadeyJloway
VN /D0 8uipnjauj ‘T-N0D-SUVS VN |p/8w 8g) + %96 ‘(IM/Ty) + INM  snonuiuo) €T ‘[e2IAI9D ‘BINpay +/- ‘s1so1dau “+/+ [6T] 4ney
8auoq] pue
‘24n3|nd |eiqoJoiw
‘sqy pijaiog a8eysioway
“¥0d ASH/AZA |ejuoly
VN SUON /T-NOD-SYVS + INM INM andeqns Aui VN VN VN VN INM [7G] luueigioln
33U 59V ¥dOV
‘lewou xapul
98] 's8d20
VN 2yads-4S3 ON VN INM INM + VN  snonuipuo) 9 Jeloyl VN + [es] luening
8auydd
8au C-N\0D-SUVS
VN  sqV #dDV/D0N ‘8au saumynd INM (Ip/3w 6£) + INM INM  snonuiuo) 14 Jpesoy L VN + [zs] moyd
8auyDd
C-N\0D-SUVS
‘8au uleys-wel
VN SUON  pue U3s|33N-|Y31Z INM (Ip/8w ¥'TL) + INM VN  snonuniuo) 4 Jpesoy L VN + [15] Avlogenieyd
3ausqy
dOV/DO0N
‘|ewou Jo |
Jaddn xapul 8au
93] 'sg00 C-N\OD-SyVS pue
VN 21199ds-4SDON  AIND ‘ASH 404 ¥Dd INM INM (M/eT) + INM  snonuiuo) € Jeloyl VN +  [0g] uelueqyseg
Jequin|
VN VN VN VN VN VN VN Ayoyeq €2  d1deJoy} ‘|edIAIe) - + [6v] 13XV
3au¥dd
C-N\0D-SUVS
VN QuoN ‘gau saunyn) VN + + INM  snonuniuo) 9 J10BI0Y | - + [o¥] Apeylepqy
9INI/SON Y10 suagoyjeq 3sodn|H uiaj0.1d (yunod ureaq YN uiayed (sjuswi8as juawsasqns juswadueyuy  AnsusjuuadAy zi ERIIESETEN|
1192) siso3Ad09|d |eaqa3ian) pJod jeuids

J0 9duasaid

4s2

y18uaj uoisa

pJod [eurds YN

suolje3i}saaul Alejioue pue s3uipul) 45D ‘SuidewrodnaN g 379V.L



SCHULTE eT AL.

3238 |

(senuijuo))

a|qeslewalun Jequin|
$94n3|nd pue ‘21eJ0Y]
VN 8ausqy uleys-wels (+) (M/szT) + VN  shonuijuo) ¥Z  ‘|edIAI9D ‘gl Inpay + + [95] ewes
320|q UOI}2NPUOD
Jej|npaw |eJa1e|iq sod 93|
‘squil] 4amo| 43N C-N\0D-SYVS-hue
/d3s ‘Annnoe ‘89U Z-A0D
AJejun|on [ewixew -SYVYS/SoSNIIA
Jo uoiponpal s1doJjoinau uoljesauagap
‘OINI/SON SUON /B14332€q 104 ¥Dd + INM INM VN VN VN - asnyia [TZ] ounry
320|q UOI3oNPUOd
Jej|npaw [eJaje|iq sod 93|
‘squil] 4amo| dIN C-N\0D-SyVS-hiue
/d3s ‘Annnoe ‘89U Z-A\0D
AJejun|oA [ewixew -SYVS/sasniiA
JO uondNpal o1doJjoinau uoljesauasdap
‘OINT/SON SUON /B14932€q 104 ¥Dd + INM INM VN VN VN - asnyp + [TZ] ounry
s820 33U s¥Dd
INM DWI/SON  241dads-4SD ON [EJIA pUuE 34nn3 (Ip/3woz) + (M/01) + INM Ayaed < Jequnj‘dpeloy) - + [cy] uosiared
3au 8au 93|
Sqy |euoJnau C-N\0D-SyVS-hiue
-ue/ydov ‘89U Z-A\0D-SYVS
/90N ‘sg8d0 ‘AIH ‘Ag3 (Ip/8w 8TT) +:9p (M/22) +
VN 24ads-4SDON  ‘9-AHH ‘AZA ‘ASH (/8w g£)+:TP 9P (I1/9T) + TP INM Aydyed zsndeg Jpeloy | - + [ez] zuniy
wnJas
ul 8au dn-yiom
|elia3oeq/[edIA
Ayjedounau ‘sgD0 21j10ads
|euoxe Jojowl -4SD ou ‘sod Sau dn-yiom
3nde :9N3/SON INSI-qT@D-uy  [ela3deq pue [ediA INM INM INM  snonuiuo) € dldeloy) ‘[ediaie) - + [oz] opdnse
(In/zTe)
J18eyioway
:0Tp ‘8au sqy
|euounau-ijue
/¥dOV/O0NW
‘pa3sal jou sqy gau auny|nd
apisolSued /7dAA ‘@uop jou
Ayjedounau ‘lew.ou xapul suadoyjed |eaiA Jequn| LLT]
|euoxe Jojow 98] 'sg00 Jay3o ‘annedau (Ip/8w €GT) + :12P INM dpeloyy ulppnijeA .
9Inde :IDNI/SON  dHI9ads-4SD ON C-\O9D-SHVS -0TP (Ip/8w £8) +:0TP  TZP INM :0TP INM  snonuiuo) ¥Z  ‘|edIAI9D ‘el InpaN + + [9T] on1uapre
9IN3/SON Y10 suagoyjed ulajo.id (unod ureaq YN wiayed (sjuswiSas juswsasqns juswadueyuy  ApsusjuuadAy zl ERIESETEN|
1192) siso3Ad09|d |eaqa1Jan) p4od jeulds

30 duasaild

ERe]

y38us| uoisa

pJod jeurds YN

(PenunUOD) z 3749VL



| 3239

‘suoniealjgnd omy ui pajiodal ased awes,

SHWI| [EWAOU UIYHM “TNAA ‘SNUIA 19150Z-B||921UBA ‘AZA ‘AdOjelogeT] Yoieasay aseasiq
|eaJBUIA “THAA :SIsojnauagni ‘ql ‘dAn3Isod ‘sod ‘uoijoead uleyd asessawAjod YDd spueq |euo|d03ijo ‘gD ‘Aydes30Aw0a129|3/ApNn3s UoI3doNPUOD dAIBU ‘DIAT/SINN DA13e30U ‘3au 9|ge|ieae Jou ‘yN :Suldew!

92UBUOSaU d1BUZeW ‘YA ‘U19304d0dA|3 91A204puapodI|o ullPAW ‘DO ‘A Uljngojdounww| ‘|N3| ‘O ulngojdounuww| ‘93| ((ASH) snNJIA xa|dwis-sadiaH ‘ASH :S|e1juajod pa0As J0J0W /A10SUSSOIeWOS ‘N
/d3S ‘AJH ‘sndia 3 si3ijedaH ‘9-snuiasadia uewnH ‘9-AHH ‘qT apisol8ues ‘qTao ‘ShJIA Jueg-u1a)sd3 Ag3 ‘pInj} |euldsoaqalad ‘4§D ‘snuinojeSawolA) ‘AND i uliodenbe ‘dDV ‘Apoqijue ‘qy :suoljeinaiqqy

Aydouye
‘suoljalejul
VN VN VN VN VN VN JeundeT 14N ON 14N ON 14N ON VN VN [81] oeyz
3au
apisoyjsues Z-\0D-SUVS
-lue Suipnpul
/leuoanau-ijue S9SNUIA pue (Ip/8w 0°09) + :9p (n/9¢) +
VN /¥dOV/O0NW el193oeq 10y 39N INM (Ip/Bwe/8)+:Tp 9P (I"/91) +:Tp INM VN VN VN VN INM  [£8] sipeieydez
saSeyowayonIw
‘opunpad
Jej|3qa49 |B21AI9D
3au 3au JouRu1y3u ‘e||Inpaw
VN sqV #dDV/O0W 2.4n3|nd |eusjoeg VN INM INM AyisuspuiadAyzl  snonuiuod VN ‘dljeydasuswoyy VN sageyioway + [Z] Buom
3au sqy
|euoanau-ljue
/¥dOV/D0NW
‘lewou xapul 8au
98] ‘sgd0 ¥Dd-nnuw [ediA JpeIOY) sageylioway
VN 2yads-4S) ON ‘ainy|nd |elsjoeg INM (Ip/3w £82) + (M/sz) + INM  snonuiuo) €T ‘|edlA4ad ‘g|InpaN + ‘s150429U “+ [e2] 20305
9NI/SON 1410 suasoyjed 9sodn|H ulajoid (3unod uteaq 4N uialled (syuaw3 juswsasqns juswadueyuy  AysusjunadAy zl ERIEIETEN]
1199) siso3Ad09|d |eaqa3Jan) pJod jeurds

JO 9duasald

45D

y18ua| uoisa

pJod jeurds YN

COVID-19 AND ACUTE TRANSVERSE MYELITIS

(penunuod) z 3719VL



SCHULTE €T AL.

3240 |

(senuijuo))

«LT]
3au (+)d¥d ulppntiea .
|eryed X3d < dIN A |sued Qv winJas ul suagoyjed snol3da4ul (+) 2GM 08T YNV VN SAISOd sod ¥2d SN [9T] oniuspleN
wnoijAjoin
pwisp|dpain ‘abiuownaud
‘W ‘SIzpwioyop.} bIpAwbIYD
‘lipuo8 pwspjdoxo] ‘wnpijod (6TP) 13| @43 UO |eseq
3au ‘| ‘2jiopBing *g ‘ADH ‘A9H In/0Yv€ A ‘se1dod sal3oedo sse|3-punoJd sod ¥Od SAN
|elyed X3d < dIN A [sued aiv ‘AIH ‘A93 ‘AND ‘9/2/T ASH  OF> AIH “+¥S3 + DaM Ayared 3ysiis ;1D 3s94D dAI}SOd ‘6TP 83U ¥Od SdN ‘TP [sS]ows
apjuownaud
qewxnii ‘W ‘SIso[naJaqny | ‘wnpijpd
“X3d -« 3au pwauodal] ‘AI/AVI ‘AND
|elyed OIAI PUE dIN Al |sued qIv ‘Ag3 ‘AIH ‘AT ‘ASH ‘AZA VN INM AeJ-X 359YD SAINSOd sod ¥2d SdN [6T] 4neX
SOWOJPUAS 24n3|nd |elajdoeq 450
J1j0qelaw ‘S1S0]N24aqN} WNLI23IDGOIAIN + Hd
/A101ea1dsal ‘l1ajiop8ing *g ‘abjuownaud ‘+4 9500N|3 ‘“+ 1SV sanedo
Joj Aiojeinpow D ‘pjiydownaud 7 ‘+ HQ1 ‘+ sJwip sse|3-punoJs |esaie|iq
|ellied  dunwiwi ‘[ediAluY VYN ‘avjuownaud " ‘ASH ‘AZA ‘AIH -d +d¥d 4+ 2aMm DAISUIXD 11D IS3YD VN sod ¥yOd Tva pueSdN  [iG] luueisioln
sainynd
1 3au AJojedidsal pue poojq eljuownaud sod :p
0] |eljied dN Al [sued Qv ‘vjiydownaud bjjauol8aT ‘AlH VN [e204)3|nW 11 D 31s9YyD Sau:Tp sod ¥y2d SdN [eg] lueung
uoljepljosuod
pue sanjoedo sse|3 sod-049s
3au apjuownaud - oydwA| ‘4 siowip -punoJ3 |esayduad v31/W31/93] Z-N°D
IIn4 dN A |sued Qv ‘W ADH ‘AGH ‘AIH ‘AWD ‘Ad3 -d ‘(+) d¥D “+ ¥s3 |eda3e)iq 1D 1s3YDd aniesaN -SYVS 'sod ¥2d SdN [cs] moyd
sod :zp sod ¥0d SdN [18]
yieaq d Al VN ADH ‘AgH ‘AIH INM INM :Aed-X1s34D 3au:1p ‘ZP 89U ¥Dd SdN ‘TP Ayloqeryeyd
3un|
1y314 uoljepijosuod sse|3 [og]
lelied X3d VN AWD ‘ASH INM -punous Aysjed :1 3 3s9YD auop 10N sod ¥DOd SdN uelueqyseg
12J10p8ing pija1iog
‘apiuownaud bwisp|dodA|n
‘sissnjuad pjjajapiog
‘apbluownaud pIpAwbyd ‘AY 3d ‘suoisnyjo
HMINT Sau ‘AT ‘NSY ‘7-T Ald ‘AGI/AVI +0 %+ |eana|d/suoljepljosuod
[e1ed ‘ADV dIN Al |sued qiv ‘ANIH ‘AWD ‘Ag3 ‘ASH ‘APY Jawip-a ‘- qH + d¥d ou:131s8Yd dAlIsod sod ¥Y2d SdN [6v] 19191V
3au suoljeJ}|ijul paiajjeds [ov]
yieaQg dINAI'ADY  VONVY/VYNY 241 ‘ADH ‘AgH ‘ASH VN |e491e]iq ‘ARI-X 3S3YD 9AI}SOd sod ¥2d SdN Apeyjapqy
A1onoday siyPAw salpoqijue (oAnnes3au jje) s3uipuyy Sui8ewiisay) J9suo sanpsouselp ERIEYETEN|
JO Juawieal) |euonippy pa1s3) suasSoyied jeuonippy Aiojesoqe| poolg O1IN1e Z-N\9D-SYVS
C-N\0D-SYyVS

3WO023N0 pue Juswiealy ‘soipsouselp Z-A0D-SYVS € 3149Vl



| 3241

‘suoljedljgnd om} ul pajiodal 9sed swes,

‘lewaou sA0ge A[3Y3I|S J0 [ewaou JO Hwi| Joddn ‘(4) iS3WI| [BWIOU MO[S( ‘ - ‘SHWI| [EWIOU SA0CE A[}eaJ3 ‘4+ (S}IWI| [EWIOU SAOCE “+ (S}IWI| [BWIOU UIYIM “TNAA JUNnod

1192 POO|q 3}YM ‘DG ‘SNJIA J33SOZ B[|9DLIBA ‘AZA ‘S1S0|N2JagN] ‘O] ‘9A131S0d-043S ‘S0d-043S SNIIAOUIYJ ‘AY ‘SNUIA |BI3ADUAS Alojedidsal ‘ASY DA1sod ‘sod ,-T snuiA ezuanjjuieled ‘A|d ‘98ueyoxa ewse|d
‘X3d ‘Aydea3ow o} uoissiwe uouysod ‘] 34 ‘wsijoqua Ateuownd ‘4 ‘uoijoeal uieyd asesswA|od ‘YDd ‘qems |eaduhieydoseu ‘SN :|eai3ojoinau ‘OTN 9AI3e3aU ‘3au 9|qe|ieAe Jou ‘YN @uojosiupasd|Aylaw
‘dIN ‘s91A20ydwA| ‘oydwA| ‘uiqoj3oway Jy31am Jejndajow Mo| ‘HAINT @seuadolpAysp ajeloe| ‘HAT sulgojSounwiwi SNOUDABIIUL ‘D|A| :SNOUSARIIUL ‘Al ‘|z uljngoj3ounwwli ‘|A 3] ‘5 uljngojdounwwi ‘93|

2y ulingojSounwwl 3| g/ SNJIA ezusnul ‘Ag|/AV| ‘T 9dA3 snuiA d1dosjoydwA|-1 uewny ‘AT1H ‘SnJIA xa|dwis sadiay ‘ASH ‘SNJIA Adusidiyspounwiwl uewny ‘AlH ‘SnJiA sijijedsy uewny ‘AHH ‘SnJiA 3
sieday ‘AJH sndia D sipijeday ‘ADH ‘snJia g sipijeday ‘AgH ‘uiqojSoway ‘qH ‘SnJIA W sijedaH ‘AVH ‘oseJajsuesjjAweln|3-ewwes ‘| 99O {SNIIA0IUD ‘AT 9)eJ UOIIRIUSWIPAS 9JAD04YIAID “YST ‘s|iydoulsos
‘0uIS0a ‘snuIA Jeg-u1a1sd3 ‘Ag3 ‘AydesSowol paindwod ‘| D pinjs euldsoqalad ‘4SD ‘u1ajoad aAl1deal-D ‘d¥D SNIIA0[ESaWO0IAD ‘A|ND @SBUD Bululleald ‘YD :a3eAe| Je|oaA|eOYdUOI( Vg ‘aseulwesuel)
a1eliedse ‘| Sy ‘salpoqiiue djwse|dojAd [iydosinauliue ‘YIONY Sa1podiiue Jesppnuijue ‘YNY 9seulwesuel) suluele ‘Y 9Seasip sunwwiolne ‘q|y ‘SNJIAOUSpe ‘APY -JIA0|DAdE ‘ADY :SuollelAaIqqy

urexojjIxow

COVID-19 AND ACUTE TRANSVERSE MYELITIS

JINBUOLII
/Aineuido| - uoJl ‘+
“inopues 2q ‘abjuownaud ' MO (+) LVSV/LV IV
OIAI ‘abjuowinaud "N ‘ASY ‘AND = qH 4+ d¥D - suones}jiul
|einied ‘uoseyjawexaQ VN ‘Ald ‘AT ‘APY ‘AQI/AVI ‘AT oulsod/oydwA| “+ DM Ayazed |esaje|iq i1 D 1s9YD dAIISOd sod ¥Dd SdN [8T] oeyz
3uijeanas-uou sod-04as
3au ‘1D-13d ‘saioedo sse(d IN31/93| Z-A\0D [£8]
|elied dIN AL DIAI [sued gIv |sued ASojotas peoug (+) dd4D ‘() DM -punous [esaje|iq 11D 1S9YD anzesaN -SYVS 83U YDd SdN sipelieyoez
unpuadeqed
‘lowejadeued siiydAs (+) uollepijosuod auoz
|elied ‘ul)|RIxowy VN ‘T/T ANIHADH ‘AGH AVH  LVV ‘(+) 199 ‘(+) d¥D Jamo| Y3l :Aei-X 1sayD sod ¥2d SdN [rz] SBuom
X3d « 3ou
lelied  dIN ALPUZ < dIN Al [sued qiv 21NN 4SO “YDd [edlAued INM INM Aed-X 3s3YD aA1}Isod sod ¥2d SdN [€2] B2030S
[N} JeaN X3d < dIN Al VN VN VN VN VN sod ¥2d SdN [95] ew.eg
X3d S9SNJIA sod-049s 93| Z-A0D
|einied < OIAl dIN Al VN  21doJjoinau uowwod ‘elajoeq VN INM :Aei-X 354D EUEEEIN] -SYVS 83U YDd SdN [Tg] ounry
S9SNJIA saljoedo sse|8 sod-043s 93| g-A0D
|ened X3d < dIN Al VN  2!d0Jj0inau uowwiod ‘el1aioeg VN -punous |lews :1 3 3saYD aA1jesaN -SYVS 83U ¥YOd SAN [Tg] oury
ejuownaud
|ela3oeq Sau
AJepuodas Joy SIIYdAs ‘Z/T-A1LH ‘S24n3nd sajedy|ijul
|eiped sopjolqiue ‘gin Al VN 4SD/2ulin/poojq ‘SYDd [BIA (+) uniue4 Aydjed :Aei-x 3sayD VN sod ¥y2d SdN [¢¥] uosiaied
ADV sa3oedo sse|8-punoJs
|eiied ‘duoxer}yad ‘dn VN AJH ‘A93 ‘9-AHH ‘AZA ‘ASH (+) d¥d pliw [eJae|iq :Ael-X 3s9YD aAesaN sod ¥DOd SdN [ce] zunn
apjuownaud “ sal31oedo sse|d-punoud
‘apbjuownaud *) ‘Liajiop8ing y3m ejuownasud sod-04as 93| g-A0D
|einied OIAI ‘X3d VN g ‘NIH ‘AZA ‘ASH ‘AWD ‘Ad3 - oydwA| + 4y [ery3sI3uL 11D 3S_YD anesaN -SYVS 83U YDd SAN  [0Z] o1donseln
A1onod9y siyPAw salpoqijue (aAne3au |je) s3uipuyy Sui8ewrisay) j9suo sansousgelp ERIEYETE) |
Jo Juswjeau) |euonippy pa3sa} suadoyied jeuonippy Aiojesoqe| poo|g O1IN e Z-N\9D-SYVS
C-N\0D-SYVS
(ponunuod) € 3714VL



3242

SCHULTE €T AL.

As opposed to other neurological manifestations in the context of
SARS-CoV-2 infection, overall individuals with myelitis did not seem
to have very severe respiratory COVID-19.

Several possible mechanisms exist by which SARS-CoV-2 could
lead to spinal cord manifestations. Coronaviruses have been shown
to be both neuroinvasive and neurovirulent and can lead to demye-
lination and as well as an inflammatory response [31]. One possible
mechanism for myelitis in the context of SARS-CoV-2 infection is
the direct invasion of and replication in spinal cord neurons by the
virus itself [32]. The presence of angiotensin-converting enzyme 2,
SARS-CoV-2's primary entry receptor, on membranes of spinal cord
neurons further renders this possible [33]. The fact that no viral RNA
was detected in the CSF of the cases reviewed herein or in the vast
majority of other individuals with neurological manifestations of
COVID-19 depicted in the literature [4,21,34] and that SARS-CoV-2
RNA has only very rarely been detected in the CSF or in CNS tissue
argues against this as the primary mechanism [35-37]. Yet, the pres-
ence of very low viral copies in general or following degradation, as
well as the examination of CSF specimens outside the peak of viral
copy numbers in CSF, as potential explanations for the rare detection
of SARS-CoV-2 in CSF cannot be excluded [2]. A second possibility is
indirect injury due to severe systemic disease or cytokine storm syn-
drome [23,38]. In the described cases, however, COVID-19 severity
was rather mild making this possibility less likely. A third possible
way by which TM in the context of COVID-19 could arise is in the
form of para- or post-infectious disease. The latency of on average
11 days from the onset of the first COVID-19 symptoms to the first
signs of myelitis would speak to a para- or post-infectious mecha-
nism. In the literature, there is no clear definition as to when para-
infectious disease ends and when post-infectious disease starts. The
latency in the cases described here is a little shorter than what is
commonly seen in, for example, GBS (median 23 days) [39]. Also, at
least 52.9% of cases were PCR positive for SARS-CoV-2 on naso-
pharyngeal swab at the time of presentation of myelitis symptoms.
Accordingly, should SARS-CoV-2 infection be the driver of myelitis in
these cases, the most likely mechanism would be immune-mediated
or autoimmune with no clear distinction between para- and post-
infectious processes possible at present.

Under the conjecture of a para-infectious mechanism of my-
elitis in the context of SARS-CoV-2 infection, the question of the
most appropriate therapeutic strategy imposes itself. High-dose
intravenous MP alone was administered in 36.8% of individuals.
57.8% received more than one immune therapy—in most instances,
high-dose MP followed by plasma exchange. This argues for treat-
ment failure with steroids in the majority of the patients. To our
knowledge, there are no evidence-based treatment guidelines
available for para-infectious ATM. If a para- or post-infectious
pathogenesis is corroborated, intravenous immunoglobulins (IVIG)
may be another treatment option.

The large majority of cases assessed in this review had a my-
elopathy fulfilling LETM criteria. Whilst LETM is often perceived as
characteristic of neuromyelitis optica spectrum disorder, there are
many potential causes which include viral infections. Some viruses

have a greater tendency to cause LETM than others. LETM is more
frequently observed with flaviviruses and enteroviruses. Herpes
simplex virus type 2, varicella zoster virus, Epstein-Barr virus, or cy-
tomegalovirus tend to cause ATM of shorter longitudinal extension
[40,41]. SARS-CoV-2 should probably be added to that list. This is
relevant not least because LETM has been associated with poorer
outcome compared to short segment ATM [29].

Hemorrhagic transformation and necrosis are only rarely seen
in LETM [23]. Interestingly and in line with what has been described
for ADEM cases in the context of SARS-CoV-2 infection, which also
seem to show hemorrhagic transformations relatively frequently
[34,42], this was also observed in three out of 16 of this case series.

Another interesting finding emerging from this systematic re-
view is the co-occurrence of TM with the GBS variant acute motor
axonal neuropathy (AMAN). In two individuals, AMAN was re-
ported in addition to TM. GBS—of the AMAN and more frequently
the acute inflammatory demyelinating variant—has been described
in individuals with COVID-19 [43,44]. Critical illness neuropathy
seems unlikely as an alternative diagnosis because both patients
were not severely ill from COVID-19 (WHO score of 2—very
mild symptoms) and the CSF findings were in line with immune-
mediated neuropathy (Table 2). Although the number of undiscov-
ered cases may be much higher, less than 30 cases of GBS/ATM
overlap syndromes are found in the literature, the majority having
occurred after viral infections [45]. Accordingly, the fact that two
of the depicted cases showed this overlap syndrome merits atten-
tion, arguing for the need to screen individuals with ATM or GBS in
the context of COVID-19 for the other disease as well. This could
have important treatment implications as first-line treatments for
GBS (IVIG or plasma exchange) differ from those usually used in
ATM (intravenous MP) and IVIG may be more effective in individ-
uals with combined demyelinating disorders of the central and pe-
ripheral nervous systems [46].

Transverse myelitis has also occurred in at least one participant
in a trial for a SARS-CoV-2 vaccine developed by AstraZeneca and
the University of Oxford [47]. Although causality cannot be read-
ily inferred, TM is known as a potential complication of several
different vaccines and causality has been shown for the oral polio
vaccine and ATM [47,48]. Accordingly, with a significant portion of
the world’s population going to receive a SARS-CoV-2 vaccine, post-
vaccination ATM will be something to watch as vaccine trials are in-
tensifying and vaccination efforts are starting to get under way [47].

Current estimates of neurological manifestations in COVID-19
of 7.8%-13.5% seem high and are most likely subject to significant
reporting and selection bias [4,21]. True numbers for neurological
sequelae may be closer to the 0.09% and 0.36% estimated for SARS-
CoV-1 and MERS-CoV [3]. Nonetheless, even if the true rate of neu-
rological manifestations in COVID-19 remains to be established and
reports of myelitis are anecdotal, at the current scale of this global

pandemic they merit further scrutiny in a timely fashion.
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