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Background and Purpose Autoimmune encephalitis (AIE) following coronavirus disease
2019 (COVID-19) is an underexplored condition. This study aims to systematically review the
clinico-investigational and pathophysiologic aspects of COVID-19 and its vaccines in associa-

Vikram Singh® tion with AIE, and identify the factors predicting neurological severity and outcomes.
e

Sampurna ChOWdthlry Methods Relevant data sources were searched using appropriate search terms on January 15,
Bhavesh Mohan Lal, 2022. Studies meeting the criteria for AIE having a temporal association with COVID-19 or its
Nibu Varghese® vaccines were included.

Abhishek Gohel® Results Out of 1,894 citations, we included 61 articles comprising 88 cases: 71 of COVID-
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mimics has been challenging for neurologists worldwide.”
Seminal papers on COVID-19-associated AIE have reported
on the application of current clinical diagnostics to identify
these cases.”” Rare cases of AIE after vaccination with CO-
VID-19 vaccines have also been reported.

This situation prompted us to attempt to systematically dis-
sect the spectrum of encephalitis temporally associated with
COVID-19 and postvaccination subgroups in accordance
with the currently accepted criteria for AIE, and identify the
demographic, clinicoinvestigational characteristics, diagnos-
tic challenges, management strategies, and clinical outcomes of
these patients.*’ We subsequently tried to elucidate the patho-
physiological mechanisms underlying COVID-19-associated
AIE based on recent evidence.

METHODS

Research question

This study was designed to assess the demographic parame-
ters, clinical presentation, investigational profile, management
strategies, and factors affecting the clinical outcomes in patients
with definite, possible, or probable AIE associated with COV-
ID-19 or its vaccination. The probable pathophysiological
mechanisms were subsequently reviewed.

Protocol registration

This systematic review was performed in accordance with
synthesis without meta-analysis guidelines. The protocol was
registered under PROSPERO (no. CRD42021299215).

Search strategies

The search strategy was designed to yield optimum results for
four different aspects of our study. COVID-19 and its equiva-
lent Medical Subject Headings (MeSH) terms were initially
combined with the equivalent terms for AIE which was fol-
lowed by combination with “encephalitis” and its equivalent
terms to capture the entire spectrum. MeSH terms for COV-
ID-19 vaccines were subsequently used to identify vaccine-
associated cases. The review of pathogenesis was based on sep-
arate search strategy combining COVID-19, encephalitis,
and pathogenesis with their equivalent terms. Three authors
(SMM, DD, and SG) independently performed the search
protocol. The detailed search terms are provided in the Sup-
plementary Material (in the online-only Data Supplement).

Data sources

We searched the database platforms of PubMed/MEDLINE,
Scopus, LitCOVID, WHO global COVID-19 database, Web
of Science, and Google Scholar. A shadow search based on the
reference lists of identified articles was performed, and rele-
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vant studies were considered. All articles identified up to Jan-
uary 15, 2022 were included.

Study selection based on inclusion and exclusion
criteria

The identified articles were screened based on their title, type
of study, sample size, COVID-19 status, primary clinical mani-
festations, clinical phenotype, investigational profile, manage-
ment strategies, and clinical outcomes. Each of the patient re-
cords was assessed according to the criteria reported by Graus
et al’ in 2016. Seminal studies on post-HSE (herpes simplex
encephalitis)-associated AIE have shown the median interval
from the diagnosis of HSE to the onset of AIE to be around 4
weeks in children and 6 weeks in adults."*"" Hence, we de-
fined 2 months as the cutoft interval to the onset of compati-
ble neurological syndrome from the index event as indicative
of a likely temporal association, where an index event was de-
fined as COVID-19 of any severity and/or administration of
any of the currently approved COVID-19 vaccines.

The following inclusion criteria were applied: 1) studies in-
volving patient(s) diagnosed with COVID-19 or who had tak-
en a COVID-19 vaccine, and presenting with a clinical syn-
drome that met the criteria for definite, probable, or possible
AIE within 2 months of the index event, 2) cases who had an-
tineuronal antibody positivity with consistent clinical pheno-
types even if they did not satisty the criteria of Graus et al.,’
and 3) cases diagnosed as COVID-19-associated encephalitis
if the clinicoinvestigational phenotype matched the criteria
of Graus et al.’ even if the reporting authors did not consider
this to be the case. The following exclusion criteria were ap-
plied: 1) articles not written in English, 2) articles lacking pa-
tient-level data, 3) articles based on perspectives or viewpoints,
4) no temporal association with SARS-CoV-2 infection or
vaccination, 5) a clinical profile that could be explained by an
alternative diagnosis, and 6) not-peer-reviewed articles.

Data extraction

The included studies were assessed and patient-level data were
extracted with regards to predefined variables, which included
demographic parameters, clinical features at the primary pre-
sentation, neurological symptoms and signs, latency to the on-
set of the first neurological symptoms, latency to the relapse or
nonremission of previous neurological symptoms leading to
the diagnosis of AIE, investigational profile including neuro-
imaging, electroencephalography (EEG), cerebrospinal fluid
(CSF) analysis, antineuronal antibody status, and SARS-CoV-2
diagnostics, management strategies, time taken to respond to
therapy, clinical outcomes, and sequelae. All of the patients
were assigned COVID-19 severity scores in accordance with
the WHO clinical progression scale."
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Risk of bias

Each study underwent a risk-of-bias assessment based on the
type of study. The Joanna Briggs Institute critical appraisal
tool published in 2017 was used to assess case reports.”* Case
series were analyzed using the National Institutes of Health
quality assessment tool."* Each study was assessed indepen-
dently by two authors (SMM and DD). Finally, the interrater
reliability was calculated.

Data synthesis

Categorical variables are expressed as percentages while con-
tinuous variables are expressed as median and interquartile
range (IQR) values. The characteristics of each patient were as-
sessed with regards to the predefined variables, and a descrip-
tive analysis was performed. Outcome measures were catego-
rized into markers of neurological severity and prognosis. The
markers of neurological severity were depicted as the presence
of status epilepticus and the need for ICU care due to either a
neurological indication per se or a neurological complication
as an add-on to respiratory indication. Cases requiring ICU
care for pure respiratory indication were not included in the
outcome measurements. The prognostic markers were depict-
ed as the response to immunotherapy and sequelae. Response
to immunotherapy was defined as clinical or radiological
improvement following the initiation of one of the standard
immunotherapeutic agents, which included the steroid methyl-
prednisolone (MP) or dexamethasone, intravenous immuno-
globulin (IVIg), plasma exchange (PLEX), and monoclonal
antibodies including rituximab. Sequelae were defined as the
persistence of at least one of the neurological symptoms at the
time of discharge or at follow-up. All definitions are provided
in the Supplementary Material (in the online-only Data Sup-
plement).

Statistical analysis

The x’-test was used to adjust p values for multiple compari-
sons. A binomial logistic regression was subsequently per-
formed to ascertain the effects on predefined outcome mea-
sures of various independent variables such as age, sex, clinical
manifestations, severity of COVID-19 illness, MRI and EEG
abnormalities, CSF pleocytosis, CSF hyperproteinorachia,
CSF oligoclonal bands (OCB), inflammatory markers, antineu-
ronal antibody status, and treatment delay. The Mann-Whitney
U test was used to compare time latencies across various
groups. The chief effect metric for the binomial logistic regres-
sion was the odds ratio (OR). A probability value of p<0.05 was
considered to be statistically significant. All statistical analyses
were carried out using SPSS (version 28; IBM Corp., Armonk,
NY, USA). Graphs were created using GraphPad Prism (ver-
sion 9; GraphPad Software, San Diego, CA, USA). The figures
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were constructed using BioRender (https://biorender.com/).

RESULTS

Study characteristics

Our search strategy yielded 17,761 articles, of which 1,894 Ab-
stracts were screened after duplicate exclusion, and 61 articles
were found to meet the inclusion criteria. These 61 articles
comprised 47 on COVID-19-associated AIE, 1 case report on
possible Bickerstaft encephalitis, 1 case series on both of the
above subgroups, and 12 on vaccine-associated AIE. The arti-
cles included 52 case reports™>® and 9 case series.>**”* Fig. 1
provides the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) flow diagram. The risk
of bias was assessed prior to inclusion, the results of which
are presented in Supplementary Table 1 (in the online-only
Data Supplement). Interrater reliability as quantified by Co-
hen’s kappa score was 0.61, which is suggestive of substantial
agreement between the authors. The 88 cases comprised 71 of
AIE, 14 of vaccine-associated AIE, and 3 of possible Bicker-
staff brainstem encephalitis. The 71 AIE cases comprised 48
(67.6%) identified as possible AIE and 23 (32.4%) as definite
AIE (Supplementary Material and Supplementary Tables 2—5
in the online-only Data Supplement). All the analysis was per-
formed on 71 AIE cases. The three cases of Bickerstaff enceph-
alitis has been discussed narratively in the later section.

Demographic profile and timelines

In the overall AIE group, 61/71 (85.9%) cases were adults, with
significantly greater representation in the possible-AIE sub-
group (OR=6.562, 95% confidence interval [CI]=1.582-28.482,
p=0.012). The median age was 55 years (IQR=38-65 years) in
the overall-AIE group, and it was higher in the possible-AIE
subgroup (60 years, IQR=46-66 years) than in the definite-
AIE subgroup (40 years, IQR=17-54 years). Males were more
commonly affected, accounting for 44/71 (62%) cases in the
overall-AIE group, 30/48 (62.5%) in the possible-seronegative-
AIE subgroup, and 14/23 (60.9%) in the definite-AIE sub-
group. However, in the pediatric subgroup, males were less fre-
quently affected (3/10, 30%; OR=0.209, 95% CI=0.049-0.865,
p=0.035). Patients presented to the neurological facility after
a median duration of 7 days (IQR=3-14 days). The median
latency to the onset of neurological symptoms was estimated
to be 1 day (IQR=0-12 days). The median latency to non-
remission of the neurological symptoms despite therapy or
relapse, which subsequently led to diagnoses of AIE, was es-
timated to be 14 days (IQR=4-22 days). The 71 AIE patients
included 6 (8.5%) diagnosed as AIE during the second ad-
mission, of which 3 cases became positive for one of the anti-
neuronal antibodies (single cases of anti-NMDAR [N-meth-
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Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.

yl-D-aspartate receptor], contactin-associated protein-like 2
[CASPR2], and glutamic acid decarboxylase 65-kilodalton iso-
form [GAD-65]) while 3 (4.2%) were seronegative AIE (Table
1; Supplementary Table 2 in the online-only Data Supple-

ment).

Clinical spectrum

The main clinical manifestations along with subgroup com-
parisons are provided in Table 1. The possible-AIE subgroup
contained a significantly larger number of cases with severe
COVID-19 illness (OR=9.643, 95% CI=1.170-79.462, p=
0.035). None of the pediatric patients had severe COVID-19
illness. ICU admission due to either pure neurological indi-
cation or as an additional factor to respiratory indication was
reported in 24/68 (35.3%) overall cases, with no significant

difference between the subgroups. The main domains of neu-
rological syndromes included altered mental state (n=53,
74.6%), movement disorders (n=28, 39.4%), seizures (n=24,
33.8%), behavioral and neuropsychiatric symptoms (n=25,
35.2%), speech disturbances (n=17, 23.9%), cognitive symp-
toms (1=10, 14.1%), eye-movement abnormalities (n=8, 11.3%),
insomnia (n=8, 11.3%), and focal weakness (n=7, 9.9%).

Altered mental state

The prevalence of altered mental state was significantly higher
in the possible-AIE subgroup (OR=12.024, 95% CI=1.373-
105.260, p=0.025). It was less likely in children than in adults
(OR=0.245, 95% CI=0.061-0.984, p=0.047). Possible-AIE
cases had lower incidence rates of insomnia (OR=0.123, 95%
CI=0.023-0.670, p=0.015) and speech abnormalities (OR=
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Table 1. A comparative analysis of demographics, salient clinical manifestations, investigations, management, and clinical outcomes

Overall Possible

Parameter AR Era e A1 Definite AIE OR (95% CI) P
Cases 71 (100) 48 (67.6) 23 (32.4) - -
Age (yr) 55 [38-65] 60 [46-66] 40 [17-54] - -
Adults 61(85.9) 45(93.8) 16 (69.6) 6.562 (1.582-28.482) 0.012*
Sex, male* 44 (62.0) 30 (62.5) 14 (60.9) 1.071 (0.386-2.975) 0.895
Clinical manifestation
Severe COVID-19 illness’ 16/62 (25.8) 15/43 (34.9) 1/19 (5.3) 9.643 (1.170-79.462) 0.035*
ICU admission 24/68 (35.3) 14/45 (31.1) 10/23 (43.5) 0.717 (0.257-2.001) 0.525
Altered mental state 53 (74.6) 40 (83.3) 13 (56.5) 12.024 (1.373-105.260) 0.025*
Movement disorder 28 (39.4) 14 (29.2) 14 (60.9) 0.558 (0.072-4.354) 0.578
Myoclonus 14(19.7) 9(18.8) 5(21.7) 0.659 (0.070-6.178) 0.715
Ataxia 9(12.7) 4(8.3) 5(21.7) 0.561 (0.052-6.053) 0.634
Seizures 24 (33.8) 14(29.2) 10 (43.5) 0.511 (0.085-3.074) 0.463
GTCS 10 (14.1) 6(12.5) 4(17.4) 0.349 (0.029-4.194) 0.407
Status epilepticus 10 (14.1) 8(16.7) 2(8.7) 2.100 (0.409-10.794) 0.374
Focal weakness 7 (9.9) 5(10.4) 2(8.7) 0.762 (0.059-9.845) 0.835
Behavioral and psychiatric symptoms 25(35.2) 17 (35.4) 8 (34.8) 3.112 (0.395-24.495) 0.281
Visual hallucinations 6(8.5) 2 (4.2) 4(17.4) 1.068 (0.069-16.551) 0.962
Eye-movement abnormalities 8/71 (11.3) 4/48 (8.3) 4/23 (17.4) 1.811 (0.437-7.500) 0413
Cognitive symptoms 10 (14.1) 8(16.7) 2(87) 2.060 (0.385-11.033) 0.398
Insomnia 8(11.3) 2(4.2) 6(26.1) 0.123 (0.023-0.670) 0.015*
Speech abnormality 17 (23.9) 8(16.7) 9(39.1) 0.313 (0.100-0.977) 0.045*
Mutism 8(11.3) 4(8.3) 4(17.4) 0.358 (0.035-3.704) 0.389
Investigation
CSF pleocytosis 26/67 (38.8) 14/46 (30.4) 12/21 (57.1) 0.328 (0.113-0.955) 0.041*
CSF OCB positivity 10/34 (29.4) 5/25 (20.0) 5/9 (55.6) 5.0 (0.970-25.771) 0.054
CSF hyperproteinorachia 24/53 (45.3) 15/35 (42.9) 9/18 (50) 0.750 (0.240-2.347) 0.621
Elevation of at least one inflammation marker 23/29 (79.3) 16/21 (76.2) 7/8 (87.5) 0.457 (0.045-4.668) 0.509
MRI abnormality 37/64 (57.8) 31/47 (66) 6/18 (33.3) 4.133 (1.299-13.155) 0.016*
EEG abnormality 36/43 (83.7) 25/29 (86.2) 11/14 (78.6) 1.705 (0.325-8.933) 0.528
Timeline
Latency to neurological symptoms (days) 1[0-12] 3[0-10] 0[0-14] - 0.251
Latency to relapse or nonremission
of neurological symptoms leading 14 [4-22] 15 [7-24] 8 [3-22] - 0.147
to diagnosis of AlE (days)
Duration at presentation (days) 7[3-14] 6[1-10] 10 [4-16] - 0.096
Time from diagnosis to initiation
of immunotherapy (days) 14 [7-27] 17 [10-42] 7 [3-23] - 0.068
Diagnosis at second admission 6(8.5) 3(6.3) 3(13.0) 1.290 (0.280-5.937) 0.744
Treatment
At least one form of immunotherapy 47/57 (82.5) 29/38 (76.3) 19/19 (100) - -
Parenteral steroids® 39/57 (68.4) 23/38 (60.5) 17/19 (89.5) 0.719 (0.117-4.407) 0.721
IVig 23[57 (40.4) 12/38 (31.6) 12/19(63.2) 0.205 (0.047-0.898) 0.036*
IVlg (second course) 3/57 (5.3) = 3/19 (15.8) - =
PLEX 8/57 (14.0) 3/38 (7.9) 5/19 (26.3) 1.800 (0.124-26.196) 0.667
Combination' 21/57 (36.8) 10/38 (26.3) 12/19 (63.2) 0.404 (0.122-1.334) 0.137
No immunotherapy 9/ 57 (15.8) 9/38 (23.7) - - -
Clinical outcome
Response to immunotherapy 42[48 (87.5) 24[29 (82.8) 18/19 (94.7) 0.267 (0.029-2.486) 0.246
. 8 [5-19] 7 [5-11] 1 [7-30]
Latency to therapeutic response (days) (36/71 cases) (21/48 cases) (15/23 cases) - 0.095
Sequelae® 22/60 (36.7) 16/45 (35.6) 6/15 (40.0) 1.387 (0.438-4.393) 0578
Died 4(5.6) 4(83) - - -

Data are n (%) or median [interquartile range] values, except where indicated otherwise.

Note: One patient had both anti-GAD-65 and anti-NMDAR positivity. *p<0.5; *No information about sex for one study”"; fIncluded four deaths; “Two pa-
tients were given dexamethasone instead of MP"“; | Combination therapy included use of steroids, IVlg, or PLEX individually or in combination. One pa-
tient was given IVIg and tocilizumab®; TThree patients of Bickerstaff encephalitis are not considered in the analysis.

AIE, autoimmune encephalitis; Cl, confidence interval; CSF, cerebrospinal fluid; EEG, electroencephalography; GTCS, generalized tonic-clonic seizures;
IV, intravenous; IVlg, intravenous immunoglobulin; MP, methylprednisolone; MRI, magnetic resonance imaging; NA, not available/not applicable; NM-
DAR, N-methyl-d-aspartic acid receptor; OCB, oligoclonal bands; OR, odds ratio; PLEX, plasma exchange; "-", not available/applicable.
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0.313, 95% CI=0.100-0.977, p=0.045).

Movement disorders

Movement disorders constituted one of the most frequent
presentations, featuring in 14/23 (60.9%) cases of definite AIE
and 14/48 (29.2%) cases of seronegative AIE. The plethora of
symptoms included myoclonus (n=14, 19.7%), ataxia (n=9,
12.7%), orolingual dyskinesia (n=4, 5.6%), catatonia (n=4,
5.6%), choreiform movements (n=4, 5.6%), facial myoclonus
(n=3, 4.2%), and dystonia (n=2, 2.8%). Rare presentations in
single case reports included hyperekplexia, myorhythmia, ri-
gidity, akinesia, and mirror movements.

Seizures

New-onset seizures that were not explained by a metabolic
or previously known epileptic disorder was reported in 24
(33.8%) of the 71 cases, of which 10/23 (43.5%) were definite
AIE and 14/48 (29.2%) were seronegative AIE. The seizures
were generalized in 10 (13.5%) of the 71 cases and focal in 3
(4.1%), while in the remaining cases the onset was not known.
Status epilepticus was noted in 10/71 (14.1%) cases, of which
8/48 (16.7%) were seronegative AIE and 2/23 (8.7%) were def-
inite. In the definite AIE subgroup, both were positive for anti-
NMDAR (2/12, 16.7%), and this included the case with dual
antibody positivity (anti-NMDAR and anti-GAD-65). One of
the cases from the seronegative-AIE subgroup presented
with new-onset refractory status epilepticus.

Speech abnormality

Mutism was the most common speech abnormality, report-
ed in 8/71 (11.3%) cases, of which 4/23 (17.4%) were defi-
nite AIE and the remaining (4/48, 8.3%) were seronegative
AIE. Other abnormalities comprised dysarthria (n=4, 5.6%),
aphasia (n=1, 1.4%), and paraphasia (n=1, 1.4%), while the ab-
normalities remained unclassified in four (5.6%) of the cases.

Behavioral and neuropsychiatric symptoms

Behavioral changes and neuropsychiatric manifestations were
seen in 25/71 (35.2%) cases, of which 17/48 (35.4%) were se-
ronegative AIE while 8/23 (34.8%) were definite AIE. The wide
range of symptoms included visual hallucinations (=6, 8.5%),
anxiety (n=>5, 7.0%), depression (n=3, 4.2%), mood altera-
tions (n=3, 4.2%), and emotional lability (n=1, 1.4%).

Cognitive symptoms

Though less common, diverse cognitive symptoms were re-
ported for 8/48 (16.7%) cases of seronegative AIE and 2/23
(8.7%) cases of definite AIE. The deficits included memory
impairment (n=6, 8.5%), perseveration (n=5, 7.0%), executive
dysfunction (n=2, 2.8%), disinhibition (n=2, 2.8%), apraxia
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(n=1, 1.4%), and palilalia (n=1, 1.4%).

Eye-movement abnormalities

Out of 8 patients with eye-movement abnormalities, 4/48
(8.3%) were seronegative AIE and 4/23 (17.4%) were definite-
AIE. These abnormalities included nystagmus (n=2, 2.8%),
opsoclonus (n=2, 2.8%), and impairment of pursuits (n=2,
2.8%). There were single cases presenting with ocular bob-
bing, ocular flutter, roving eye movements, and internuclear
ophthalmoplegia.

Miscellaneous deficits

Sleep disturbances were reported in 10/71 (14.1%) cases: 7/23
(30.4%) were definite AIE and 3/48 (6.3%) were seronegative
AIE. Somnolence was present in 2 (2.8%) of the 71 cases. Alien
hand was reported in a single case with a novel antibody. Head-
ache was one of the less-common manifestations, reported in
only four (5.6%) cases, while bulbar symptoms were report-
ed in three (4.2%) cases.

Investigational profile

SARS-CoV-2 diagnostics

All patients in the included studies were diagnosed as having
COVID-19. PCR of the CSF revealed positivity for SARS-
CoV-2 in three cases, all of which were also positive for one
of the antineuronal antibodies (two cases had anti-NMDAR
and one case had antiamphiphysin antibodies). Antibodies
against SARS-CoV-2 were detected in 12 cases, among which
6 (12%) were seronegative AIE and 4 (33.3%) were anti-NM-
DAR positive, and there was a single case each of anti-GAD-65,
anti-CASPR2, and a novel antibody positivity. SARS-CoV-2
antibody positivity in the CSF was reported in only four cases:
three were possible seronegative AIE and one had anti-NM-
DAR positivity.

CSF analyses

CSF analysis revealed pleocytosis in 26/67 (38.8%) cases, hy-
perproteinorachia in 24/53 (45.3%), and OCB positivity in
10/34 (29.4%). Pleocytosis was more common in the definite-
AIE than the possible-AIE subgroup (OR=0.328, 95% Cl=
0.113-0.955, p=0.041).

EEG findings

EEG findings were abnormal in 36/43 (83.7%) cases of the
overall AIE group, with no significant difference between the
possible-AIE and definite- AIE subgroups. The principal find-
ing in EEG was diffuse slowing, in 27/43 (62.8%) cases. Focal
slowing involving temporal regions were reported in 9/43
(20.9%) cases, of which were 5/29 (17.2%) were seronegative
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AIE, while frontal predominant slowing was noted in 8/43
(18.6%) cases. Lateralized periodic discharges were reported
in 6/43 (13.9%) cases, of which 5 of 29 were seronegative AIE
(17.2%) (Supplementary Table 2 in the online-only Data Sup-
plement).

Neuroimaging

Brain MRI scans were available for 64 of the 71 cases, of which
37 (57.8%) were abnormal, comprising 6/18 (33.3%) cases of
definite AIE and 31/47 (66.0%) cases of seronegative ATE (OR=
4.133,95% CI=1.299-13.155, p=0.016).

Supratentorial lesions in the form of hyperintensities in T2-
weighted FLAIR images were reported in 35/64 (54.7%) cases,
with infratentorial lesions in 9 (14.1%) and the involvement of
both in 5 (7.8%). Signal changes in temporal lobes were report-
ed in 17/64 (26.6%) cases: 4/18 (22.2%) in the definite-AIE sub-
group and 13/48 (27.1%) in the seronegative-AIE subgroup.
Brainstem involvement was reported in eight (12.5%) cases,
mostly involving the pons (7/64, 10.9%), with all cases belong-
ing to the seronegative-AIE subgroup. It was particularly in-
teresting that MRI abnormalities were less common in chil-
dren than in their adult counterparts (OR=0.136, 95% CI=
0.026-0.705, p=0.017). Cerebellar signal changes were reported
in 3/64 (4.7%) cases, and splenial lesions were observed in
3/64 (4.7%) cases. There were two cases each (3.1%) of diffu-
sion restriction, contrast enhancement, and microbleeds.

PET scans were available in 11 (15.5%) of the 71 cases. In
the definite-AIE subgroup, data were available for only a single
case with antimyelin positivity, with PET revealing basal gan-
glia hypermetabolism. In contrast, cerebellar hypermetabo-
lism was present in 5/10 (50%) cases in the seronegative-AIE
subgroup, of which 4 (40%) showed involvement of the vermis.
Basal ganglia hypermetabolism was noted in 4/10 (40%) cases.
Other findings included prefrontal hypermetabolism in 3/10
(30%) cases and limbic hypermetabolism in a single case (Sup-
plementary Table 3 in the online-only Data Supplement).

Inflammatory markers

Elevation of at least 1 of the inflammatory markers was re-
ported in 23/29 (79.3%) cases: 7/8 (87.5%) cases of definite
AIE and 16/21 (76.2%) cases of seronegative possible AIE. The
most commonly tested marker was C-reactive protein, which
was elevated in 14/18 (77.8%) cases. Among the other mark-
ers, interleukin-6 was elevated in serum in 7/8 (87.5%) cases
and in CSF in 6/12 (50%) cases.

Antineuronal antibodies

Numerous antibodies were reported in AIE associated with
COVID-19. The antineuronal antibodies comprised antibod-
ies against NMDAR (n=12, 16.9%), GAD-65 (n=3, 4.2%),
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CASPR2 (n=2, 2.8%), myelin (n=2, 2.7%), and a single case
(1.4%) of each of leucine-rich glioma inactivated 1 (LGI-1;
also called epitempin), GFAP, Yo, and a novel antibody. Based
on the criteria of Graus et al.,” possible Bickerstaft encephalitis
was considered in three cases.

Management strategies

The principal strategies for management were parenteral ste-
roids, IVIg, PLEX, oral steroids, and their combination. Data
on management strategies were available for 57 included sub-
jects. The median time to the initiation of definitive treatment
was estimated from the available data to be 14 days (IQR=7-
27 days). At least one form of immunotherapy was adminis-
tered in 47/57 (82.5%) subjects. Intravenous parenteral steroid
(MP) was used in 39 (68.4%) cases, while IVIg was used in 23
(40.4%) cases. IVIg was less likely to be administered in the
possible-seronegative-AIE than the definite-AIE subgroup
(OR=0.205, 95% CI=0.047-0.898, p=0.036). Three (5.3%)
cases required a second course of IVIg due to unsatisfactory
response to the first dose. PLEX was used in eight (14.0%)
cases. Various combinations of steroids, IVIg, and PLEX were
applied in 21/57 (36.8%) cases (Supplementary Table 4 in the
online-only Data Supplement).

Clinical outcomes

A good clinical response was observed in 42 of 48 (87.5%)
cases treated with at least 1 of the immunotherapy modali-
ties. There was a favorable response in 18/19 (94.7%) patients
in the definite-AIE subgroup and in 24/29 (82.8%) patients
in the seronegative-AIE subgroup. From the available data of
36 patients, the median latency to a clinical response follow-
ing immunotherapy was estimated to be 8 days (IQR=5-19
days): 11 days (IQR=7-30 days) in 15/23 cases in the definite-
AIE subgroup, and 7 days (IQR=5-11 days) in the possible-se-
ronegative-AIE subgroup. Sequelae were reported in 22 pa-
tients from the available data of 60 patients (36.7%): 6/15 (40%)
in the definite-AIE subgroup and 16/45 (35.6%) in the possi-
ble-seronegative- AIE subgroup.

Predictors for neurological severity and clinical
outcomes

The results of binomial logistic regression are depicted in Fig.
2. A greater severity of COVID-19 illness was associated with
an increased risk of ICU admission (OR=8.409, 95% CI=2.200—
32.138, p=0.035). Patients presenting with status epilepticus
had increased rates of ICU admission (OR=8.556, 95% CI=
1.620-45.195, p=0.011). Female sex and ICU admission were
associated with higher risks of sequelae, with OR values of 2.925
(95% CI=1.005-8.516, p=0.049) and 3.515 (95% CI=1.160—
10.650, p=0.026), respectively. The response to immunothera-



py was not significantly associated with age, sex, severity of
COVID-19, abnormal MRI findings, CSF pleocytosis, CSF
hyperproteinorachia, antineuronal antibody positivity, or ICU
admission. Sequelae were significantly associated with age, severi-
ty of COVID-19, altered mental state, status epilepticus, anti-
neuronal antibody positivity, CSF pleocytosis, hyperproteinora-
chia, OCB, abnormal MRI findings, EEG findings, treatment
delay, and immunotherapy response (Fig. 2).

Clinical syndromes

Anti-NMDAR associated encephalitis (n=12)

Anti-NMDAR associated encephalitis constituted the most
common group of definite AIE, accounting for 12/71 (16.9%)
cases.>!71%23:2628333537.69 Nales were affected twice as often as
females (sex ratio=2:1). With a median age of 26 years (IQR=
15-52 years), the disease had a younger onset than that of over-
all-AIE group. Altered mental state was the most common pre-
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sentation of the 12 (n=9, 75%) cases, followed by movement
disorders (n=7, 58.3%), new-onset seizures (n=7, 58.3%), and
behavioral symptoms (=5, 41.7%). Various movement disor-
ders were described, which included orolingual dyskinesia
(n=3, 25%), myoclonus (n=2, 16.7%), choreiform movements
(n=2, 16.7%), catatonia (n=2, 16.7%), and ataxia (n=1, 8.3%).
The median duration of illness at presentation was 15 days
(IQR=3-21 days). The median latency to the relapse or non-
remission of neurological symptoms leading to the diagnosis
was 4 days (IQR=3-14 days). Neuroimaging showed abnormal
signal changes in the temporal lobe in 4/11 (36.3%) cases, with
bilateral involvement in 3 (27.3%) cases. EEG showed slow-
ing in three (42.9%) of seven confirmed cases of anti-NMDAR
AIE. Management strategies included parenteral steroids (8/11,
72.7%), IVIg (8/11, 72.7%), and their combination (7/11,
63.6%). A favorable response to immunotherapy was observed
in 10/11 (90.9%) cases, and sequelae were reported in 4/11
(36.3%) cases.
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Fig. 2. Factors predicting neurological severity (A, B) and clinical outcomes (C, D). Cl, confidence interval; CSF, cerebrospinal fluid; EEG, electroen-

cephalography; MRI, magnetic resonance imaging; OR, odds ratio.
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Anti-GAD-65-associated AIE (n=3)

We identified two cases with anti-GAD-65 positivity and a
single case with dual positivity for anti-NMDAR and GAD-
65.2%>% Altered mental state, seizures, and movement disor-
ders were the common presentations, occurring in two of
the three cases. None of the cases had CSF pleocytosis or hy-
perproteinorachia. Neuroimaging showed cerebellar signal
changes in one case, and bilateral temporal and anterior cin-
gulate signal changes in another. Although all of the patients
responded to immunotherapy, two of them (66.7%) reported
sequelae at the last follow-up.

Bickerstaff encephalitis (n=3)

Three cases'”" partially met the criteria of Graus et al.’ for
possible Bickerstaff encephalitis. All of these patients had
recently been affected by COVID-19. Altered mental state
and ataxia were the primary neurological presentation in all
three cases. Brain MRI revealed cerebellar signal changes in
one case, while MRI findings were normal in the other two
cases. EEG was suggestive of diffuse slowing. CSF analysis
produced no evidence of pleocytosis or elevation of protein
levels. The antibody profiles showed anti-GD1b positivity in
two cases and anti-GD1a positivity in one case. The response
to immunotherapy was favorable in two cases while data
were not available in the third case.

Other antibodies associated (n<2)

Rare reports of antineuronal-antibody-associated AIE includ-
ed two cases of CASPR2*! and single reports of antimyelin,”
LGI-1,” GFAP?* amphiphysin,” Yo, and a novel antibody de-
tected against mouse brain neuronal proteins* associated with
AIE. All of the cases showed a temporal association with SARS-
CoV-2 infection. The demographic, clinical, investigational,
and management profiles are summarized in Supplementary
Tables 2 and 3 (in the online-only Data Supplement).

Seronegative AIE (n=48)

Our inclusion criteria identified 48 (67.6%) cases of possible
seronegative AIE in association with COVID-19.%!>1621:222
31,36,38,40-44,53-57,59-63,67,68,70,73 Males were more Commonly aﬁ.‘ected
than females (sex ratio: 1.67). The median age was 60 years
(IQR=46-66 years), which was higher than that in the defi-
nite-AIE subgroup. Similar to the definite-AIE subgroup, al-
tered mental state was the most common manifestation (n=
40, 83.3%), followed by seizures (n=14, 29.2%), movement
disorders (n=14, 29.2%), and behavioral and neuropsychiat-
ric symptoms (n=17, 35.4%). The median latency to the onset
neurological symptoms was 3 days (IQR=0-10 days), while
the median latency to the relapse or nonimprovement of neu-
rological symptoms was 15 days (IQR=7-24 days). EEG find-
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ings were similar to those in the definite-AIE subgroup, ex-
cept for additional findings of lateralized periodic discharges
in 5/29 (17.2%) cases. MRI data were available for 47 cases.
It was particularly interesting that brain MRI revealed brain-
stem involvement in 7/47 (14.9%) cases, mostly in the pons.
PET was applied in 11/48 (22.9%) cases, with the findings in-
cluding basal ganglia hypermetabolism in 4/11 (36.3%) cases
and cerebellar (particularly vermian) hypermetabolism in 4/11
(36.3%) cases. CSF pleocytosis and hyperproteinorachia were
reported in 14/46 (30.4%) and 15/35 (42.9%) cases, respective-
ly. Immunotherapy was administered in 29 of 38 (76.3%) cas-
es: MP (n=29, 76.3%), IVIg (n=23, 60.5%), PLEX (n=3,
7.9%), or their combination (n=10, 26.3%). A response to im-
munotherapy were noted in 24/29 (82.8%) cases. One of the
nine cases who did not receive any form of immunomodula-
tion had sequelae at follow-up, while data were not available
for two cases (Supplementary Tables 2 and 3 in the online-only
Data Supplement).

Vaccine-associated AIE (n=14)

Our search strategy identified 14 cases of possible AIE that was
temporally associated with SARS-CoV-2 vaccination.*>*>%+6672
Patient-level data were not available for one of these studies.™
The median age of the patients was 32 years (IQR=22-57
years), and there was female preponderance (sex ratio=5:8).
The data from 13 cases comprised 7 (53.8%) that were tempo-
rally associated with the ChAdOx1-S vaccine and 6 (46.2%) that
followed the administration of the mRNA-1273 vaccine. The
median interval to the onset of symptoms was 5 days (IQR=
5-8) days. Three of the 14 cases occurred after the second
dose. The clinicoinvestigational profile was suggestive of pos-
sible AIE according to the currently accepted criteria in 12/14
(85.7%) cases. Two cases were definite AIE with positivity for
anti-NMDAR and anti-LGI-1 antibodies. Altered mental state
was the most frequently reported symptom (6/13,46.2%), fol-
lowed by speech disturbances (5/13, 38.5%), and memory
deficits (4/13, 30.8%). Brain MRI showed signal changes in
temporal lobe in 4/14 (28.6%) cases. One of the cases showed
mild hypoperfusion in the right temporal region in SPECT.®
CSF pleocytosis was observed in 12/14 cases. Parenteral ste-
roids were administered in 11/13 (84.6%) cases (10 were giv-
en MP and 1 was given dexamethasone), while 3/13 (23.1%)
cases received a combination of steroids, IVIg, and rituximab.
While all of the treated patients showed a response to immu-
notherapy, sequelae occurred in 10/13 (76.9%) cases (Table 2).

DISCUSSION

Postinfectious AIE is a well-described condition in the liter-
ature.” Herpes simplex virus (HSV), varicella zoster virus,
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Epstein-Barr virus, and mycoplasma infection are some of
the common infections that have been previously reported as
potential triggers of AIE, but most large-scale studies have
focused on HSV.”® The current study has revealed several im-
portant aspects of AIE associated with COVID-19 and its vac-
cines. The demographics of our study showed an adult and
male predisposition in the overall AIE group as well as in the
definite-AIE and possible-seronegative- AIE subgroups. In
the anti-NMDAR-AIE subgroup, males were affected twice
as often as females, which contrasts the findings from fairly
large-scale observational studies on post-HSE AIE.'*!' Fe-
males predominated among the pediatric and vaccine-associ-
ated subgroups. With regards to the clinical aspects, although
movement disorders dominated the neurological spectrum in
children, ataxia was a more-common manifestation, unlike
choreoathetosis, which appears more frequently in post-HSE
AIE." The clinical profile in adults was comparable with that
of post-HSE AIE. While the onset of neurological symptoms
occurred at a median latency of 1 day (IQR=0-12 days) from
the diagnosis of COVID-19, the median latency to the relapse
or nonremission of neurological symptoms that ultimately
led to the diagnosis of AIE was estimated to be 14 days (IQR=
4-22 days). There was no significant variation across the sub-
groups of definite and possible AIE, or of children and adults.
The latency to diagnosis was shorter compared with that for
post-HSE AIE, which has been estimated to be 4 weeks in
children and 6 weeks in adults.'*"

Contrast enhancement on brain MRI (3.1%) was a very rare
finding in COVID-19-associated AIE, which contrasts the
findings of studies on post-HSE AIE."*”® CSF analyses revealed
lower frequencies of pleocytosis and hyperproteinorachia
compared with the post-HSE cohorts." Similar to previous
experience with postinfectious AIE, the response to immu-
notherapy was favorable in cases with COVID-19-associated
AIE.® Though rare, postvaccination AIE—and particularly
anti-NMDAR encephalitis—has been reported in association
with HIN1 influenza, Japanese encephalitis, yellow fever,
and Tdap-P-IPV (diphtheria and tetanus toxoids and acellular
pertussis adsorbed and inactivated poliovirus vaccine) vac-
cination.””*" Although causality could not be established in
all of those previously reported cases, a temporal association
was found. Most of the patients had sequelae despite manage-
ment, which is similar to our findings for cases associated
with COVID-19 vaccines.

Anti-NMDAR associated encephalitis represents one of the
most-studied types of AIE worldwide. In contrast to previous
literature, the clinical, demographic, and investigational pro-
files of COVID-19-associated anti-NMDAR associated en-
cephalitis showed a male preponderance (sex ratio=2:1),
along with a lower incidence of psychiatric events (41.6%) and

704 J Clin Neurol 2022;18(6):692-710

lower frequency of CSF lymphocytic pleocytosis.®' The inci-
dence of sequelae in these patients (36.4%) was higher than
that reported in the case series by Dalmau et al. (25%),*' review
by Barry et al,* and observational study by Saraya et al.* re-
porting similar findings. Lee et al** found a near-equal male-
to-female distribution in 37 patients with seronegative AIE. The
most frequently reported symptoms were psychosis (86.5%),
altered mental state (78.4%), seizures (75.7%), and speech ab-
normalities (78.4%). In our study, COVID-19-associated AIE
had a male predisposition and lower incidence rates of sei-
zures, movement disorders, and psychiatric symptoms. In 12
seronegative cases of AIE, Pradhan et al.** found a lower fre-
quency of altered mental state and higher incidence rates of
seizures, psychosis, and movement abnormalities compared
with our observations of cases with COVID-19-associated se-
ronegative AIE. These differences provide critical insights into
the uniqueness of COVID-19-associated AIE, but they require
further validation in future large-scale studies.

Proposed pathophysiological mechanisms

We performed a scoping review of various pathogenesis-based
studies to identify the probable pathophysiological mecha-
nisms involved in the genesis of AIE associated with COV-
ID-19 (Fig. 3).%%

Systemic infection, cytokine storm, neurotropism, and
dysfunction of the blood-brain barrier

The SARS-CoV-2 virus infects the host cell via angiotensin-
converting enzyme 2 (ACE-2) receptors and TMPRSS2 (trans-
membrane protease, serine 2), in conjunction with a plethora
of other molecules including basigin, NRP-1, CD-147 (cluster
of differentiation 147/basigin/also known as extracellular ma-
trix metalloproteinase inducer [EMMPRIN]), DPP4, ATGR2,
ANPERP cathepsin, and furin.***° The various pathways of CNS
invasion include retrograde axonal transport via olfactory mu-
cosa, trans-synaptic transmission across infected neurons,
endothelial invasion, direct hematogenous spread to the CNS
through blood-brain barrier (BBB)-deficient circumventricu-
lar organs, and transport of intracellular virus through infected
host immune cells (Trojan horse mechanism).'"™'* A pulmo-
nary SARS-CoV-2 infection leads to the activation of inflam-
matory cascades, which builds up to a cytokine storm."*'"
This induces endothelial dysfunction that disrupts neurovas-
cular units, leading to breakdown of the BBB."*"*""® Based
on experience from SARS-CoV-1 infection and various theo-
ries, the involvement of the hypothalamopituitary axis has
also been postulated in immune dysregulation.'*'*
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Microglia activation, astrogliosis, neuronal damage, and
autoimmunity

Having entered the CNS, the virus infects the neighboring
neurons, oligodendrocytes, astrocytes, and microglia. The
viral S1 protein triggers microglia to release an abundance
of inflammatory mediators, which lead to activation of the
ACE-2 receptor, HIF-1a (hypoxia-inducible factor 1-alpha),
NOS (nitric oxide synthase), P2X7 (ATP-activated P2 puri-
nergic receptors), NLRP-3 (NLR family pyrin domain con-
taining 3), and TNF-a (tumor necrosis factor alpha) expres-
sion.""**1"% The astrocytes start functioning as ‘replication
hubs’ of the virus.”**” The exposure of immune-privileged

neuronal content to the activated immune system induces the
activation of naive B cells, which differentiate into memory
cells and plasma cells. These memory B-cells subsequently en-
ter CNS and undergo restimulation, clonal expansion, and dif-
ferentiate into plasma cells, which start releasing autoantibod-
ies against the neuronal antigens against the cell surface as well
as intracellular targets."®"*' These autoantibodies in turn in-
terfere with the transmission of neuronal signals and synap-

tic plasticity, leading to neurological manifestations.'"**'%

Molecular mimicry
The structural similarities of the NMDAR GluN1 and Glu-
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N2a subunits with SARS-CoV-2 nonstructural proteins 8 and
9, respectively, may induce immune-mediated cross-reactivity
to the NMDAR."? The autoantibody receptor complexes sub-
sequently activate the downstream pathways leading to alter-
ations at the cellular level, thereby contributing to the wide
range of clinical manifestations. Some studies have also high-
lighted the probable role of genetic polymorphisms, but fur-

ther research is needed to confirm this.'**%

Limitations

Given the rarity of the clinical entity of AIE associated with
COVID-19 and its vaccines, our analysis was primarily based
on published case reports and series, and hence the findings
were susceptible to publication bias. There were few cases of
definite AIE, which decreased the power of the statistical
analyses. Some of the studies that were purportedly on COV-
ID-19-associated encephalitis were found to instead meet the
currently accepted criteria for possible seronegative AIE.
Considering the current limitations of antineuronal antibody
testing and the possibility of many undiscovered antibodies, we
adhered to the currently accepted criteria for diagnosing these
cases, and included them in our analyses. However, the possi-
bility of COVID-19-associated encephalitis causing these clini-
cal syndromes could not be completely ruled out based on the
current level of understanding. Another potential confounder
that should be mentioned is incidental SARS-CoV-2 infection
among AIE patients. We considered 2 months as the appro-
priate cutoff interval for the presence of a temporal associa-
tion based on previous studies on postinfectious AIE, but the

possibility of outliers cannot be completely excluded. More-
over, the current setting of a global pandemic increases the
probability of a chance association with COVID-19, which
represents a stark contrast to the scenarios underlying pre-
vious reports of postinfectious AIE. It is also noteworthy that
seroprevalence rates of various antineuronal antibodies in
the healthy population have been reported in the literature
(Fig. 4)."

Conclusion

We attempted to systematically review all of the reported cas-
es in the literature of definite and possible AIE with a temporal
association with COVID-19 and its vaccines. To our knowl-
edge, this is the largest aggregation of data on COVID-19-as-
sociated and COVID-19-vaccine-associated AIE. This study
has revealed that the disease can manifest as a great masquer-
ade, and hence presents critical diagnostic challenges. This re-
view is expected to increase awareness among clinicians about
the disease entity, which will facilitate rapid diagnosis, prompt
management, and the prevention of sequelae.

Supplementary Materials
The online-only Data Supplement is available with this arti-
cle at https://doi.org/10.3988/jcn.2022.18.6.692.

Availability of Data and Material

All data generated or analyzed during the study are included in this published
article (and its supplementary information files).
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