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Abstract

Aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder
(AQP4+ NMOSD) and myelin oligodendrocyte glycoprotein-associated
disease (MOGAD) are antibody-mediated autoimmune inflammatory
CNS syndromes (AICS). The precipitants of attacks are unknown. There

is some evidence that infection or vaccination can trigger MOGAD.

Like multiple sclerosis, both can result in cerebral inflammation.
Cognitive impairment in multiple sclerosis is well-documented, but
whether it is a feature of NMOSD and MOGAD is debated. Studies
attempting to resolve this question are flawed by small samples,
inadequate control groups, erroneous statistical methods and, in the

case of NMOSD, mixed seropositive and seronegative samples.

The large cohort of patients with AQP4+ NMOSD and MOGAD under the
care of the John Radcliffe Hospital enabled an adequately powered
study of cognitive outcomes in adults with these diseases. This is the
first study to compare cognitive performance of patients with AQP4+
NMOSD and MOGAD to that of controls with a chronic autoimmune

disease that spares the central nervous system.

This work confirms significantly poorer attention and processing speed
in AQP4+ NMOSD compared with controls and identifies paediatric onset
as a risk factor for impairment. The findings refute reports of cognitive

impairment in MOGAD.



The SARS-CoV-2 pandemic delayed the study of cognition in adults with
NMOSD and MOGAD. However, the mass SARS-CoV-2 vaccination
programme afforded an unparalleled opportunity to research vaccine-

related autoimmune phenomena.

This study used clinic-based observational, epidemiological and
laboratory-based approaches to analyse associations between SARS-
CoV-2 vaccination and onset of AICS, including AQP4 and MOGAD. The
multimodal approach provides evidence that ChAdOx1S can trigger

onset of MOGAD.

Research presented here highlights the importance of screening for
cognitive impairment in young people with AQP4+ NMOSD and offering
educational support if needed. It also demonstrates a role of vaccine-
associated antigens and/or vaccine-induced immune pathways in
development of MOGAD, which could provide the basis for further study

of disease risk factors and, potentially, future treatments.
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Chapter 1

Introduction to neuromyelitis optica spectrum disorder and

myelin oligodendrocyte glycoprotein-associated disease

a) Neuromyelitis optica spectrum disorder

The disease today known as neuromyelitis optica spectrum disorder
(NMOSD) is an astrocytopathy that causes inflammation of the central
nervous system, most commonly involving the optic nerves, spinal cord
and periependymal brain regions. The syndrome of neuromyelitis optica
(NMO), also known as Devic’s disease, consists of simultaneous or
rapidly sequential inflammation of the spinal cord (transverse myelitis;
TM) and optic nerve(s) (optic neuritis; ON) of any aetiology (1). Cases of
NMO were described as early as 1831 (2). Doubtless these early reports
encompassed a range of aetiologies, including multiple sclerosis (MS),
tertiary syphilis and other infectious, autoimmune, metabolic and toxic

pathologies, as well as antibody-mediated diseases.

The association of ON and longitudinally extensive TM (LETM) with
several recognised diseases and the inability to agree on strict criteria
to define the syndrome led to much debate about the existence of a
distinct pathology in NMO. For most of the late nineteenth and twentieth
centuries, many physicians considered NMO to be a variant of MS.
Others, like Allbutt, proposed NMO was separate entity (3) and, 24 years
later, Devic coined the term “neuro-myélite optique” during his address

to the Congrées Francais de Médecin (4,5). He and his student, Gault,



asserted the pathological changes in biopsy specimens from NMO

patients differed from those seen in MS (6).

Despite this evidence, the nosological debate continued and was
summarised neatly by Stansbury, who wrote, “Until the etiologic agent
in these diseases is discovered, clinical and pathologic characteristics
constitute the only available basis for discussion” (7,8). In 1882,
Dreschfeld hypothesised the cause of the disease was “some toxic
agent circulating in the blood,” (9). In 2002, Cree et al wrote that vessel
hyalanization and complement and immunoglobulin deposition in
perivascular regions in cases of NMO implied antibody-mediated disease
(10). It was not until 2004 that Lennon and colleagues identified an
immunoglobulin present in 73% of patients with the NMO syndrome and
in only 9% of patients with MS presenting with ON and TM! but not in
patients with “typical” MS or miscellaneous neurological diseases (14).
The target antigen was found to be AQP4, a tetrameric water channel
found in the foot processes of astrocytes, particularly in the optic

nerves, spinal cord and subpial or subependymal brain surfaces (15).

Refinement of diagnostic assays has improved sensitivity to up to 98.5%
and specificity to 97.6% (16), enabling researchers to broaden the
phenotype of AQP4 antibody-associated disease beyond NMO (1,17).
Until the discovery of the antibody, diagnosis of NMO depended on

presence of features that overlapped with other CNS diseases, required

LIt is possible seropositive MS patients were misclassified, as both patients presented
with optic neuritis and transverse myelitis but had MS-like cerebral lesions and we now
realise that >50% patients have brain lesions at some time during the disease course
(11,12) and 13 - 17.5% of patients fulfil Barkhof criteria for MS at disease onset
(12,13).



both optic nerve and spinal cord inflammation, and most criteria
excluded cases with lesions beyond the optic nerve and spinal cord (10).
Diagnostic criteria have evolved over the last two centuries as our
concept of the disease has changed (4,10,18,19). It is now recognised
that AQP4 antibodies are also associated with brainstem syndromes
(particularly area postrema syndrome) as well as diencephalitis and
supratentorial parenchymal inflammation (13). Cerebral lesions are
identified on MRI scans in 37- 57% of seropositive patients at some

point in the disease course (12,20).

As a proportion of patients may not develop both ON and TM,
neurologists adopted the term “NMO spectrum disorder” (NMOSD) when
referring to seropositive patients, particularly without the typical
combination of ON and LETM. Thus, the syndrome of NMO may have
many aetiologies, while the disease NMOSD usually denotes presence of
AQP4 antibodies in the context of appropriate CNS manifestations

(1,21)2

Global prevalence of NMOSD is lower than MS, with prevalence
estimates from 0.7 to 10 per 100,000, depending on definition and
population studied (22,23). It is 9 times more common in females and
relatively more frequent in Black and East-Asian populations (12,22-24).
Age of onset is around a decade older than reported in relapsing-
remitting MS (RRMS) (25,26) and is rare in children (27). The disease

follows a relapsing course in around 90% patients (12,26). Long-term

2 The existence of “seronegative NMOSD” is acknowledged (21) but as diseases are
increasingly defined by detection of highly specific biomarkers, the definition may be
redundant in the future.



disability is common and studies show up to 29% of patients are
wheelchair-dependent and 18% have severe bilateral visual impairment
after a median disease duration of 75 months (26). Unlike MS, there is
no progressive phase and disability is accrued as a result of relapses

(20,26,28).

b) MOG antibody-associated disease

Ten to fifty percent of AQP4 antibody negative NMO or NMO-like cases
are associated with antibodies to myelin oligodendrocyte glycoprotein
(MOG) (29-31). Like NMOSD, MOG antibody-associated disease
(MOGAD) was thought be some to be a subtype of MS. This was
supported by early studies identifying MOG antibodies more frequently
in patients with MS compared with healthy controls, histological
similarity between lesions in patients with MOG antibodies and type I
MS lesions, and the encephalitogenic properties of MOG and MOG
antibodies in experimental autoimmune encephalitis (EAE, an animal
model of MS) (32,33). With the development of cell-based assays and
the use of full length MOG protein in its native conformation, specificity
of assays has improved to >98% (32-35). This has enabled
identification of typical phenotypes, including ON, LETM, NMO, acute
disseminated encephalomyelitis (ADEM), multiphasic disseminated
encephalomyelitis (MDEM), cortical encephalitis and FLAIR hyperintense

lesions in anti-MOG-associated encephalitis with seizures (FLAMES).



Presentation varies with age; ADEM is the commonest manifestation in

children and ON is most common in adulthood (36-38).

In contrast to NMOSD, MOGAD is monophasic in 60-75% of cases
(36,37,39) and does not show the same racial and gender bias
(36,40,41). Disability outcomes are generally better (39,42,43). MOGAD

more commonly affects children than NMOSD or MS (42,44,45).

Internationally agreed diagnostic criteria have been published, which
include ADEM, cerebral monofocal or polyfocal deficits and cerebral

cortical encephalitis among the core clinical features (46).

c) Cerebral involvement in AQP4+ NMOSD and MOGAD

The evidence above indicates cerebral involvement is not uncommon in
NMOSD and MOGAD, particularly in children (27,36,47-52). The reasons
for a preponderance of brain involvement in children are unclear, but

susceptibility to cerebral lesions in children due to immaturity of myelin

and immune responses have been proposed (53).

The long-term outcomes of TM and ON are well-documented
(49,51,52,54) but the consequences of cerebral lesions are more
difficult to assess. Outcomes are likely to depend on the location and
size of lesions and the predilection for cerebral inflammation in
childhood complicates the distinction between effects intracranial
disease from effects of paediatric onset. Additionally, the majority of
lesions in NMOSD are non-specific and thus their pathological relevance

is debatable (48,55).



There is some evidence that brain involvement increases the risk of
cognitive impairment (Cl) in NMOSD (56-58) and MOGAD (59-61) but
results are mixed. If this is the case, risk of Cl in paediatric-onset AQP4+
NMOSD and MOGAD may be higher than in adults due to both increased
incidence of cerebral lesions and non-specific effects of chronic disease
during development (school absenteeism, fatigue and physical disability

etc).

d) Immunological triggers of AQP4+ NMOSD and MOGAD

The evidence of an infectious trigger of NMOSD is mixed. Much of the
evidence links acute infection to relapses, rather than onset attacks,
and identifies increased rates of seropositivity to various organisms in
established disease, rather than demonstrating seroconversion around
disease onset (62). Given disability and immunosuppression following
onset may predispose to certain infections, higher rates of antibodies to
pathogens in affected individuals cannot be used as evidence of an
initial infectious trigger. One paper reported higher incidence of
antibodies to H pylori and C pneumoniae in patients with AQP4+
NMOSD compared with those with seronegative NMO or MS or in healthy
controls (63). However, the study was underpowered, only tested
antibodies to 4 pathogens, failed to account for important demographic
differences between groups and was limited to a Japanese population.
Another study reported a variety of different infections preceding

AQP4+ NMOSD attacks (12) but no specific organism was identified,



cases were retrospective and the authors did not distinguish between
onset events and relapses. One group reported a significantly higher
proportion of patients with AQP4+ NMOSD had serological evidence of
infection within a month of acute attacks than patients with non-
inflammatory neurological diseases (64). This study was limited to 15
patients, included both onset and relapse attacks and 5 patients were
immunosuppressed. Other studies have shown only 10% of children
with NMOSD reported illness prior to onset attack (27) and AQP4+ TM is

as likely to follow an infectious prodrome as seronegative TM (65).

Infectious prodromes are more common in MOGAD than NMOSD (66),
preceding MOGAD onset in 20-67% of cases (67,68). Preceding infection
is reported in 57% of children prior to first attack of MOGAD but only
10% of children before first clinical episode of MS (69). Both vaccination
and infection are recognised triggers of childhood and adult ADEM
(53,70,71), which is associated with MOG antibodies in up to 50% of
cases (72,73). Vaccination precedes 5 - 10% of MOGAD diagnoses

(67,74,75)

e) Linking triggers with cognitive outcomes

Paediatric MOGAD has a predilection for brain involvement
(36,37,44,76) and children with NMOSD have a higher incidence of
cerebral inflammation than adults (27,48,49). Children with MOGAD are
more likely to experience infection or vaccination prior to disease onset

than adults (77). It has been suggested that phenotype of NMOSD is



different in the presence or absence of a viral prodrome (64). A viral
prodrome was reported in 65% of MOGAD patients with brainstem or
cerebellar lesions (75) and infections are more commonly reported
before ADEM than other presentations (66). Given children are more
likely to be exposed to novel pathogenic antigens, either via contact
with agents in the environment or vaccination, it is possible that an
infectious trigger increases risk of intracranial inflammatory lesions. In
this scenario, cerebral manifestations of disease would be less common
in adults due to lower rates of exposure to novel pathogens but, when
present in adults, would follow infection or vaccination as frequently as
in children. This conjecture is supported by a report that found infection
preceded first episode of MOG-associated ADEM in 77% of children and

83% of adults (71).

It is therefore conceivable that infectious triggers of MOGAD and
possibly NMOSD give rise to cerebral inflammation and that this in turn

gives rise to ClI (fig 1).



Figure 1
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f) Evolution of the project

My original DPhil proposal was an investigation of cognitive outcomes in
AQP4+ NMOSD and MOGAD. Disruption to clinics by the SARS-CoV-2
pandemic delayed data collection but presented the opportunity for
another area of research when | recognised a number of patients with

new acute inflammatory CNS syndromes (AICS) developed their first



symptoms within weeks of receiving a SARS-CoV-2 vaccine. The

association was particularly marked for the MOGAD cohort.

Given the reports of infections and vaccines triggering MOGAD and
NMOSD, the putative association between these triggers and increased
risk of intracranial lesions (particularly in children), and the potential
impact of cerebral inflammation on cognition, | undertook two

simultaneous projects in an attempt to answer the following questions:

1) Is there evidence of Cl in AQP4+ NMOSD and/or MOGAD and is
this influenced by age at onset or the presence of cerebral
inflammation?

2) Did vaccination against SARS-CoV-2 trigger onset of AQP4+
NMOSD and/or MOGAD? Were phenotypes of these diseases
following SARS-CoV-2 vaccination different to those not preceded

by vaccination?

If vaccination is associated with new AICS and predisposes to cerebral
inflammation and cerebral inflammation is associated with CI, it may be
inferred that cognitive outcomes are modulated by preceding

immunological triggers.

g) The Oxford NMO Diagnostic and Advisory Service

The John Radcliffe Hospital in Oxford hosts one of two NHS England-
commissioned Highly Specialised Services for the diagnosis and

management of NMOSD and MOGAD (the Oxford NMO Diagnostic and
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Advisory Service, NMODAS). It is one of the largest NMOSD and MOGAD
centres worldwide, accepting referrals from the UK and the Republic of

Ireland and conducts outreach clinics across the south of England?.

Patients who use the service are asked if they wish to participate in the
longitudinal study, “Tissue for the study of demyelinating conditions:
clinical, genetic and immunological studies” (Oxford Research Ethics
committee reference 16/SC/0224). This study involves real-time,
prospective data collection regarding diagnosis and antibody status,
attack dates and phenotypes, radiological changes, acute and long-term

therapies and outcome measures (appendix 1).

Information from the study was originally stored in a Microsoft©
Access™ Database Management System, hosted by an NHS server. In
2023, data were transferred to a Research Electronic Data Capture
(REDCap) system. This GDPR-compliant, web-based data capture tool
was pioneered specifically for use in clinical research informatics and
has been used worldwide. The closed source code underlies an excellent

security record (78).

| was part of a team responsible for shaping the data collection tools
within REDCap, reviewing paper records and the Microsoft© Access
archive to populate and update the database and transfer the
information, as well as entering data in real time to ensure accurate

contemporaneous data capture.

3 Derriford Hospital in Plymouth, Gloucestershire Royal Hospital, Southampton
Hospital, Kings College Hospital in London, St George’s Hospital in London, St
Bartholomew’s Hospital in London, The Royal London Hospital, Princess Royal Hospital
in Haywards Heath and the Royal Sussex County Hospital in Brighton
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The following research was generously enabled by patients participating
in this study and historical data were retrieved from REDCap and

Microsoft© Access databases.
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Chapter 2

Cognition in AQP4+ NMOSD and MOGAD, part 1 (MoCA)

2.1) Introduction: Cognition in AQP4+ NMOSD and MOGAD, part 1

(MoCA)

a) Substrates of cognitive impairment in neuroinflammatory disease

Multiple sclerosis is an inflammatory disease of the central nervous
system (CNS) that causes demyelinating cerebral plagues in over 95%
of patients (79). Cl affects 43 - 70% of people with MS (80,81),
predominantly impacting attention, processing speed and memory
(80,82). The degree of impairment has been correlated with reductions
in grey matter volumes (83), cortical thickness (84,85), thalamic
volumes (83,86,87) and with higher lesion load (57,88,89). Reduced
fractional anisotropy (FA) in different structures was associated with
poorer performance on distinct cognitive tests (90). Progressive MS is
more frequently associated with Cl than relapsing-remitting forms and

involves more domains (81,91).

NMOSD and MOGAD are also autoimmune disorders of the CNS that
share some features with MS, but there are also distinct pathological,
radiological and clinical characteristics (20,31,32,66,92-95). For
example, a normal brain appearance on MRI is common in NMOSD but is
very rare in MS (20,96,97). Compared with MS, lesion load is lower and

lesions are often monofocal in NMOSD (20,97-100) and MOGAD

13



(92,101,102). “Black holes” on T1 weighted MRI, representing
irreversible axonal loss, are less common in NMOSD and MOGAD
(20,99). Inter-attack MRI scans detect clinically silent interval lesions
frequently in MS but very rarely in NMOSD and MOGAD (102,103).
Radiological cortical lesions are reported in up to 44.4% of MS cases but

are absent in NMOSD and rare in MOGAD (88,97,98,104,105).

Volumetric studies also show differences between the diseases. Deep
grey matter volumes are markedly and diffusely reduced in MS
(96,98,101). Studies comparing NMOSD and MS confirm whole brain
atrophy (106,107), atrophy of deep grey matter (56,108) and cortex
(57,101,104,106) are milder in NMOSD. Head-to-head comparisons
indicate total brain atrophy, grey matter volume loss and cortical

atrophy are more marked in MS than MOGAD (101,102,109).

Microstructural damage of normal appearing white matter and grey
matter revealed by FA measurements is common in MS but evidence in
NMOSD and MOGAD is mixed (98,110-113). Direct comparisons
demonstrate more severe microstructural disruption in MS than NMOSD
(114,115). Microstructural changes in MOGAD are limited to patients
with intracranial lesions (102) and are milder than those seen in MS

(109).

In addition, a progressive course is exceedingly rare or absent in
NMOSD and MOGAD (20,25,102,116) but primary progressive MS

accounts for 15-20% of all cases and up to 90% of untreated patients

14



with relapsing-remitting forms transition to secondary progressive by 25

years (117).

Therefore, some of the clinical and radiological features associated with
Cl in MS are milder, rarer or absent in NMOSD and MOGAD. Anecdotally,

clinicians report Cl is less frequent in patients with NMOSD and MOGAD.

b) Literature regarding cognitive impairment in NMOSD

The outcomes of studies of Cl in NMOSD are inconsistent and
prevalence estimates vary from 29 to 67% (118). A meta-analysis
including 273 people with NMOSD found evidence of impairments in
processing speed, working memory, visual processing, verbal learning,
verbal fluency and executive function, although samples were small and
heterogeneous (119). The majority of studies have reported
multidomain impairments in a substantial proportion of patients with
NMOSD (supp table 1). However, one study found no impairments on
the Mini Mental State Examination (MMSE), Frontal Assessment Panel or
screen-based cognitive tests (120). Another found patients with NMOSD
performed worse than healthy controls on a single test of attention but
executive function, spatial processing and reaction times were intact

(121).

Like MS, processing speed, attention and memory are the domains most
frequently affected (118,119,122). The frank dementia sometimes

observed in MS is not a feature of NMOSD and researchers have
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attributed this to the absence of a progressive phase and lack of cortical

lesions (122).

The differences in prevalence, severity, domains affected and correlates
of Cl reported in NMOSD are due to differences in testing protocols,
variation in definitions of ClI, small samples, inappropriate control groups
and combining AQP4+ and seronegative NMO patients (supp table 1).
Many studies employ parametric tests to interpret non-parametric data,
compare groups without adjusting for important covariates and use
simple correlational analyses to study complex multifactorial

relationships.

C) Impact of age at onset on cognition in NMOSD

Regarding paediatric brain injury in general, the majority of studies
show younger age of brain injury of any cause is associated with poorer
cognitive and behavioural outcomes, possibly because younger children
are forced to acquire even rudimentary skills with imperfect neural
substrates (123). There is some evidence that cognitive deficits in
paediatric MS are more severe than those acquired in adulthood (124)
and that, within the paediatric MS cohort, cognitive outcomes worsen

with younger age at onset (125,126).

Few studies have examined the influence of age at onset on cognition in
NMOSD and the rarity of paediatric NMOSD means the impact on
children is under-researched. A study of 67 children with NMOSD found

younger onset age was associated with poorer cognitive outcomes (54).
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Significant impairments in visuomotor integration, working memory,
planning, attention and verbal fluency have been reported in children
with NMOSD but no age correlation was performed (127). Conversely,
increasing age at onset in adults with NMOSD is associated with worse

cognitive outcomes (128-130).

d) Impact of supratentorial inflammatory lesions on cognition in

NMOSD

Evidence of the impact of supratentorial inflammatory lesions (SILs) on
cognition is inconclusive. Several studies have found no difference in
cognitive test scores between patients with and without brain lesions
(107,128,131-134) or that performance does not correlate with total
lesion volume (107,111). In contrast, some groups have demonstrated
increased risk of Cl in the presence of brain lesions (58,135) and that
lesion volume correlates with impairments in certain domains (56,57). A
study of only 12 patients with NMOSD used rigorous and specific
assessments to address this question and confirmed Cl only in the
single patient with a previously symptomatic SIL, while almost half the
patients met criteria for Cl using less specific tests (136). Inappropriate
testing protocols, classification of brain lesions* and inclusion of
brainstem lesions in analyses may be responsible for variation in

outcomes between studies.

* “Non-specific” lesions are the most common lesion type in NMOSD and their
aetiology and relevance are unknown (84,111,137), so their inclusion may dilute an
effect of SILs
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Children with NMOSD are more likely to present with SILs than adults
(51,52,54), which can cause difficulty in distinguishing effects of SILs
from effects of paediatric onset. It is possible that greater impact of
disease onset in early childhood is mediated by the higher incidence of

SILs in this group.

e) Literature regarding cognitive impairment in MOGAD

There are fewer studies of cognition in MOGAD and many focus on
paediatric cases. Estimates of the prevalence of Cl in MOGAD vary from
11 to 50% (59,61), with some studies reporting no significant
impairments (138). Domains affected and correlations vary between
studies (supp table 2). Studies are hampered by the same restrictions

as those affecting studies of NMOSD, particularly sample sizes.

A multicentre study of 113 patients with MOGAD found significantly
poorer performance on tests of semantic fluency and congruent visual
processing speed, no significant impairments on tests of auditory
processing speed or delayed recall and superiority on a test of
immediate recall and a separate test of visual processing speed
compared with healthy controls. Age, education and SILs predicted

performance on some subtests (61).
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f) Impact of age at onset and inflammatory brain lesions on

cognition in MOGAD

Approximately half of children with ADEM have MOG antibodies (72,73).
The most common MOGAD phenotype in children <12 years is ADEM
(36-38,139,140). It is therefore often difficult to distinguish distinct
contributions of SILs and age at onset to cognitive outcomes in MOGAD

and SIL burden may mediate an effect of paediatric onset.

Up to 22% of children with ADEM develop CI (125) and onset age before
5 years predicted poorer outcomes in most measures (141). In children,
higher age at onset is associated with better long-term language skills

(142).

Focusing on MOGAD, 40% of children presenting with ADEM or MDEM
were reported to develop cognitive difficulty, compared with 6.5% of
those presenting with isolated ON or ON and TM (60). Onset age <10
years and lesions in the deep grey matter associated with increased risk
of academic difficulty (139), although independent effects of these
predictors were not assessed. ADEM was the presenting phenotype in
78.9% of children with MOGAD requiring special educational
intervention and 41.3% of those without special educational needs
(143). In a series of 116 children with MOGAD, 12 had residual cognitive
problems and all were from the subgroup of 68 presenting with ADEM or
non-ADEM encephalitis (144). A history of ADEM was found to
significantly increase risk of Cl in a study of 32 adults with MOGAD
(145). Rare MOG antibody-associated leukodystrophies associated with
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persistent cognitive and behavioural disorders have been described in

young children (146,147).

Together, these studies suggest children with MOGAD are more likely to
present with ADEM or encephalitis than adults, which increases risk of
Cl. Younger age at onset may contribute to cognitive outcome

independently (148).

g) Hypotheses

Based on the observations above, the following hypotheses were

proposed:

I) Primary hypothesis: Cognition in patients with NMOSD and MOGAD is

poorer than cognition in control patients with a chronic CNS-sparing

autoimmune disease.

||) Secondary hypothesis: Cognition in patients with onset of NMOSD
and MOGAD before optimal brain maturation is poorer than those
with onset after. A cut-off of 30 years was selected, as essential
processes such as hippocampal growth and cortical synaptic
refinement continue to late adolescence and myelination, expansion
of the corpus callosum and increases in grey matter density continue

into the late twenties (149,150).

III) Secondary hypothesis: Cognition in NMOSD and MOGAD patients

with a history of SILs is poorer than in those without SILs.
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2.2) Methods: Cognition in AQP4+ NMOSD and MOGAD, part 1

(MoCA)

a) Overview of study methods

a. I) Patient population

Patients were invited to participate if they met the following criteria:

1) Had a diagnosis of NMOSD according to published diagnostic
criteria (151) or clinically definite diagnosis of MOGAD® and
positive for either AQP4 or MOG antibodies using cell-based
assays described by the Oxford Neuroimmunology Laboratory
(16,35)°.

Controls required a diagnosis of myasthenia gravis (MG) with
antibodies to the nicotinic acetylcholine receptor (nAChR) or
muscle-specific kinase (MuSK) or a diagnosis of Lambert Eaton
myasthenic syndrome (LEMS) with antibodies to the presynaptic

voltage-gated calcium channel (VGCC).

2) Were under the care of the John Radcliffe Hospital NMODAS’

and consented to enrolment in the umbrella study, Tissue for the

Study of Demyelinating Conditions: Clinical, Genetic and

> No internationally agreed criteria for diagnosis of MOGAD was published until 2023
(46)

6 Assay 2 in appendix 1 of Waters et al., 2016

" This includes patients with NMOSD and MOGAD reviewed at outreach clinics
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Immunological Studies or under the care of the John Radcliffe
Hospital Neuromuscular Disorders Team and consented to
enrolment in the umbrella study, Tissue for the Study of Genetic
and Autoimmune Disorders of the Neuromuscular Junction and
Related Neuromuscular Disorders (Oxford Research Ethics

Committee reference 21/SC/0018).

3) Aged between 25 and 65 years at time of testing.

The control group of patients with MG or LEMS (herein referred to as the
MG group) were selected because, like AQP4+ NMOSD and MOGAD,
they have chronic autoantibody-mediated disease with unpredictable
relapses that often require steroids and/or immunosuppressant
medications, variable physical disability and high levels of fatigue,
anxiety and depression (152). As there is no CNS inflammation,
differences in performance are more likely to be due to direct effects of
AQP4+ NMOSD and MOGAD on the CNS than indirect effects of chronic

autoimmune disease.

The lower age-limit of 25 was selected to ensure participants had

completed their education and that optimal grey matter density and
myelination had been achieved (149,150). The upper age limit of 65
years was selected based on a large study of the Montreal Cognitive
Assessment (MoCA), demonstrating frequent impairment beyond 70

years of age in a representative population sample (153).
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Participants were excluded if they had significant co-existent
neurological or psychiatric disease® or if they relapsed within 4 weeks of

assessment.

Patients meeting criteria and attending an appointment with the
NMODAS or the myasthenia clinic in Oxford were invited to complete

the MoCA opportunistically.

a.ii) Power calculation

Effect size was calculated in G*Power (v 3.1.9.7) (154) using values from
Guo et al., 2018 (155). With an estimated f value of 0.427, a = 0.05 and

power of 0.80, minimum group size was 19 (appendix 2).

a.iii) Neuroradiological assessment

All available brain MRI scans were reviewed for patients with AQP4+
NMOSD or MOGAD. The presence of SILs at any time during disease

course was confirmed by an expert neuroradiologist (TH).

a.|v) Demographic and clinical variables

8 The following were permitted as their presence was not felt to contribute significantly
to scores: stable depression, anxiety or obsessive-compulsive disorder, history of viral
meningitis without encephalitis, incidental small vessel disease or incidental small
schwannoma detected on imaging. Seizures believed to be cerebral manifestations of
NMOSD or MOGAD were permitted.
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Demographic and clinical characteristics (e.g., age at disease onset, age
at testing, sex) of NMOSD and MOGAD patients were extracted from the
Microsoft© Access™ database prior to 2023 and from the REDCap
database from 2023. Details of MG patients were extracted from
medical records. Biological sex was recorded rather than gender,
because biological sex influences cognitive test outcomes in MS (156).
Expanded Disability Status Scale (EDSS) scores were measured the
same day as cognitive tests were administered or taken from the most
recent clinic appointment for those completing telephone assessments.
Patients provided their native language (English versus not English) and

years in education at the time of assessment.

b) Cognitive and psychosocial assessment

Cognition was assessed using the MoCA (appendix 3). This comprises 22
questions assessing domains of visuospatial function and executive
function, naming, language (repetition and phonemic fluency), attention
and working memory, verbal abstraction, orientation to time and place
and short-term verbal recall. An additional point is added if participants
completed less than 12 years of education. Scores of <25 (<83.3%) are

considered “impaired” (157).

Tests were administered by one of three staff members (AF, MM, YS)
who completed the online training and certification

(https://mocacognition.com/training-certification/).
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The MoCA was chosen for its high test-retest reliability and discriminant
validity (157). It is quick to administer and score, maximising the
number of patients tested. It has been validated in MS (158) and has

been used in research to assess cognition in NMOSD (128,130,133,159).

Patients unable to complete the full MoCA due to visual impairment or
because the MoCA was administered by telephone were assessed using
the MoCA-Blind (160), which excludes visual components (appendix 3).
Because the maximum score using the MoCA Blind (22) is lower than
the full MoCA, all scores were converted to percentages to allow

comparison.

To control for psychosocial variables known to impact performance on
cognitive tests (supp table 3), patients completed the Hospital Anxiety
and Depression Scale (HADS), the Modified Fatigue Impact Scale (MFIS)
and the Brief Pain Inventory (BPI). For details regarding questionnaire

constructs and validation studies, see appendix 4.

Only those questionnaires completed within 2 weeks of MoCA were

included.

c) Statistics

c.i) Comparisons of MoCA scores, demographic, clinical and

psychosocial variables between diagnostic groups

Distributions of variables were assessed by visual inspection of

frequency histograms and the Shapiro-Wilk test. Group means of
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parametrically distributed continuous variables were compared with t-
tests or one-way ANOVA with post-hoc Tukey-Kramer tests if omnibus
tests were significant at p <0.10. Group differences in non-
parametrically distributed data were assessed with the Mann-Whitney-U

test or Kruskal-Wallis test of ranks followed by Dunn’s procedure with

Bonferroni correction if omnibus tests were significant at p <0.10.

Chi squared tests were used to compare differences in proportions
between groups when expected cell count was >5 or Fisher’s exact test
of proportions if expected cell count was <5. Group differences
significant at the p <0.10 level were explored with pairwise comparisons

(multiple z-tests or Fisher’s exact tests with Bonferroni correction).

C. II) Univariable regression to identify predictors of %MoCA score

Univariable linear regression was used to investigate effects of
diagnosis, age at onset and presence of SILs on MoCA scores. Other
parameters with potential impact on MoCA scores were entered into

univariable regressions to identify possible confounders.

Applicability of linear regression to data sets depends on distributions
of, and relationships between, components of the data set (appendix 5).
The linearity of relationships between independent variables and

%MOoCA scores was assessed by inspection of scatterplots. Distribution

26



of the residuals was assessed by inspection of QQ plots of standardised
residuals and the Shapiro-Wilk test. Homoscedasticity of residuals was
assessed with plots of standardised residuals against fitted values for
continuous independent variables. Levene’s test was used to assess

equality of variance for categorical independent variables.

Outliers were defined as studentized residuals that fell > 3 standard

deviations from the predicted value () in linear models. Cook’s distances

were considered significant if they exceeded 4/n.

c.iii) Normalising the distribution of %MoCA scores with data

transforms

To overcome violations of the assumption of nhormality and
homoscedasticity of the residuals, several transforms were applied to
MoCA scores and models using each transform were assessed according

to criteria in appendix 5. A square root reflect transform was selected:

Transformed MoCA score=+101 —%MoCA score

Relevant data were back-transformed to response space to improve

interpretability (appendix 6).

Values of the coefficient of determination (R?) >0.15 were considered

clinically significant (41).
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c.iv) Multivariable regression with significant univariable and a priori

predictors

To determine whether any effects of diagnosis were robust to other
independent variables, simultaneous multivariable regressions were run
with diagnosis as an independent variable. Significant predictors of the
transformed %MoCA score at the p <0.10 level in univariable regressions

were included, as well as the a priori predictor, onset age group.

Assumptions were as for univariable linear regression and the models
were analysed with the same diagnostic procedures. Continuous

variables were centred to avoid variance inflation.

Variance inflation factor (VIF) was used to assess multicollinearity.
Variables with structural overlap (e.g., total MFIS score and MFIS
cognitive subscore) were substituted into different models and the
variable resulting in the most negative Akaike Information Criteria (AIC)

value was included.

Backward elimination with serial drop-1 commands was applied to the
best fitting model to allow further refinement and nested models were

compared using AIC and sequential F tests (161).

C.V) Multiple imputation with chained equations

Because some participants did not complete psychosocial
guestionnaires, several variables were missing data points. To validate
the conclusions using the incomplete data set, the pattern of

missingness was analysed and variables with most data missing were
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imputed using Multiple Imputation with Monte Carlo Markov Chain

Equations (MICE) (162).

A feasibility study was undertaken to determine whether missing data
were amenable to imputation and select the most accurate method
(appendix 7). Multivariable regression models were applied to the
imputed data sets and results were pooled to generate parameter

estimates.

d) Effect of onset age group on %MoCA score in AQP4+ NMOSD and

MOGAD

Clinical and demographic variables and MoCA scores were compared

between groups with disease onset aged <30 years 230 years as

described in 2.2.c.i.

Because groups were small, multivariable regression with many
parameters may lack sensitivity to detect an effect of onset age group.
After consultation with a medical statistician (SM), variables with
significant between-group differences at the p <0.10 level and a priori
predictors (diagnosis and SIL status) were entered into multivariable

regressions in the form:
Transformed MoCA score onset age group+ covariate+ onset age group *covariate

Model analysis and statistical testing were carried out as described in
section 2.2.c.iv. As this was an exploratory analysis, no correction was

made for multiple comparisons.
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e) Effect of SILs on %MoCA score in AQP4+ NMOSD and MOGAD

Median MoCA scores between groups with and without SILs were
examined using the statistical methods described in section 2.2.d. As
the group with SlLs was small, variables with significant between-group
differences at the p <0.10 level and a priori predictors (diagnosis and SIL
status) were entered into multivariable regressions as described in

2.2.d.

All statistical procedures other than power calculations were performed

in R (v4.4.1) (163).
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2.3) Results: Cognition in AQP4+ NMOSD and MOGAD, part 1 (MoCA)

a) Comparison of MoCA scores, demographic and psychosocial

variables between diagnostic groups

Of the 136 patients who completed the MoCA, 35 (25.7%) had MG, 45

(33.1%) had AQP4+ NMOSD and 56 (41.2%) had MOGAD (table 1).

Table 1: Comparison of demographic and clinical variables according to diagnosis

N (%) 35 (25.7) 45 (33.1) 56 (41.2)

Median MoCA score 90 (66.7-100), 83.3 (46.7-100), 86.7(56.7-100), WO0.91p<0.01  Kruskal-Wallis 7.96 (0.019)
(%) (range)*™ (H)

N impaired on MoCA 12 (34.3) 24 (53.3) 20(35.7) NA X 4.12(0.127)
(%)

Median age atonset 35 (1-64) 38 (23-61) 34 (6-65) WO0.97,p=0.01 Kruskal-Wallis 5.10 (0.078)
(years) (range)* (H)

N onset age group 19 (858 9(20.0) 14 (25.5) N/A X 1.78 (0.411)
<30 years (%)

Median age at testing 50 (27-64), 51 (28-65), 41 (25-64), W 0.96, p<0.01 Kruskal-Wallis 15.23 (<0.001)
(years) (range)** (H)

Median disease 85 (1-593), 90 (5-308), 38 (3-498), W 0.79, p<0.01 Kruskal-Wallis  12.96 (0.002)
duration (months) (H)

(range)**

N female (%)** 21 (60.0), 39 (86.7), 36 (64.3),, NA X 8.57 (0.014)
Median years in 13 (7-21) 15 (10-21) 118 (=211)) W 0.97, p<0.01 Kruskal-Wallis 2.78 (0.250)
education (range) (H)

N English as first 29 (82.9) 32(71.1) 46 (82.1) NA X 2.30(0.317)
language (%)

Median HADS-A score 9 (2-15), 5(0-19), 5 (0-19), W 0.95, p<0.01 Kruskal-Wallis 5.11 (0.078)
(range)* (H)

Median HADS-D 7 (1-17), 6 (0-15),, 2.5 (0-18), W 0.90, p<0.01 Kruskal-Wallis  8.20 (0.016)
score (range)** (H)

Median MFIS score 43.5 (0-72), 34.5 (0-83),p 22 (0-75), W 0.95, p<0.01 Kruskal- 8.25(0.016)
(range)** Wallis (H)

Median MFIS 16 (0-30), 12.5 (0-39),, 8.5 (0-36), W 0.93, p<0.01 Kruskal- 5.25(0.073)
cognitive subscore Wallis (H)

(range)*

Median BPI score 33 (0-98) 19 (0-92) 12 (0-99) W 0.84, p<0.01 Kruskal- 1.98 (0.372)
(range) Wallis (H)

*p <0.10; **p <0.05
Subscript a and b indicate groups that are significantly different in pairwise
comparisons
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There was a significant group difference in median %MoCA scores, with
highest median score observed in the MG group (90%) and lowest in the
AQP4+ NMOSD group (83.3%). Post hoc analysis confirmed significant
differences in scores between the AQP4+ NMOSD group and both the
MG group (z = -2.64, p = 0.021) and the MOGAD group (z =-2.41,p =
0.024) (fig 2). More patients met criteria for Cl in the AQP4+ NMOSD
group (53.3%) than either other group but this did not reach statistical

significance (table 1).

Figure 2. Boxplot of %MoCA scores
by diagnosis

p=0.021

p=0024

MoCA score (%)

80 ‘ .

60 ‘

MG NMOSD MOGAD
Diagnosis

Median age at testing and median disease duration were significantly
lower in the MOGAD group compared with either other group. A
significantly greater proportion of the AQP4+ NMOSD group was female
compared with the MG group. Pairwise comparisons confirmed median
HADS-A score was significantly higher in the MG group than either other
group. HADS-D, total MFIS, and MFIS cognitive scores were significantly

higher in the MG group compared with the MOGAD group. BPI scores

32



were also highest in the MG group but did not reach statistical
significance (table 1; supp table 4; supp fig 1 - 9). There were no
significant differences in the proportions of patients with onset aged

<30 years.

b) Univariable linear regression prior to data transform

Analysis of the residuals for each of the univariable regressions
confirmed data did not meet assumptions of linear regression (appendix

5).

No published work has addressed the issue of non-parametric
data in regression models of cognition in neuroinflammatory
disease and it is likely some published results were the result of

injudicious use of simple linear regression.

C) Transforming the %MoCA score

A variety of transforms was applied to %MoCA scores to compel the
residuals to approximate a normal distribution without compromising

linearity.

A square root reflect transform resolved heteroscedasticity, compelled

the residuals to a normal distribution and removed outliers (appendix 6)
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d) Univariable regression of transformed %MoCA score

Univariable regression was used to quantify the relationship between

each predictor and transformed %MoCA scores and estimate its

contribution to variance in scores. Results are summarised in table 2.

Table 2. Univariable regressions of V(101-%MoCA score)

Diagnosis
AQP4+ NMOSD*
MOGAD
Age at onset
Onset age group >30*
Age at testing
Disease duration
Sex
Education (years)*
Language (not English)*
HADS-A score*
HADS-D score*
Total MFIS score*
MFIS cognitive score*

BPI score*

*p <0.10

0.700 (0.277)
0.049 (0.265)
0.012 (0.008)
0.455 (0.248)
0.014(0.010)

-0.001 (0.001)
0.318 (0.236)

-0.088 (0.035)
0.860 (0.254)

0.051 (0.025)
0.073 (0.025)
0.015 (0.005)
0.033(0.010)
0.019 (0.004)

2.532
0.186
1.457
1.833
1.404
-0.783
1.344
-2.489
3.383
2.009
2.894
3.155
3.258
5.535

0.013
0.853
0.147
0.069
0.163
0.435
0.182
0.014
<0.001
0.047
0.005
0.002
0.002
<0.001

0.063

0.016
0.025
0.015
0.005
0.013
0.046
0.079
0.038
0.079
0.093
0.097
0.250

4.504 (2, 133)

2.124 (1, 131)
3.362 (1, 131)
1.972 (1, 134)
0.614 (1, 131)
1.806 (1, 134)
6.198 (1, 129)
11.450 (1, 131)
4.035 (1, 101)
8.377 (1, 97)
9.957 (1, 97)
10.610 (1, 99)
30.630 (1, 92)

Predicted %MoCA score in the AQP4+NMOSD group was 4.48% lower

than in the MG group (p = 0.013) (appendix 6; supp table 5; supp fig

10). There was no significant difference in predicted transformed

%MoCA score between the MOGAD group and the MG group. Diagnosis

explained 6.3% of the variance beyond the mean model (R?> = 0.063).

This is considered low (41).

Other statistically significant predictors of transformed %MoCA scores

are listed in table 3 (supp table 6 - 13; supp fig 11 - 18). Contrary to



expectation, onset age <30 years predicted scores 3.34% higher than
onset age =30 years. Environmental factors (language, education) and
psychosocial factors (anxiety, depression, and fatigue) were significant

predictors, with pain scores explaining most variance (R? = 0.250).

Table 3. Effects of significant predictors of transformed %MoCA score in univariable
regressions

Variable Effect of each 1 unit increase in continuous
variables/ effect of categorical variable vs
comparator
Diagnosis AQP4+ NMOSD %MoCAys—4.48% 0.063 (low) 0.013
Onset age group (>30) %MOCA. 30 years — 3-34% 0.025 (low) 0.069
Education +0.888-0.016(current years of education) 0.046 (low) 0.014
First language %MOCAggish—6-96% 0.079 (low) <0.001
HADS-A score -0.356 - 0.005(current HADS-A score) 0.038 (low) 0.047
HADS-D score -0.511-0.011(current HADS-D score) 0.079 (low) 0.005
MFIS,otal -0.098 - 0.000(current MFIS;, score) 0.093 (low) 0.002
MFIS ognitive -0.221-0.002(current MFIS, gt SCOrE) 0.097 (low) 0.002
BPI score -0.122-0.001(current BPI score) 0.250 (moderate) <0.001

e) Multivariable regression with significant univariable and a priori

predictors

To determine whether diagnosis was a significant predictor of cognitive
performance after adjustment for a priori variables (onset age group)
and significant predictors in univariable models, multivariable

regressions were performed.

Interaction terms between diagnosis and other variables were not

statistically significant so were not included in multivariable models.

Model 1: Independent variables were diagnosis (MG, MOGAD and

AQP4+4+ NMOSD), onset age group, years in education, first language
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(not English), HADS-A score, HADS-D score, total MFIS score and BPI

score (supp table 14; supp fig 19).

Diagnosis of AQP4+ NMOSD remained a statistically significant predictor
of transformed MoCA score. Years of education and first language were

also significant after adjusting for the other variables (table 4a).

The model explained 31.7% of the variance beyond the mean model,

which is statistically and clinically significant (table 4b).

Table 4a & b: Multivariable regression, model 1

a. Values of regression coefficients

__EE_ T statistic _ Reference variable for diagnosis = MG

Diagnosis * p <0.05
AQP4+ NMOSD* 0.801 (0.303) 2.640 0.010
MOGAD 0.334 (0.296) 1.129 0.263

Onset age group>30 0.236 (0.278) 0.846 0.400

Education* -0.099 (0.040) -2.451 0.017

Language (not English)* 0.757 (0.285) 2.655 0.010

HADS-A 0.033 (0.035) 0.925 0.358

HADS-D -0.019 (0.051) -0.373 0.711

Total MFIS 0.003 (0.010) 0.275 0.784

BPI 0.009 (0.006) 1.569 0.121

b. Assessment of model 1

F statistic AIC (eDoF)
(DoF)

0.317 0.94 (74) 5.281 (9, 74) <0.001 -0.79 (10)

Model 2: Independent variables were the same as model 1 but MFIS
cognitive subscore replaced total MFIS score (supp table 15; supp fig

20).
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Diagnosis of AQP4+ NMOSD remained a statistically significant predictor
of transformed MoCA score, as did years of education and first

language. BPI score approached statistical significance (table 5a).

The model explained 33.2% of the variance beyond the mean model,

which is statistically and clinically significant (table 5b).

Table 5a & b: Multivariable regression, model 2

a. Values of regression coefficients

Diagnosis *p<0.05
AQP4+ NMOSD* 0.742 (0.302) 2.452 0.017
MOGAD 0.342 (0.286) 1.196 0.236

Onset age group>30 0.269 (0.272) 0.988 0.326

Education* -0.095 (0.040) -2.398 0.019

Language (not English)* 0.763 (0.276) 2.765 0.007

HADS-A 0.023 (0.035) 0.656 0.514

HADS-D -0.044 (0.046) -0.970 0.335

MFIS cognitive 0.022 (0.016) 1.392 0.168

BPI 0.010 (0.005) 1.915 0.059

b. Assessment of model 2

F statistic AIC (eDoF)
(DoF)

0.332 0.93 (75) 5.644(9,75)  <0.001 -3.25 (10)

A drop-one method was applied to the best fitting model (model 2)

(supp table 16).

Model 3: Backwards elimination was used to determine whether
diagnosis remained a predictor in an optimised predictive model. The
third dropl command generated model 3, which was the optimal model
(table 6a & b; supp table 17; supp fig 21). Independent variables were
diagnosis, years of education, first language, MFIS cognitive subscore
and BPI score. AQP4+ NMOSD predicted significantly lower %MoCA

score than MG
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This model had the highest R?, explaining 34.5% of the variance beyond

the mean model.

Table 6a & b: Multivariable regression, model 3

a. Values of regression coefficients

* Statistically significant variable

Diagnosis
AQP4+ NMOSD* 0.825 (0.284) 2.909 0.005
MOGAD 0.413 (0.276) 1.499 0.138
Education* -0.104 (0.039) -2.681 0.009
Language (not English)* 0.736 (0.272) 2.702 0.008
MFIS cognitive 0.016 (0.011) 1.404 0.164
BPI 0.008 (0.005) 1.898 0.061

b. Assessment of model 3

F statistic AIC (eDoF)
(DoF)

0.345 0.92 (78) 8.388 (6, 78) <0.001 -7.61 (

f) Multiple imputation with chained equations: Study data (whole

cohort)

Because some predictors in regressions were missing values, multiple
imputation was used to increase the power of the models. For
descriptions and explanations of the MICE feasibility study and model

selection, see appendices 7 & 8.

Results of applying model 3 to the imputed data sets were similar to
those obtained with the original, incomplete data set, confirming AQP4+
NMOSD predicted significantly lower MoCA scores than MG (table 7,

supp table 18).
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Table 7. Comparison of regression model 3 applied to original and imputed data

N 84 131

F statistic (p) 8.388 (<0.001) 5.711 (<0.001)
Be 0.345 0.245
I T O L T
Diagnosis
AQP4+ NMOSD 0.825(0.284) 0.005* 0.613 (0.261) 0.020*
MOGAD 0.413(0.276) 0.138 0.247 (0.247)  0.320
Education -0.104 (0.039) 0.009* -0.069 (0.034) 0.045*
Language (not English) 0.736 (0.272) 0.008* 0.618(0.250)  0.015*
MFIS cognitive 0.016 (0.011) 0.164 0.010(0.014) 0.513
BPI 0.008 (0.005) 0.061 0.010 (0.004)  0.043*
*p <0.05

J) Comparison of AQP4+ NMOSD and MOGAD groups

Pairwise comparisons indicated %MoCA scores of patients with AQP4+
NMOSD were significantly lower than those of patients with MOGAD.
This was explored with univariable regression excluding the MG cohort.
Restricting analyses to these groups also permitted investigation of

effects of SIL status.

When transformed %MoCA score was regressed against diagnosis
(AQP4+ NMOSD versus MOGAD), there was a significant effect of
diagnosis (Bumosao = -0.651, p = 0.011). This indicates MOGAD predicts
higher raw %MoCA scores than AQP4+ NMOSD. Effects of other
predictors on the combined AQP4+ NMOSD and MOGAD groups are

displayed in table 8 (supp fig 22 - 35; supp table 19 - 32).
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Table 8. Univariable regression of transformed %MoCA scores (AQP4+ NMOSD and

MOGAD only)

(independent variable | B(56) | Totatistic P R | Pstatstic |
Diagnosis MOGAD* -0.651 -2.591 0.011 0.064 6.715 (1, 99)
Onset age group>30 0.213 0.690 0.492 0.005 0.476 (1, 98)
Age at testing 0.010 0.844 0.401 0.007 0.712 (1, 99)
Disease duration 0.000 0.062 0.951 0.000 0.004 (1, 98)
Sex 0.269 0.917 0.362 0.008 0.840 (1, 99)
Education (years)* -0.095 -2.153 0.034 0.047 4.634 (1, 95)
Language (not English)* 0.910 3.097 0.003 0.088 9.590 (1, 99)
HADS-A score* 0.054 1.936 0.056 0.044 3.749 (1, 81)
HADS-D score* 0.072 2.499 0.015 0.075 6.245 (1, 77)
Total MFIS score* 0.016 3.019 0.003 0.103 9.113(1,79)
MFIS cognitive score* 0.031 2.777 0.007 0.088 7.714 (1, 80)
BPI score* 0.019 4.654 <0.001 0.229 21.662 (1, 73)
EDSS* 0.184 2.888 0.005 0.080 8.341 (1, 96)
SIL status 0.362 0.877 0.383 0.008 0.769 (1, 96)

*p <0.05

Model 4: Multivariable regression was used to determine whether
diagnosis of MOGAD predicted significantly higher %MoCA scores than
AQP4+ NMOSD after adjusting for a priori predictors (onset age group
and SIL status) and covariates that were significant in univariable
regressions (diagnosis, education, first language, and scores for HADS-

A, HADS-D, MFIS cognitive, BPI and EDSS).

None of the independent variables were statistically significant
predictors of transformed %MoCA score (at the p <0.05 level) in

multivariable regression (table 9; supp table 33; supp fig 36).
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Table 9a & b: Multivariable regression, model 4

a. Values of regression coefficients

Diagnosis MOGAD -0.368 (0.315) -1.169 0.247

Onset age group =30 0.084 (0.369) 0.227 0.821 Reference variable for diagnosis =
Education -0.092 (0.053) -1.723 0.090 fgngEMOSD

Language 0.661 (0.358) 1.848 0.070

HADS-A 0.034 (0.050) 0.687 0.495

HADS-D -0.086 (0.069) -1.256 0.214

MFIS cognitive 0.021 (0.021) 1.014 0.315

BPI 0.014 (0.007) 1.930 0.059

EDSS 0.022 (0.102) 0.214 0.832

SIL status -0.114 (0.490) -0.233 0.817

b. Assessment of model 4

F statistic AIC (eDoF)
(DoF)

0.232 1.03 (55) 2.960(10,55) 0.005 13.19 (11)

Model 5: Backward elimination was applied to model 4 to see whether
exclusion of extraneous variables revealed a significant effect of
diagnosis on transformed %MoCA score (supp table 34). Predictors in
the final model (model 5) included diagnosis, education, first language
and BPI score. Diagnosis was not a predictor of transformed %MoCA
score in this optimised model, but education and BPI scores were (table

10a & b; supp table 35; supp fig 37).
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Table 10a & b: Multivariable regression, model 5

a. Values of regression coefficients

Diagnosis MOGAD 0.426 (0.263) -1.620 0.114
Education* -0.103 (0.049) -2.085 0.041 Reference variable for diagnosis =
Language 0.605 (0.331) 1.826 0.073 AQP4+ NMOSD
* p <0.05
BPI score* 0.013 (0.005) 2.483 0.016

b. Assessment of model 5

F statistic AIC (eDoF)
(DoF)
4.03 (5

0.277 0.99 (61) 7.219 (4, 61) <0.001

Data from the combined cohort of AQP4+ NMOSD and MOGAD were not

amenable to imputation with MICE (appendix 8).

h) Effect of onset age group on %MoCA score in combined AQP4+

NMOSD and MOGAD groups

Those with disease onset aged <30 years (86.7%) had similar median
%MOoCA scores to those with onset at 230 years (86.4%) (table 11, fig
3a). Univariable regression did not reveal a significant effect of onset

age group on transformed %MoCA score in this cohort (table 8)
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Figure 3. Boxplot of %MoCA scores according to onset age group (a) and SIL status (b)
(AQP4+ NMOSD and MOGAD only)

a. %MoCA scores according to onset age group b. Distribution of %MoCA score according to
(<30 years vs 230 years) presence or absence of SILs
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Table 11: Comparison of demographic and clinical variables according to onset age group

(<30 years vs 230 years) (AQP4+ NMOSD and MOGAD only)

Age at onset < 30 Age at onset 2 30 Test statistic (p)
years (N = 23) years (N = 77)

Median % MoCA (range) 86.7 (56.7-100) 86.4 (46.7-100) U =962 (0.534)
Median age at testing 34 (25-51) 49 (28 -65) U =317 (<0.001)
(range)*

Median disease duration 118 (4-498) 47 (3-308) U=1180 (0.016)
(months) (range)*

N sex at birth female (%) 18 (78.3%) 56 (72.7%) x> =0.068 (0.795)
Median education 17 (9-21) 14 (10-21) U=1114(0.018)
duration (years) (range)*

N first language not 6 (26.1%) 17 (22.1%) x*>=0.014 (0.906)
English (%)

Median HADS-A score 5.5(1-15) 5(0-19) U=611(0.781)
(range)

Median HADS-D score 3(0-9) 3(0-18) U = 468 (0.663)
(range)

Median total MFIS score 29 (1-66) 26.5 (0-83) U =547 (0.977)
(range)

Median MFIS cognitive 11.5(0-34) 10.5 (0-39) U =626 (0.577)
subscore (range)

Median BPI score (range) 0 (0-61) 17 (0-99) U=332(0.111)
Median EDSS score 1(0-6) 1.5(0-7) U =756 (0.547)
(range)

SILs present (%)t 4 (17.4%) 7 (9.1%) OR =0.48 (0.271)

*p <0.10; T Fisher’s exact test

43



To determine whether onset age group was a significant predictor of
%MoCA score after adjusting for relevant predictors, variables that were
significantly different between onset age groups and a priori predictors
were incorporated into multivariable regressions with interaction terms,
which allowed detection of discrete effects of variables on different age

groups.

Age at testing, disease duration and years of education were
significantly different between onset age groups (table 11). Adjusting for
these variables did not reveal any significant main effect of onset age
group on transformed %MoCA score, nor any significant interactions.
Adjusting for a priori predictors diagnosis and SIL status did not produce

statistically significant main effects or interactions (supp table 36 - 40).

i) Effect of SILs on %MoCA score in combined AQP4+ NMOSD and

MOGAD groups

Only 11 patients had SlLs (4 with AQP4+ NMOSD and 7 with MOGAD).
There was no significant difference in median %MoCA score between
patients with (83.3%) and without SILs (86.7%) (fig 3b, table 12).
Univariable regression did not reveal an effect of SILs on %MoCA score

(table 8).

A significantly greater proportion of patients with brain lesions spoke

English as a first language (table 12). No adjustment could be made
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Table 12: Comparison of demographic and clinical variables according to presence or

absence of supratentorial inflammatory lesions

No lesions (N = 90) Lesions (N = 11) Test statistic (p)

Median % MoCA (range)

N diagnosis AQP4+
NMOSD (%)

Median age at onset

N onset age group 230 (%)
Median age at testing
(range)

Median disease duration
(months) (range)

N sex at birth female (%)

Median education
duration (years) (range)
N first language not
English (%)*

Median HADS-A score
(range)

Median HADS-D score
(range)

Median total MFIS score
(range)

Median MFIS cognitive
subscore (range)
Median BPI score (range)

Median EDSS score
(range)

86.7 (46.7-100)
41 (45.8)

36 (6-65)
70 (77.8)
44 (27 - 65)

51 (3-498)

67 (74.4)
15 (9-21)

23 (25.6)

5(0-19)

3(0-18)

27 (0-83)

10 (0-39)

16 (0-99)
1.0 (0-7.0)

*p <0.10

83.3 (56.7-93.3)
4(36.4)

31(19-53)
7 (63.6)
35 (25-65)

90 (8- 325)

8(72.7)
16 (11-17)

0

5.5 (4-11)

6(0-8)

32 (1-55)

13 (0-26)

13 (0-60)
2.0 (0-6.5)

U =-3496 (0.255)
Fisher’s p (0.750)

U =-3376(0.123)
Fisher’s p (0.286)
U = -3496 (0.257)

U = -3608 (0.308)

Fisher’s p (~1.000)
U =-3292 (0.788)

Fisher's p (0.065)

U =-2571(0.750)

U = -2346 (0.835)

U=-2418 (0.893)

U = -2480 (0.988)

U =-2091 (0.745)
U = -3530(0.521)

After adjusting for the effect of SIL status, diagnosis of MOGAD

remained a significant predictor of transformed %MoCA score (B = -

because all patients with supratentorial lesions spoke English as a first

language. There were no other significant differences between groups.

0.723, p = 0.646) (supp table 41; supp fig 38). This indicates that, in the

absence of SILs, MOGAD predicted a significantly higher raw MoCA score

than AQP4+ NMOSD and the presence of SILs did not significantly alter

the relationship. There was no significant main effect of SILs or

interaction.
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The interaction between SIL status and onset age group was explored in

section 2.3.h.

J ) Neuropsychometric evaluation

Twenty-two of the 66 patients scoring below the threshold for diagnosis
of Cl accepted referral for formal neuropsychometric evaluation. Two
patients did not attend the assessments, 7 patients were awaiting
assessment or outcome is unknown at time of writing, 1 patient died
and 1 patient did not qualify for neurocognitive assessment with local

services but scored on the MoCA 93.3% a year later.

Of the 11 patients assessed, 6 had no evidence of impairment, 4 had
below-expected performance in one or more domains that was
attributed to attentional fluctuations caused by stress, anxiety or
fatigue and 1 scored poorly due to language difficulties, cultural factors,
limited education and grief. No patient was found to have significant

organic Cl.
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2.4) Discussion: Cognition in AQP4+ NMOSD and MOGAD, part 1

(MoCA)

a) Poorer cognitive performance in AQP4+ NMOSD compared with

disease controls

In line with other studies, the current work confirmed patients with

AQP4+ NMOSD perform significantly worse on the MoCA than controls.

This study improves upon earlier work in several ways.

I) Statistical evaluation revealed raw MoCA scores were not suitable
for analysis using methods that depend on parametric
distribution. Most studies have used such methods to analyse
MoCA scores (128,130,133,155,159), potentially resulting in
spurious associations (supp table 1). The current study confirms a
diagnosis of AQP4+ NMOSD is associated with poorer MoCA
performance compared with controls when greater statistical

rigour is applied to the data.

II) The effects of potential confounders and mediators were
examined and incorporated into multivariable models. Although
previous studies have identified correlations between
demographic and clinical variables and cognitive performance in

NMOSD, few have adjusted for these in models (supp table 1).

Regressions were used to identify and exclude potential

confounders in the current study, rather than to design a
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predictive model. Nevertheless, the significant impact of
covariates like education and pain highlights the need to adjust
for these factors. This is the first study to examine the influence of
native language on cognitive test performance in NMOSD and has

implications for patient selection in future work.

Neuropathic pain is a common consequence of TM in AQP4+
NMOSD and may contribute to poorer performance in this group
(164,165). A larger study using multivariable regression to
examine effects of variables on MoCA scores in NMOSD identified
significant effects of education and race and a borderline effect of
pain (133). If race is a proxy for language, the results presented
here are remarkably similar and confirm the protective effects of
education on cognitive performance in NMOSD
(58,128,130,132,166), as well as the detrimental effects of pain

(88).

III) Some studies fail to report the proportion of seronegative cases
in their cohorts, and seronegative patients even dominate in some
(supp table 1) (130,167-169). Seronegative NMOSD is likely to
reflect heterogeneous pathologies with disparate effects on
cognition. If serostatus impacts cognitive performance (130,135),
the inclusion of only seropositive patients means the effects of

diagnosis can be estimated with more certainty.
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iV) Most research has compared performance of disease groups

with that of healthy controls. Significant confounders such as
depression, anxiety, fatigue, pain and physical disability are often
ignored or cannot be accounted for. Unadjusted comparisons with
healthy controls cannot determine whether ClI is organic or the
result of the challenges facing individuals with a chronic, relapsing

autoimmune disease.

By using a control group of patients with MG, who experience
similar psychosocial impact but no CNS inflammation, it was
possible to distinguish an effect of the cerebral inflammatory
milieu from indirect effects of chronic disease. Indeed, MoCA
scores were higher in the MG group than the AQP4+ NMOSD
group, despite higher levels of depression, anxiety, fatigue and
pain- features that correlate negatively with cognitive

performance (supp table 3) (80,170-175).

V) The majority of previous studies of cognition in NMOSD and

MOGAD were retrospective. The current study was prospective,
reducing risk of selection bias, optimising data capture and

minimising variability in test administration.

b) MoCA performance in patients with MOGAD is not statistically

different to that of controls
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Few studies have examined the effects of MOGAD on adult cognition
(supp table 2) and only one compared MoCA scores of adults with
MOGAD to those of healthy controls (112). Median score was
significantly lower than that of controls but only 13 MOGAD patients
completed the MoCA and scores were not adjusted for important

demographic and clinical variables.

In the current study, although 35.7% of MOGAD patients in the current
cohort met criteria for Cl, this was a similar proportion to the control
group. Diagnosis of MOGAD had no significant effect on MoCA score
relative to controls after adjusting for relevant covariates. Therefore,
poor test scores are likely to reflect indirect effects of chronic relapsing

disease.

C) MoCA performance in AQP4+ NMOSD versus MOGAD

Both pairwise comparisons and univariable regression indicated patients
with AQP4+ NMOSD scored significantly lower on the MoCA than
patients with MOGAD. The effect of diagnosis did not survive
multivariable regression, probably due to a combination of true re-
attribution of variance but also due to the reduced power of
multivariable models caused by lower residual degrees of freedom. It is
possible that the independent effect of diagnosis would have survived if

groups were larger.
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Practically, if the study sample is representative of the population,
patients with AQP4+ NMOSD are predicted to perform worse on
cognitive testing than those with MOGAD, regardless of the underlying
drivers. This should be considered in service delivery and resource

allocation for patients.

d) Aetiology of impaired MoCA scores in AQP4+ NMOSD

Poorer test scores of the AQP4+ NMOSD group compared with the MG
group cannot be explained by the psychosocial variables tested. The MG
group had higher median scores on questionnaires that predicted worse
performance in univariable regression and no significant predictor x
diagnosis interaction was found to account for the differences.
Furthermore, diagnosis of AQP4+ NMOSD remained a predictor of poor
performance after adjusting for variables that were statistically
significant in univariable regressions. Potential explanations are

discussed in chapter 5.

Differences may also reflect lack of specificity of the test itself. The high
incidence of Cl among control patients and the absence of organic
impairment in patients referred for formal psychometric cognitive
assessment suggest the MoCA may be measuring a separate construct
with greater impact in NMOSD than in MOGAD and MG. This construct

may be attention.
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Formal psychometric testing noted impaired attention and
concentration among patients referred for poor MoCA performance. It is
arguable that “fluctuating attention”, to which poor scores were
attributed, is itself a cognitive impairment. | propose that impaired
attention, which has been reported widely in NMOSD, underpins the

significantly worse MoCA scores in this group.

The MoCA was designed for detection of mild Cl (157) and while it has
been validated in MS (176), the positive predictive value is only 66%
(158). Other groups have used the MoCA in studies of NMOSD
(112,128,130,155,167,168), but results show intraindividual instability

in patients (133).

e) Effects of onset age group and SiLs on MoCA scores in mixed

AQP4+ NMOSD and MOGAD groups

The current study did not confirm an effect of onset age group on

cognitive outcomes in AQP4+ NMOSD and MOGAD.

While onset age group may not have an effect on MoCA performance, it
is possible that cognitive ramifications are more severe at very young
ages, when brain insults disrupt acquisition of rudimentary skills, and at
older ages, when cerebral reserve has started to decline. Discrepant
effects would not be detected with binary age groups used here. Lack of

effect may also be due to underpowering.
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Median scores were not significantly lower in patients with SILs than
those without and univariable regression did not demonstrate an effect
of SILs. The lack of statistical significance may be an effect of
underpowering. Additionally, all patients with SILs spoke English as a
first language, which may have counteracted effects of SILs on MoCA

scores.

In conclusion, the results demonstrate MoCA performance of
patients with AQP4+ NMOSD but not MOGAD is significantly
poorer than performance of the control group, and this was
independent of relevant covariates. However, the MoCA may

lack specificity for organic CNS pathology.

f) Amendments to the protocol based on current data

I) The Rao Brief Repeatable Battery of Neuropsychological tests
(Rao BRB-N) was selected for future testing. Although more time-
consuming to administer and score, it was designed for use in MS,
rather than mild Cl, and includes tests of attention and processing
speed, which are reportedly affected in NMOSD
(84,128,132,177,178). It has been used in NMOSD
(88,134,166,179) and MOGAD (59,180). The Rao BRB-N provides

greater detail regarding cognitive domains affected and specificity
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of up to 94% has been recorded (181). The Stroop Colour-Word

Test was added to assess executive function.

II) The current study was underpowered to detect effects of SILs
and young-onset disease. Because age at testing and age at onset
were correlated, many patients with young-onset disease were
ineligible for inclusion as they were <25 years old at the time of
the study. In subsequent phases, the minimum age of participants
was reduced to 20 years. Patients with brain lesions and/or
disease onset in childhood were identified for cognitive

assessment.

iii) Only patients with English as a first language were offered

cognitive assessment with the Rao BRB-N.
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Chapter 3

Cognition in AQP4+ NMOSD and MOGAD, part 2 (Rao BRB-N)

3.1) Methods: Cognition in AQP4+ NMOSD and MOGAD, part 2 (Rao

BRB-N)

a) Testing protocol

Patients were tested in a quiet room by a single examiner (AF). Tests

were administered in the established order (156) (appendix 9).

The Selective Reminding Test (SRT) was used to examine verbal long-
term storage (LTS), consistent long-term retrieval (CLTR) and delayed
recall (DR). Immediate and delayed visuospatial recall was assessed
with the Spatial Recall Test (SPART). Auditory attention and processing
speed was tested using the Symbol Digit Modalities Test (SDMT) and
visuospatial attention with the Paced Auditory Serial Additions Test
(PASAT, 3-second version). Phonological verbal fluency was assessed
with the Word List Generation Test (WLGT). The Stroop Colour-Word Test
was used to assess executive function. Interference scores (Stroop-IS)
are calculated such that more negative scores indicate poorer ability to

inhibit automatic responses (182).
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b) Statistics

b. I) General methods

Methods to assess distributions of demographic and clinical variables
and statistics to compare variables between categories were applied as

described in section 2.2.c.i.

Univariable regressions were performed for each test of the Rao BRB-N
and Stroop test and linearity of the relationship between independent
variable and score, homoscedasticity of residuals and distribution of the
residuals were assessed as described in section 2.2.c.ii. Results of tests
violating the assumptions of linear regression were transformed.
Significant outliers, significant Cook’s distances and clinically significant

values of R? are defined in section 2.2.c.ii.

b.ii) Multivariable regressions

For each sub-test, variables that were significant in univariable
regressions (unadjusted p =0.10) were entered into multivariable
regressions with a priori predictors (diagnosis and onset age group). As
the primary hypothesis was that diagnosis affects performance on any
of 9 different tests, false discovery rate corrections for effect of
diagnosis were made using the Benjamin-Hochberg procedure. Initial
analyses were performed for the 3 diagnostic categories (MG, AQP4+

NMOSD and MOGAD).
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Models were optimised by backward elimination with serial drop-1

procedures, as described in section 2.2.c.iv.

This process was repeated for AQP4+ NMOSD and MOGAD groups only
to identify significant differences in Rao BRB-N and Stroop interference
scores between these groups. Multivariable models included presence of

SILs as an a priori predictor.

Studies using the Rao BRB-N detected differences between patients with
AQP4+ NMOSD and healthy controls using samples of 22 (135).
Therefore, a minimum group size of 25 was adopted for the current

study.

b.iii) Multiple imputation with chained equations (MICE)

MICE was used to impute missing values for multivariable regressions as
described in section 2.2.c.v (appendix 7). This included testing
feasibility and optimising performance with a test dataset. Independent
variables most frequently lacking data points were identified and
regression models that included these variables as predictors were re-

run after imputation.

b.iv) Effect of onset age group on test scores in AQP4+ NMOSD and

MOGAD
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Differences in demographic and clinical variables between groups with
onset aged <30 years and onset aged =30 years were compared as
described in section 2.2.d. Covariates significantly different between
onset age groups at the p <0.10 level and a priori predictors were

entered into multivariable regressions.

b.v) Effect of SILs on test scores in AQP4+ NMOSD and MOGAD

The effects of SIL status on test scores were examined as described in
section 2.2.e. Briefly, covariates that were significantly different
between groups with and without SILs at the p <0.10 level and a priori

predictors were included in multivariable regressions with SIL status.
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3.2) Results: Cognition in AQP4+ NMOSD and MOGAD, part 2 (Rao

BRB-N)

a) Effect of diagnosis on Rao BRB-N and Stroop interference scores

d .I) Comparison of demographic and clinical variables, BRB-N and

Stroop scores between all diagnostic groups

A total of 125 patients consented to testing with the Rao BRB-N and
Stroop test (table 13). Omnibus tests confirmed statistically significant
differences in age at testing (H = 4.72, p = 0.094) and proportion of
females (x> = 5.67, p = 0.059) at the p <0.10 level but pairwise

comparisons did not reach statistical significance (supp table 42).

In contrast to patterns observed in section 2.3, anxiety, depression,
fatigue and pain scores were highest in the AQP4+ NMOSD group,
although this only reached statistical significance for BPI score in

pairwise comparisons (supp table 42).
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Table 13. Comparison of demographic and clinical variables according to diagnosis

AQP4+ NMOSD Shapiro- Test statistic
Wilk

N (%) 50 (40) 27 (21.6) 48 (38.4)
Median age onset 34.5(3-62) 37(10-61) 33(4-62) 0.976 Kruskal- 0.66 (0.718)
(years) (range) (0.002) Wallis (H)
N aged <30 at onset 22 (44.9) 10 (37.0) 16 (33.3) N/A e 1.21 (0.547)
(%)
Median age testing  49.5 (22 - 49 (23-65), 40 (20-64), 0.957 Kruskal- 4.72 (0.094)
(years) (range)* 65), (<0.001) Wallis (H)
Median disease 92 (11-610) 95 (22-371) 69 (6-418) 0.811 Kruskal- 3.68 (0.159)
duration (months) (<0.001) Wallis (H)
(range)
N female (%)* 33(66.0), 24 (88.9), 31 (64.6), N/A X 5.67 (0.059)
Median years in 14 (10-20) 15 (10-21) 14 (11-21) 0.960 Kruskal- 1.24 (0.537)
education (range) (0.001) Wallis (H)
Median HADS-A 7(0-17) 8(1-15) 6(0-17) 0.972 Kruskal- 0.75(0.687)
score (range) (0.035) Wallis (H)
Median HADS-D 3.5(0-11), 6 (0-14), 4(0-15), 0.932 Kruskal- 5.50 (0.064)
score (range)* (<0.001) Wallis (H)
Median MFIS total 33 (0-74), 42 (0-71), 37 (0-73), 0.957 Kruskal- 5.05 (0.080)
score (range)* (0.003) Wallis (H)
Median MFIS 14 (0-34), 18 (0-36), 12.5(0-40), 0.961 Kruskal- 4.77 (0.092)
cognitive subscore (0.006) Wallis (H)
(range)*
Median BPI score 11 (0-86), 44 (0-92), 14 (0-79), 0.855 Kruskal- 11.1(0.004)
(range)** (<0.001) Wallis (H)

*p <0.10; **p <0.05
Subscript a and b indicate groups that are significantly different in pairwise

comparisons

Patients with AQP4+ NMOSD had the lowest mean or median scores on
all tests other than the SRT-LTS and SRT-CLTR. Pairwise comparisons
confirmed the AQP4+ NMOSD group had significantly lower mean scores
than the MG group on the PASAT (z = -3.23, p = 0.004). Scores on the
Stroop test (mean diff. = -6.72, p = 0.045), SDMT (mean diff. = -9.65, p
<0.001) and PASAT (z = -4.10, p <0.001) were also significantly lower in
the AQP4+ NMOSD group compared with the MOGAD group, and the
difference in SPART-IR score approached statistical significance (mean

diff. = -2.95, p = 0.076) (table 14; supp table 43; fig 4).
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Table 14. Comparison of Rao-BRB-N and Stroop test scores according to diagnosis
AQP4+ Shapiro-Wilk | Test statistic
NMOSD (p)
n 50 27 48 N/A N/A N/A

Median SRT- 41.5(12-69) 46(12-65) 49 (10-66) 0.968 (0.005) Kruskal-Wallis (U) 1.04 (0.596)
LTS (range)

Mean SRT- 31.5(14.9) 32(16.9) 35.5(14.0) 0.987(0.281)  ANOVA (F 2,122) 0.85(0.431)
CLTR (SD)
Median SRT- 9(3-12) 7.5(0-12) 9(3-12) 0.930 (<0.001) Kruskal-Wallis (U) 1.00 (0.605)
DR (range)
Mean SPART- 20.2 (5.5), 17.7 (5.9), 20.6 (5.4), 0.982 (0.09) ANOVA (F 2,120) 2.47 (0.089)
IR (range)*
Median SPART- 6.5(2-10) 6.5(0-10) 8(2-10) 0.928 (<0.001) Kruskal-Wallis (U) 2.88(0.237)
DR (range)

Mean SDMT 46.8 (9.5),p 42.1 (10.8), 51.7 (10.6), 0.985(0.204) ANOVA (F2,119) 7.79(0.001)
(range)**

Median PASAT 48 (20-60), 35(16-56), 49(29-60), 0.930 (<0.001) Kruskal-Wallis (U) 17.4(<0.001)
(range)**

Mean WLG 32.0(10.4) 29.3(9.8) 31.7(7.8) 0.989(0.464) ANOVA (F2,122) 0.71(0.496)
(range)

Mean Stroop 2.87(9.6),p -1.41 (9.9), 5.31(9.2), 0.982 (0.223) ANOVA (F 2, 92) 2.97 (0.057)
interference
score*

*p <0.10; **p <0.05
Subscript a and b indicate groups that are significantly different in pairwise
comparisons
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Figure 4. Rao BRB-N and Stroop interference scores according to diagnosis
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a .II) Univariable regression of Rao BRB-N and Stroop test scores

for whole cohort

For model assessment and transforms, see appendix 10. A square root

reflect transform was applied to SRT-LTS, SRT-DR, SPART-DR and PASAT

scores prior to regression.
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Significant predictors of each test in univariable regression are

presented in table 15 (supp table 44 - 52).

Table 15. Results of univariable regressions

Variables significant at a < 0.10 Variables not significant at a < 0.10

Transformed SRT- Sex at birth, education Diagnosis, onset age group, age at testing, disease
LTS duration, HADS-A score, HADS-D score, total MFIS
score, MFIS cognitive subscore, BPI score

SRT-CLTR Sex at birth, education Diagnosis, onset age group, age at testing, disease
duration, HADS-A score, HADS-D score, total MFIS
score, MFIS cognitive subscore, BPI score

Transformed SRT- Sex at birth, education Diagnosis, onset age group, age at testing, disease
DR duration, HADS-A score, HADS-D score, total MFIS
score, MFIS cognitive subscore, BPl score

SPART-IR Diagnosis, HADS-D score, BPI score Age at testing, onset age group, disease duration,
sex at birth, education, HADS-A score, total MFIS
score, MFIS cognitive subscore

Transformed Nil Diagnosis, onset age group, age at testing, disease

SPART-DR duration, sex at birth, education, HADS-A score,
HADS-D score, total MFIS score, MFIS cognitive
subscore, BPl score

SDMT Diagnosis, sex at birth, education, HADS-D Onset age group, age at testing, disease duration,
score, total MFIS score, MFIS cognitive HADS-A score
subscore, BPI score
Transformed Diagnosis, HADS-D score, total MFIS score, Onset age group, age at testing, disease duration,
PASAT MFIS cognitive subscore, BPl score sex at birth, HADS-A score
WLGT Disease duration, education, HADS-D score, Diagnosis, onset age group, age at testing, sex at
total MFIS score, MFIS cognitive subscore, BPI birth, HADS-A score
score
Stroop IS Age at testing, onset age group, HADSD score,  Diagnosis, disease duration, sex at birth,
total MFIS score, MFIS cognitive subscore education, HADS-A score, BPI score

Diagnosis of AQP4+ NMOSD predicted significantly lower SPART-IR (B = -
2.287, p = 0.091) and SDMT score (B = -4.719, p = 0.059) and higher
transformed PASAT score (i.e., lower raw PASAT score; B = 1.242, p =
0.001) compared with MG. Diagnosis of MOGAD predicted significantly
higher SDMT score compared with MG (B = 4.927, p = 0.020) (supp

table 47, 49 & 50).

The effect of a diagnosis of AQP4+ NMOSD on PASAT score survived

adjustment for multiple comparisons (supp table 50). Effects of
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diagnoses on SPART-IR and SDMT scores did not survive adjustment for

multiple comparisons (supp table 47 & 49).

a .III) Multivariable regression of Rao BRB-N and Stroop test scores

for whole cohort

Test scores were regressed against multivariable models that included
significant predictors in univariable regressions and a priori predictors
(onset age group and diagnosis). For test scores that were predicted by
diagnosis in univariable regression, multivariable regression was used to
determine whether the effect was robust to relevant covariates. For test
scores not significantly predicted by diagnosis, an effect may be
revealed after adjusting for covariates that behave as negative

confounders.

In multivariable regressions, diagnosis of AQP4+ NMOSD predicted
significantly lower scores on the SDMT (B =-6.564, p=0.018) and PASAT (B =
0.972, p = 0.034) compared with MG (table 16 - 19). The effect persisted
after optimisation. The effect of diagnosis on SPART-IR scores was no
longer statistically significant (Bagparnmoso = -2.614, p = 0.127) and was not
reinstated by optimisation of the model. Diagnosis of MOGAD did not
predict SDMT scores after adjusting for relevant variables (table 16 &

17).
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Table 16a & b. Multivariable regression of SDMT score,full model

a. Values of regression coefficients for model 1

T
statistic

Diagnosis

AQP4+ NMOSD* -6.564 (2.721) -2.412 0.018 0.306

MOGAD 2.600(2.039) 1.275 0.206 0.961
Onset age group>30 0.735(1.935) 0.380 0.705 N/A
Sex at birth* -8.063 (2.150) -3.750 <0.001 N/A
Education 0.400(0.399) 1.002 0.320 N/A
HADS-D score -0.111(0.380) -0.293 0.771 N/A
Total MFIS score -0.111(0.076) -1.455 0.150 N/A
BPI score -0.027 (0.052) -0.514 0.608 N/A

b. Assessment of full model

F statistic AIC (eDoF)
(DoF)

0.284 8.49 (80) 5.363(8,80) <0.001 389.25 (9)

Reference variable for diagnosis MG. *p <0.05

Table 17a & b. Multivariable regression of SDMT score, optimal model

a. Values of regression coefficients for optimal model

Diagnosis
AQP4+ NMOSD* -6.613(2.582) -2.562 0.012
MOGAD 2.655 (1.994) 1.332 0.187
Sex at birth* -8.121(2.075) -3.913 <0.001
Total MFIS score* -0.169 (0.045) -3.739 <0.001

b. Assessment of optimal model

F statistic AIC (eDoF)
(DoF)

0.302 8.38 (84) 10.520 (4, 84) <0.001 383.32 (5)
Reference variable for diagnosis MG. *p <0.05
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Table 18a & b. Multivariable regression of PASAT score,full model

a. Values of regression coefficients for model 1

T
statistic

Diagnosis
AQP4+ NMOSD* 0.972(0.451) 2.155 0.034 0.315
MOGAD -0.056 (0.345) -0.162 0.872 0.961
Onset age group>30 -0.047(0.322) -0.147 0.883 N/A
HADS-D score -0.036 (0.064) -0.567 0.572 N/A
Total MFIS score 0.024(0.013) 1.836 0.070 N/A
BPI score 0.005(0.008) 0.538 0.592 N/A

b. Assessment of full model

F statistic AIC (eDoF)
(DoF)

0.159 1.40(77) 3.623(6,77)  0.003 63.68 (7)

Reference variable for diagnosis MG. *p <0.05

Table 19a & b. Multivariable regression of PASAT score, optimal model

a. Values of regression coefficients for optimal model

Diagnosis
AQP4+ NMOSD* 1.019(0.428) 2.377 0.020
MOGAD -0.050 (0.338) -0.149 0.882
Total MFIS score* 0.023(0.008) 2.987 0.004

b. Assessment of optimal model

F statistic AIC (eDoF)
(DoF)

0.816 1.38 (80) 7.312(3,80) <0.001 58.21 (

Reference variable for diagnosis MG. *p <0.05

There was no effect of diagnosis on any other test (supp table 53 - 66).



a. IV) Multiple imputation with chained equations: study data

(whole cohort)

For explanations of, and data from, the MICE feasibility study, see

appendix 11.

Multivariable regression models for SPART-IR, SDMT, PASAT, WLGT and
Stroop interference scores included variables with missing data and

were re-run with imputed data.

Most models were not altered substantially beyond expected increases
in R? and the F statistic (appendix 11 table all.ii - all.vii). The most
notable change was reinstatement of MOGAD as a significant predictor
of SDMT score (B = 5.705, p = 0.010), whereas the effect of AQP4+
NMOSD only approached statistical significance (B = -4.412, p = 0.074).
AQP4+ NMOSD remained a predictor of poorer PASAT performance after

imputation (B = 1.007, p = 0.009).

a.v) Regression of Rao BRB-N and Stroop interference scores (AQP4+

NMOSD and MOGAD)

Significant differences between AQP4+ NMOSD and MOGAD groups in
pairwise comparisons prompted analysis restricted to these cohorts.
This also permitted exploration of the effects of SIL status and EDSS

score.
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Univariable regression confirmed AQP4+ NMOSD predicted significantly
lower scores on the SPART-IR (B = -2.934, p = 0.033), SDMT (B = -9.646,
p <0.001) and Stroop test (B = -6.721, p = 0.032) and higher
transformed scores (lower raw scores) on the SPART-DR (B = 1.417, p =
0.032) and PASAT (B = 1.567, p <0.018) compared with a diagnosis of
MOGAD (table 20a; supp table 67 - 75). All survived adjustment for

multiple comparisons at the p <0.10 level.

Multivariable regressions confirmed AQP4+ NMOSD predicted
significantly lower SPART-IR (B = -3.336, p = 0.017) and SDMT (B = -
8.901, p = 0.007) scores and higher transformed (lower raw) SPART-DR
(B =0.470, p = 0.005) and PASAT scores (B = 1.179, p = 0.012)
compared with MOGAD after accounting for relevant variables (table
20b, supp table 76 - 84). The significant effects of diagnosis survived

adjustment for multiple comparisons.

Table 20a & b. Tests in whichdiagnosis predicted significantly different scores in
AQP4+ NMOSD and MOGAD groups

a. Univariable regressions unadjusted p<0.10)

SPART-IR -2.954 (1.358) -2.174 0.033 0.102
Transformed SPART-DR 0.319(0.160) 2.001 0.049 0.054
SDMT -9.646 (2.609) -3.698 <0.001 0.162
Transformed PASAT 1.567 (0.313) 5.012 <0.001 0.273
Stroop interference -6.721 (2.747) -2.446 0.018 0.102

b. Multivariable regressions unadjusted p< 0.05)

SPART-IR -3.484 (1.368) -2.547 0.013
Transformed SPART-DR 0.505 (0.164) 3.076 0.004
SDMT -9.087 (3.176) -2.861 0.006
Transformed PASAT 1.197 (0.449) 2.666 0.011
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a .VI) Multiple imputation with chained equations: study data

(AQP4+ NMOSD and MOGAD)

Data from the MICE feasibility study are available in appendix 11.

Multivariable regression models for SDMT, PASAT, WLGT and Stroop
interference scores included variables with missing data and were re-
run with imputed data. The relationships between diagnosis and test
scores were similar to those in the absence of imputation (appendix 11,
table all.ix - all.xii). Specifically, AQP4+ NMOSD was a significant
predictor of lower PASAT score but not WLGT and Stroop interference

scores. The effect on SDMT score approached statistical significance.

b) Effect of age at onset on Rao BRB-N and Stroop test scores

(AQP4+ NMOSD and MOGAD)

Median age at testing was significantly older (p <0.001) and disease
duration was shorter (p <0.001) in patients with onset 230 years.
Median HADS-A score was significantly lower in the group with onset
230 years (p = 0.007). The proportion of participants with SlLs was
significantly smaller in the group with onset 230 years (p = 0.002) (table

21; supp fig 39 & 40).
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Table 21: Comparison of demographic and clinical variables according toonset age group
(<30 years vs 230 years) (AQP4+ NMOSD and MOGAD)

Age at onset <30 Age at onset 2 30 years | Test statistic (p)
years (N = 26) (N =49)

% AQP4+ NMOSD 38.5 34.7 x° =0.105 (0.746)
Median age at testing (range)* 32 (20 -45) 49 (31 - 65) U=-234.5(<0.001)
Median disease duration 133.5(6-418) 45 (7 -371) U=619.5(<0.001)
(months) (range)*
N sex at birth female (%) 735 73.5 x*=0.001 (0.971)
Median education duration 14(10-19) 14.75 (10 - 21) U=272(0.977)
(years) (range)
Median HADS-A score (range)* 11 (2-17) 6(0-16) U=2374.5(0.007)
Median HADS-D score (range) 5(0-15) 5(0-14) U=232.5(0.604)
Median total MFIS score (range) 42 (2 -73) 39(0-73) U =248.0(0.445)
Median MFIS cognitivesubscore 15 (2 — 34) 13.5 (0 -40) U=294.0(0.188)
(range)
Median BPI score (range) 26(0-92) 18.5(0-92) U=229.5(0.497)
Median EDSS score (range) 1(0-6) 2.75(0-7.5) U=2318.5(0.722)
N SILs present (%)* 53.8 19.1 X° =9.34 (0.002)
*p <0.10

Age at onset was not a significant predictor of any test score in
univariable regressions, whether considered as a binary or continuous
variable (table 22; supp table 85) and was not a predictor of any score

in multivariable regressions designed to assess effect of diagnosis
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(section 3.2.a.v).

Table 22. Univariable regression of test scores against onset age group (AQP4+

NMOSD and MOGAD)
Test B, () |Tstwtstolp  IF ____|R |
Transformed SRT-LTS ~ 0.027 (0.309) 0.089 0080 0.008 (1, 73) 0.000
SRT-CLTR -1.897 (3.668) -0.517 0.607 0.268 (1, 73) 0.004
Transformed SRT-DR 0.134(0.171) 0.788 0.433 0.621(1,72) 0.009
SPART-IR 0.375(1.415) 0.265 0.792 0.070(1,72) 0.001
Transformed SPART-DR 0.043 (0.166) 0.257 0.798 0.066 (1,70) 0.001
SDMT 0.924 (2.873) 0.322 0.749 0.104 (1,71) 0.001
Transformed PASAT -0.119(0.363) -0.328 0.744 0.107 (1,67) 0.002
WLGT 2.589 (2.132) 1.214 0.229 1.475(1,71) 0.020
Stroop interference -1.435 (2.942) -0.488 0.628 0.238(1,53) 0.004

After adjusting for relevant covariates and their interactions, there was
no main effect of onset age group on any test (supp table 86 - 130). The
only significant interactions with onset age group were HADS-A score (B
= -1.699, p = 0.029) and presence of SILs (B = 16.114, p = 0.011) on
Stroop test scores. There was no main effect of onset age group when

the interaction terms were omitted to reduce variance inflation.
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Although most interactions were not statistically significant,

examination of the interaction plots revealed differential effects of some

variables on selected tests according to onset age group (fig 5 - 13):

i) SRT-LTS, SRT-CLTR, SRT-DR, SDMT and PASAT scores improved with
increasing age at testing in those with onset aged <30 years and

declined with age at testing in those with onset aged 230 years. The
interaction approached statistical significance for SDMT score (B = -

0.687, p = 0.054).

if) Scores on the SRT-LTS, SRT-CLTR, SRT-DR, SPART-IR and SPART-DR

declined with increasing disease duration in those with onset aged <30

years and improved in those with onset at =30 years. The interaction

approached statistical significance for transformed SRT-DR score (B = -

0.004, p = 0.054).
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Transformed SRT-LTS score

Figure 5a - e: Interaction plots of onset age group and other variable on transformed
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Transformed SRT-DR score

Figure 7a - e: Interaction plots of onset age group and other variable on transformed

SRT-DR score
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Figure 8a - e: Interaction plots of onset age group and other variable on SPART-IR
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Transformed SPART-DR score

Figure 9a - e: Interaction plots of onset age group and other variable on transformed
SPART-DR score
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Figure 10a - e: Interaction plots of onset age group and other variable on SDMT score
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Figure 11a - e: Interaction plots of onset age group and other variable on transformed
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Figure 12a - e: Interaction plots of onset age group and other variable on WLGT score
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Figure 13a - e: Interaction plots of onset age group and other variable on Stroop
interference score
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SRT subtest scores increased with increasing age at testing in the group
with onset aged <30 years and decreased with higher age at testing in
the group with onset aged 230 years. Conversely, scores decreased with
increasing disease duration in the group with onset aged <30 years and
increased with disease duration in the group with onset aged 230 years.
Disease duration is the difference between age at onset and age at
testing and therefore correlates positively with age at testing and
negatively with age at onset (supp fig 41a & b). In addition, age at onset

correlated closely with age at testing (r = 0.86, supp fig 42).
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c) Effect of SILs on Rao BRB-N and Stroop interference scores (AQP4+

NMOSD and MOGAD)

Patients with SILs were significantly younger at testing (p = 0.018), with
a higher proportion of participants with onset aged <30 years (p =
0.004) compared with those without SILs (table 23). There were no

other significant differences in demographic and clinical features.

Univariable regression confirmed no main effect of SILs on any tests
(table 24). Presence of SlLs was not a predictor of any test score in
multivariable regressions looking for a main effect of diagnosis (section

3.2.a.v).

Table 23: Comparison of demographic and clinical variables in presence and absence of SILs

_ Lesions absent (N=50) | Lesions present (N =23) | Test statistic (p)

% AQP4+ NMOSD 38.0 34.8 x> =0.070 (0.791)
N onset age group 230 years (%)* 38 (76.0) 9 (39.1) Fisher p=0.004
Median age at testing (range)* 42.5 (25-65) 34 (20-63) U =-500.5(0.018)
Median disease duration (months) 63 (6-418) 114 (16-328) U=-833.5(0.114)
(range)
N sex at birth female (%) 78.0 65.2 x° =1.337 (0.248)
Median education duration 14 (10-21) 14.5(10-19) U =-684 (0.985)
(years) (range)
Median HADS-A score (range) 8(0-17) 7 (0-15) U=-516 (0.621)
Median HADS-D score (range) 5(0-14) 5(0-15) U =-488 (0.954)
Median total MFIS score (range) 39 (0-73) 42 (2-70) U =-580 (0.575)
Median MFIS cognitive subscore 14 (0-40) 17.5(2-35) U=-581(0.370)
(range)
Median BPI score (range) 20(0-92) 27 (0-81) U =-520.5(0.829)
Median EDSS score (range) 1(0-7.5) 2(0-6.5) U =-702 (0.623)
*p <0.10
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Table 24. Univariable regression of test scores against SIL status

Test ___ |Buin(SE)  |Tstatistic _p __|F R

Transformed SRT-LTS 0.431 (0.315) 1.369 0.175 1.873 0.003
SRT-CLTR -4.603 (3.762) -1.224 0.225  1.497 0.021
Transformed SRT-DR 0.079 (0.178) 0.441 0.660  0.195 0.003
SPART-IR -0.133 (1.456) -0.091 0.928  0.008 0.000
Transformed SPART-DR  -0.001 (0.170) -0.039 0.969  0.002 0.000
SDMT -1.900 (3.000) -0.633 0.529  0.401 0.006
Transformed PASAT 0.183(0.387) 0.472 0.638  0.223 0.003
WLGT 0.001 (2.091) 0.000 il 0.000 0.000
Stroop interference 3.207 (2.988) 1.073 0.288 1.152 0.022

There was no effect of SIL status in multivariable regression of test
scores against onset age group, SIL status and their interaction (section

3.2.b).

Regressions of scores against SIL status, diagnosis and an SIL x
diagnosis interaction revealed no significant effects of SIL status and no
significant interaction term, although diagnosis remained a significant
predictor of SDMT (B = -8.042, p = 0.012), transformed PASAT (B =
1.569, p <0.001) and Stroop interference scores (B = -6.650, p =
0.041), and a borderline predictor of SPART-IR score (B = -2.745, p =

0.092) (supp table 131 - 148).

After adjusting for diagnosis, onset age group and age at testing, there
was no significant main effect of SIL status on any Rao BRB-N subtest
score (supp table 131 - 148; fig 14 - 22). There was a significant
interaction between SIL status and age at testing on Stroop interference

score (B = 0.623, p = 0.018) (fig 22b; supp table 148).
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Figure 14a & b. Effects of interactions between SIL status anda) diagnosis and b) age
at testing on transformed SRT-LTS score
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Figure 15a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing on SRT-CLTR score
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Figure 16 a & b. Effects of interactions between SIL status and a) diagnosis and b)
age at testing ontransformed SRT-DR score
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Figure 17a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing on SPART-IR score
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Figure 18a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing on transformed SPART-DR score
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Figure 19a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing on SDMT score
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Figure 20a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing ontransformed PASAT score
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Figure 21a & b. Effects of interactions between SIL status and a) diagnosis and b) age
at testing on WLGT score
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Figure 22a & b. Effects of interactions between SIL status and a) diagnosis and b)
age at testing on Stroop interference score
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In addition to the statistically significant interaction between age at
testing and SIL status on Stroop score, interaction plots suggested non-
statistically significant interactions between age at testing and SIL
status on SRT-DR, SPART-DR, SDMT, PASAT and WLGT scores. In general,
patients with SILs performed better as age at testing increased,
whereas patients without SILs tended to perform worse with increasing

age at testing.

VIF for each model was low, so bivariable regressions without

interaction terms were omitted.
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3.3) Discussion: Cognition in AQP4+ NMOSD and MOGAD, part 2 (Rao

BRB-N)

The data contain several interesting observations:

a) Patients with AQP4+ NMOSD obtained lower scores than patients
with MG on most tests of the Rao BRB-N and the Stroop test in
pairwise comparisons. Univariable regressions confirmed AQP4+
NMOSD predicted statistically significant lower scores on SPART-IR,
SDMT and PASAT scores compared with MG in univariable
regressions and the effect persisted for SDMT and PASAT scores
after adjusting for relevant covariates, before correction for

multiple comparisons.

b) Patients with AQP4+ NMOSD performed significantly worse than
patients with MOGAD on several components of the Rao BRB-N in
pairwise comparisons and univariable regressions. The effect of
diagnosis on SPART-IR, SPART-DR SDMT and PASAT scores survived

multivariable regression correction for multiple comparisons.

These results indicate patients with AQP4+ NMOSD perform
significantly worse than controls and patients with another chronic
inflammatory CNS disease on tests of attention and processing

speed and visuospatial memory.

C) Although there was no main effect of onset age group, regression

plots revealed non-statistically significant interactions between
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onset age group and age at testing for SRT-subtests, SDMT and
PASAT scores. Apparent interactions may be a consequence of the
wide variance in both onset age groups unduly influencing the
fitted regression lines, but the consistency of the interaction
across multiple tests suggests a potential real effect worth further

exploration.

The disparate effects of age at testing on scores depending on
onset age group could be due to the existence of an optimal
response age, at which point the advantages of structural and
functional brain maturity are balanced by the cognitive
deterioration caused by an ageing brain. Assuming an optimum
age at testing of around 30, all patients with onset =230 years were
tested during the theoretical age range of declining performance.
Declining Rao BRB-N scores with increasing age at testing have
been reported in health as well as in MS and NMOSD
(88,156,183,184). The majority of patients with onset <30 years
were tested before 30 years of age, during the theoretical upward

performance trajectory.

If this were the explanation, the interactions between onset age
group and disease duration should mimic the interactions
between onset age group and age at testing, as age at testing is
positively correlated with disease duration. However, the
relationship is complicated by the high correlation between age at

onset and age at testing.
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One unifying explanation for the apparent paradoxical effects of
age at testing and disease duration on SRT scores is that the close
correlation between the two variables means age at testing could
be a proxy of age at onset. This implies patients with onset in
early childhood were tested at younger ages and, independent of
direct effects of age at testing, were at risk of poorer scores on
the SRT, SDMT and PASAT and that scores improved with onset in
later childhood to twenties. In the group with onset aged =30,
increasing age at onset is associated with declining scores on the
same tests, independent of the effect of age at testing. As disease
duration is negatively correlated with age at onset, the effect of
disease duration would thus appear the reverse of the effect of

age at testing on these tests.

Although age at testing is partly dependent on age at onset and
the two variables are correlated, for many biological processes the
effects of age at the start of the process are distinct from the
effects of age when the process is assessed. Therefore, attempts
should be made to distinguish between effects of age at onset
and age at testing, if possible, as this would dictate the

populations more likely to benefit from intervention.

&) Regression plots showed a significant interaction between SIL
status and age at testing for Stroop interference score and non-
significant interactions between SIL status and age at testing for

SRT-DR, SPART-DR, SDMT, PASAT, and WLGT scores. The
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consistency across multiple tests suggests a real effect obscured

by high standard errors.

Interpretation of interactions between age at testing and onset age
group and between age at testing and SIL status require consideration.
First, it should be remembered that no interaction between onset age
group and age at testing reached threshold for statistical significance
and the only significant interaction between SIL status and age at
testing was for Stroop interference score. Examination of the interaction
plots confirms test scores displayed large variance within and
considerable overlap between groups. Any theories are speculative and
based on the premise the interactions are real if consistent across

multiple tests.

Second, interpretation is complicated by the interplay between factors.
For example, patients with onset <30 years were more likely to have
SILs (structural confounding). Close correlations (e.g., between age at
onset and age at testing) can lead to confounding. Both can lead to
spurious attribution of variance and large standard errors, which

reduces power of regression models.

Two further questions emerged from the work above:

1) Are the (non-significant) effects of age at testing within

onset age groups independent of the effects of age at onset within
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onset age groups, or are apparent interactions with age at testing

due to confounding by age at onset?

2) Given the significant effect of a diagnosis of AQP4+ NMOSD

compared with MOGAD on several elements of the Rao BRB-N and
Stroop test, what are the predictors of test scores among this

group alone?
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Chapter 4

Cognition in AQP4+ NMOSD and MOGAD, part 3 (Rao BRB-N)

4.1) Methods: Cognition in AQP4+ NMOSD and MOGAD, part 3 (Rao

BRB-N)

a) Effects of age at onset

a.i) Are effects of age at testing within onset age groups independent

of effects of age at onset within onset age groups

To determine whether the interaction between age at onset as a
continuous variable® and onset age group could confound the apparent
interaction between age at testing and onset age group, test scores
were plotted against age at onset as a continuous variable for each
onset age group and compared with equivalent plots of scores against

age at testing.

The interactions were assessed formally using multivariable regressions

in the form:

Test score onsetage group +age at onset +onset age group * age at onset

In the event that interaction plots between age at onset and onset age
group resembled those for age at testing and onset age group, effects

of age at onset and age at testing were distinguished by centring each

® Herein referred to as age at onset, distinct from the binary variable, onset age group
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continuous variable and regressing scores against onset age group, age

at onset, age at testing and interactions in the form:

Test score onsetage group +age at onset + age at testing +onset age group * age at onset+onset age group *

To verify the effect of age at onset within group was a biological
phenomenon and not caused by imposing artificial thresholds, restricted

cubic splines were applied to model curvature in the data (appendix 12).

a.ii) Effects of paediatric onset

Test scores were regressed against paediatric onset (age at onset <18
years) as a binary variable in univariable regressions. Variables that
were significantly different between patients with paediatric and adult
onset and a priori predictors (diagnosis and SIL status) were

incorporated in multivariable regression models with interaction terms.

b) Predictors of test scores in AQP4+ NMOSD

Results of all Rao BRB-N tests and Stroop interference scores were
regressed against each of the independent variables for the AQP4+
NMOSD group, as described in section 2.2.c.ii. Multivariable models
included the a priori predictor, SIL status, and variables significant in
univariable regressions at the p =0.10 level, as described in section

2.2.C.iv.
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4.2) Results: Cognition in AQP4+ NMOSD and MOGAD, part 3 (Rao

BRB-N)

a) Effects of age at onset

a.i) Are effects of age at testing within onset age groups independent

of effects of age at onset within onset age groups

The effect of age at onset within onset age groups mimicked the effect
of age at testing on SRT subtests, SDMT, PASAT and WLGT scores (fig
23). As age at onset increased, scores on all tests but the WLGT
demonstrated an improvement in the group with onset <30 years and a
deterioration in the group with onset =30 years. Unlike the interactions
between onset age group and age at testing, interactions between age
at onset and onset age group were observed for SPART-IR, SPART-DR
and Stroop tests. Whereas interactions between age at testing and
onset age group reversed direction for SPART-IR, WLGT and Stroop tests,
interactions between age at onset and onset age group showed a

consistent pattern on all but the WLGT.
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Figure 23. Effect of age at onset on test scores according to onset age group
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(section 3.2.b).

There were no significant statistically significant main effects of age at

testing and no significant age at testing x onset age group interactions

Before adjusting for age at testing, multivariable regressions of age at
onset x onset age group demonstrated significant main effects of age at
onset for transformed SRT-LTS (B = -0.079, p = 0.024), SRT-CLTR (B =
0.863, p = 0.034) and transformed SRT-DR scores (B = -0.051, p =

0.006). Statistically significant interactions between age at onset and
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onset age group were found for transformed SRT-LTS (B = 0.109, p =
0.005), SRT-CLTR (B = -1.269, p = 0.007), transformed SRT-DR (B =
0.079, p <0.001) and SDMT scores (B = -0.854, p = 0.019) (table 25,

supp table 149 - 157).

After adjusting for effects of age at testing and onset age group x age at
testing interactions, significant main effects of age at onset (B = -0.048,
p = 0.019) and onset age group B = 0.766, p = 0.026) on transformed
SRT-DR score persisted. There were statistically significant interactions
between age at onset and onset age group for transformed SRT-LTS (B =
0.138, p = 0.005), SRT-CLTR (B = -1.519, p = 0.009) and transformed
SRT-DR scores (B = 0.088, p = 0.021). Main effects of age at onset on
transformed SRT-LTS (B = -0.073, p = 0.052) and SRT-CLTR (B = 0.774, p
= 0.082) and age at onset x onset age group interactions for SPART-IR
scores (B = -0.439, p = 0.057) approached statistical significance (table
26; supp table 158 - 166). High VIF values resulting from inclusion of
interaction terms and collinearity between age at onset and age at
testing may have negated the significance of age at onset x onset age

group interactions on other Rao BRB-N tests.
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Adjusting for age at onset and age at onset x onset age group
interactions did not reveal significant main effects of age at testing, nor
interactions between age at testing and onset age group. The
contrasting effects can be seen in plots showing clear age at onset x
onset age group interactions after adjusting for age at testing (supp fig
43) but attenuation or elimination of age at onset x age at testing

interactions after adjusting for age at onset (supp fig 44).

Statistical significance of interactions between age at onset and onset
age group, homogeneity of the interactions of onset age group with age
at onset across tests (not observed in interactions between onset age
group and age at testing) and persistence after accounting for age at
testing indicates a true, independent interaction between age at onset

and onset age group.

Modelling non-linear effects with splines resulted in a statistically
significant effect of age at onset for SRT-DR score (p = 0.011) and near-
significant effects of age at onset on SRT-LTS (p = 0.054), SRT-CLTR (p =
0.058) and SDMT scores (p = 0.088) (supp table 167 - 175), i.e., those
tests that demonstrated statistically significant interactions between

age at onset and onset age group.

Crucially, predicted scores of SRT subtests, SPART-IR, SDMT, PASAT and
Stroop tests assumed a quadratic function and the optimum predicted
scores for each test corresponded with an onset of around 30 years,

justifying a single cut-point of 30 years in linear regressions (fig 24).
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Figure 24. Modelling the relationship between test scores and age at onset with
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Exploration of the interactions between age at onset, age at testing and

SIL status is available in appendix 13. There was no convincing evidence

of either age parameter dominating putative interactions with SIL

status.

Exploration of interactions between age at onset, onset age group and

SIL status is available in appendix 14. Although there was weak

evidence that interactions between age at onset and onset age group

were not mediated by an interaction between age at onset and SIL

status for most tests, it was impossible to elucidate the precise
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interactions between predictors. Stroop test scores demonstrated the

most convincing interactions between age parameters and SIL status.

a.l I) Effects of paediatric onset

The scarcity of patients with paediatric onset and biological evidence of
peak brain maturation in the third decade meant analysis to this point
focused on onset age groups <30 and =30 years. The interaction
between age at onset and onset age group was suggestive of an effect

of paediatric onset on test scores.

Box plots revealed lower scores among combined AQP4+ NMOSD and
MOGAD patients with paediatric onset on most tests (fig 25).
Univariable regression confirmed paediatric onset was associated with
statistically significantly lower scores on the SRT-LTS (B = 0.748, p =
0.082), SRT-DR (B = 0.455, p = 0.065) and SPART-IR (B =-3.981, p =

0.050) (table 27).

Patients with paediatric disease onset were significantly younger at
testing (p < 0.001), had shorter disease durations (p <0.001) and were

more likely to have SILs (p = 0.001) (table 28).
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Figure 25: Effect of paediatric onset on test scores in AQP4+ NMOSD and MOGAD
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Table 27: Univariable regression of test scores against paediatric-onset disease (AQP4+
NMOSD and MOGAD)

Test Bpacdiatric (SE) | T statistic F (df)

Transformed SRT.LTS*  0-748(0.424)  1.766 0.082 3.119(1,73)  0.041
e -6.931(5.080) -1.364 0.177 1.862(1,73)  0.025
Transformed SREDR* | 0:455(0.242)  1.877 0.065 3.522(1,72)  0.047
SPARTIR* -3.981(1.994)  -1.997 0.050 3.988(1,72)  0.052
Transformed SPART.DR  0-331(0.243)  1.364 0.177 1.861(1,70)  0.026
T -5.778(4.092)  -1.412 0.162 1.993(1,71)  0.027
e 0.597 (0.513)  1.163 0.249 1.353(1,67)  0.020
WLGT -2.125(3.068)  -0.693 0.491 0.480(1,71)  0.007

1492 (4.291)  -0.348 0.729 0.121(1,53)  0.002

Stroop interference

p <0.10
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Table 28. Comparison of demographic and clinicalvariablesin paediatric- and adult-
onset disease (AQP4+ NMOSD and MOGAD only)

Diagnosis AQP4+ NMOSD (%) 5(50) 22 (33.8) Fisher’s exact (0.480)
Median age onset (years) (range)* 11.5(4 -18) 35.0 (19 - 62) U=-1495.0 (<0.001)
Median age testing (years) (range)* 26.0 (20 - 45) 44.0 (25 - 65) U=-1579.0 (<0.001)
Median disease duration (months) (range)* 58 (110 - 418) 186 (6 — 371) U =-2070.5(<0.001)
N female (%) 7(70) 48 (73.8) Fisher’s exact (~1)
Median years in education (range) 15.0(10 - 19) 14.3(10 - 21) -U=1837.0(0.452)
Median HADS-A score (range) 4.5(2-11) 8.0(0-17) U = -1280.0 (0.294)
Median HADS-D score (range) 5.5(0-10) 5.0(0-15) U=-1306.5(0.692)
Median MFIS total score (range) 30.5 (2 - 66) 39.5(0 -73) U=-1296.5(0.522)
Median MFIS cognitive subscore (range) 12.0(2 - 27) 15.0 (0 - 40) U= -1356.5(0.663)
Median BPI score (range) 20.5 (0 - 69) 24.5 (0 - 92) U=-1192.5 (0.454)
Median EDSS (range) 2.25(0 - 5.5) 1.0(0-7.5) U=-1744.0(0.488)

N SILs (%)* 8(80) 15 (23.1) Fisher’s exact (0.001)

p <0.10

In multivariable regression, the most notable effects were observed
when test scores were regressed against paediatric onset, diagnosis and
the interaction term. Not only did paediatric onset remain a significant
predictor of transformed SRT-LTS (B = 1.571, p = 0.012), transformed
SRT-DR (B = 0.999, p = 0.008) and SPART-IR scores (B =-6.136, p =
0.043), adjusting for diagnosis also exposed significant main effects of
paediatric onset on SRT-CLTR (B = 018.209, p = 0.014) and SDMT scores

(B =-13.091, p = 0.024) (table 29; supp table 176 - 211).

Statistically significant interactions between paediatric onset and
diagnosis were found for SRT-CLTR (B = 22.342, p = 0.028) and
transformed SRT-DR scores (-0.978, p = 0.046), and the interaction term
approached statistical significance for SRT-LTS and SDMT scores.

Interaction plots confirmed more marked differences between paediatric
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and adult onset cases in AQP4+ NMOSD on all tests (fig 26; table 29;

supp tables 176 - 211).

Table 29: Main effects and interactions of paediatric disease onset and diagnosis
(AQP4+ NMOSD and MOGAD only)

Bdiagnosis (SE) T Bpaediatric onset T Bpaediatric onset T
statistic (3] statistic * diagnosis (SE) | statistic

Transformed 0.164 0.508 0.613 1.571 2.570 0.012 -1.592 -1.885 0.064
SRT-LTS (0.323) (0.611)* (0.845)
SRT-CLTR -0.572 -0.149 0.882 -18.209 -2.518 0.014 22.372 2.238 0.028

(3.867) (7.233)* (9.995)*
Transformed 0.008 0.046 0.963 0.999 2.747 0.008 -0.978 -2.029 0.046
SRT-DR (0.175) (0.264)* (0.482)*
SPART-IR 2.201 -6.136 4.299

(1.435) 1.534 0.130 (2.976)* -2.062 0.043 (3.943) 1.090 0.279
Transformed -0.251 -0.528
SPART-DR (0.169) -1.485 0.142 0.650(0.391) 1.659 0.102 (0.493) -1.071 0.288
SDMT 7.481 -13.091 14.519

(2.744)* 2.727 0.008 (5.666)* -2.310 0.024 (7.512) 1.933 0.057
Transformed -1.560 0.115
PASAT (0.342)* 4.568 0.001 0.360(0.683) 0.527 0.600 (0.904) 0.127 0.899
WLGT 1.299 -6.273 7.701

(2.256) 0.576 0.567 (4.659) -1.346 0.183 (6.176) 1.247 0.217
Stroop test  6.290 -3.755 3.650

(2.967)* 2.120 0.039 (7.206) -0.521 0.605 (8.805) 0.415 0.680

*p <0.05

Main effects of diagnosis on SDMT, PASAT and Stroop interference
scores survived adjustment for paediatric onset and diagnosis x
paediatric onset interactions (i.e., there were significant effects of
diagnosis, independent of paediatric versus adult onset), but main
effects of diagnosis on SPART-IR and SPART-DR did not. This may be due
to loss of statistical power after stratification, structural overlap or
because the effect of diagnosis on visuospatial memory was partially
dependent on non-statistically significant effects of paediatric onset

within diagnostic groups.
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For detailed analyses, see appendix 15.
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There was no significant effect of paediatric onset on scores among

patients with MG (supp fig 45).

b) Predictors of test scores in AQP4+ NMOSD
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Data from 27 patients were included (table 1). Univariable regressions

revealed paediatric onset was the most common predictor across tests,

reaching statistical and clinical significance for SRT-LTS, -CLTR, -DR,

SPART-IR and SDMT scores (table 30, fig 27, supp table 212 - 220), i.e.,

those tests for which an effect of paediatric onset was retained after

stratifying by diagnosis (table 29). Paediatric onset was the only

significant predictor of transformed SRT-LTS and SPART-IR scores.
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Table 30: Independent variables significant in univariable regressions restricted to patients
with AQP4+ NMOSD

Variables significantat a < 0.10 Variables not significantat o < 0.10

Transformed
SRT-LTS

SRT-CLTR

Transformed

SRT-DR

SPART-IR

Transformed
SPART-DR

SDMT

Transformed
PASAT

WLGT

Stroop IS

Paediatric onset

Paediatric onset, education, EDSS score

Paediatric onset, education, EDSS score

Paediatric onset

Nil

Paediatric onset, HADS-A score, HADS-D
score, total MFIS score, MFIS cognitive
subscore, BPI score, EDSS score

Nil

HADS-D score

Education

Age at onset, age at testing, disease duration, sex
at birth, education, HADS-A score, HADS-D score,
total MFIS score, MFIS cognitive subscore, BPI
score, EDSS, SlLs

Age at onset, age at testing, disease duration, sex
at birth, HADS-A score, HADS-D score, total MFIS
score, MFIS cognitive subscore, BPI score, SILs

Age at onset, age at testing, disease duration, sex
at birth, HADS-A score, HADS-D score, total MFIS
score, MFIS cognitive subscore, BPI score, SlLs

Age at testing, age at onset, disease duration, sex
at birth, education, HADS-A score, HADS-D score,
total MFIS score, MFIS cognitive subscore, BPI
score. EDSS, SlLs

Age at onset, age at testing, disease duration,
paediatric onset, sex at birth, education, HADS-A
score, HADS-D score, total MFIS score, MFIS
cognitive subscore, BPI score, EDSS, SlLs

Age at onset, age at testing, disease duration, sex
at birth, education, SILs

Age at onset, age at testing, disease duration,
paediatric onset, HADS-A score, HADS-D score,
total MFIS score, MFIS cognitive subscore, BPI
score, EDSS, SlLs

Diagnosis, age at onset, age at testing, disease
duration, paediatric onset, sex at birth, education,
HADS-A score, total MFIS score, MFIS cognitive
subscore, EDSS, SiLs

Age at onset, age at testing, disease duration,
paediatric onset, sex at birth, HADS-A score,
HADS-D score, total MFIS score, MFIS cognitive
subscore, BPI score, EDSS, SlLs

The effect of paediatric onset on SRT-LTS survived multivariable

regression but effects on SRT-CLTR, SRT-DR and SDMT scores did not

(supp table 221-227)%. However, in addition to the small population of

patients with paediatric onset AQP4+ NMOSD, regressions were limited

by small numbers of AQP4+ NMOSD patients with complete data and, in

larger models, by inclusion of more predictors, both of which reduce

residual degrees of freedom and limit power of regressions to detect

10 Multiple regression could not be applied to tests with no predictor significant at the p
=0.10 level (SPART-DR, PASAT)
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effects. Nevertheless, effects of education on SRT-CLTR, transformed
SRT-DR and Stroop interference scores survived multivariable

regression.

SILs were more common among AQP4+ NMOSD patients with paediatric
onset than those with adult onset (OR = 15.51, p = 0.017; supp table
228). Scatter plots suggested little effect of SIL status in adult-onset
disease but the single case of paediatric-onset AQP4+ NMOSD without
supratentorial lesions obtained the highest scores on the SRT-CLTR, SRT-
DR, SPART-DR and SDMT (supp fig 46 - 54). As paediatric onset
predicted significantly lower scores in three of these tests, it is possible
some of the effect of paediatric onset was mediated by an interaction
with SILs. However, only 1 of 5 paediatric-onset patients had no SILs, so
structural overlap and small subgroups meant there was insufficient
data to distinguish the independent effects of paediatric onset and SILs

in patients with AQP4+ NMOSD.
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4.3) Discussion: Cognition in AQP4+ NMOSD and MOGAD, part 3 (Rao

BRB-N)

Plots of scores for all Rao BRB-N subtests demonstrated improvements
with increasing age at onset in patients with AQP4+ NMOSD and
MOGAD and onset aged <30 years. Scores declined with increasing age
at onset in those with onset aged =30 years for all but the WLGT. Using
splines to model effects of age at onset on test scores confirmed this
pattern. Interactions were largely independent of age at testing,
suggesting the decline in scores with increasing age at onset observed
in the group with onset aged =30 years was not caused purely by
collinearity with age at testing. Papers reporting a decline in cognitive
performance with increasing age at testing have not examined
independent effects of age at onset and their conclusions regarding the

driver of deterioration may be erroneous.

Interactions between age at onset and onset age group suggested
patients with onset of AQP4+ NMOSD or MOGAD in childhood may be
more impaired than those with onset in young adulthood on most Rao
BRB-N subtests. Box plots showed lower scores among the paediatric
cohort for all tests other than the WLGT and Stroop test, and univariable
regression confirmed paediatric onset was a statistically significant

predictor of lower raw SRT-LTS, SRT-DR and SPART-IR scores.

The effects of diagnosis on SRT subtests and SDMT were more marked

in, or limited to, those with paediatric onset and the small cohort with
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paediatric onset was not sufficient to cause a main effect of diagnosis
on SRT subscores in univariable regression. Diagnosis of AQP4+ NMOSD
predicted significantly lower SDMT, PASAT and Stroop interference

scores and possibly SPART subscores, independent of paediatric onset.

Paediatric onset was the most frequent predictor of test scores within
the AQP4+ NMOSD group. Education was a significant predictor of three
subtests in univariable and multivariable regressions. Education and
paediatric onset were predictors of SRT-CLTR and SRT-DR scores in
univariable regressions but only education survived multivariable
regression. Within the AQP4+ NMOSD group, it is possible effects of

paediatric onset on some subscores were mediated by education.
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Chapter 5

Discussion of cognition in AQP4+ NMOSD and MOGAD

The central finding of this research is that patients with AQP4+ NMOSD
demonstrate worse cognitive performance than disease controls using
two assessment methods- the MoCA and the Rao BRB-N with Stroop
test. Not only were scores among patients with AQP4+ NMOSD poorer
than those with MG on tests of attention and processing speed, this
study is the first to show poorer performance associated with AQP4+
NMOSD compared with MOGAD in tests of visuospatial memory,
attention and processing speed and executive function. This work also
indicates an impact of paediatric onset on cognitive outcomes in AQP4+

NMOSD.

a) Patients with AQP4+ NMOSD showed a trend towards lower

scores on tests of attention and processing speed than patients

with MG and significantly lower scores than patients with MOGAD

Multivariable linear regressions revealed AQP4+ NMOSD predicted
poorer performance than MG on the MoCA, SDMT and PASAT. This is in

accordance with other studies from myriad countries showing attention

11 The significant effect of AQP4+ NMOSD on scores compared with the control group
did not survive adjustment for multiple comparisons, so only a trend towards lower
scores in the AQP4+ NMOSD group can be inferred. The significant effect of AQP4+
NMOSD on scores compared with a diagnosis of MOGAD survived adjustment for
multiple comparisons
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and processing speed are the most commonly impaired domains in

NMOSD (88,107,118,128,132,134,137,167, 179,185-189).

SILs are present in some cases of AQP4+ NMOSD but are not a feature
of MG. It is tempting to attribute differences in scores between these
groups to the effects of inflammatory CNS lesions in AQP4+ NMOSD.

Several lines of evidence indicate this is not the case.

First, the AQP4+ NMOSD cohort scored significantly lower than the
MOGAD cohort on the same tests, despite similar incidence of SILs in

both diseases.

Second, head-to-head comparisons of test scores in combined AQP4+
NMOSD and MOGAD patient groups with and without SILs showed no

significant differences.

These observations could be explained by different pathological
changes associated with lesions in both diseases, including greater
astrocyte loss and complement deposition in NMOSD, as well as
rarefication and cavitation that are not reported in MOGAD (190-192). If
this were the case, presence of SlLs may have greater impact in AQP4+

NMOSD than in MOGAD.

Third, univariable regressions of test scores against SIL status revealed
no effect of SILs and multivariable regression identified main effects of
diagnosis but no significant effect of SIL status or diagnosis x SIL
interactions in combined AQP4+ NMOSD and MOGAD groups. SIL status

was not a predictor of scores in the AQP4+ NMOSD group. This suggests
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the effect of diagnosis on scores was not due to more severe

pathological changes within lesions in NMOSD.
Alternative explanations for these deficits are needed.

Cerebral biochemical changes may be responsible for lower scores in
the AQP4+ NMOSD group. Magnetic resonance spectroscopy identified
altered neurotransmitter ratios in the cingulate cortex of patients with
AQP4+ NMOSD compared with healthy controls that correlated
negatively with scores on a trail-making task (193). It has been
suggested antibody binding leads to AQP4 internalisation, triggering a
downstream cascade that culminates in reduced excitatory amino acid
transporter (EAAT) expression by astrocytes and increased extracellular
levels of excitotoxic glutamate with subsequent changes in cerebral
glucose metabolism (193,194). Binding of MOG antibodies to

oligodendrocytes would not have the same excitotoxic effect.

Poorer performance in the AQP4+ NMOSD group may also be
attributable to subtle structural changes not detected by clinical grade

scans.

I) Atrophy: A pathological study demonstrate neuronal loss in
cortical layers II-1IV beyond the corticospinal and optic pathways in
AQP4+ NMOSD (88). Some imaging studies report significant and
widespread cortical thinning in patients, independent of cerebral
lesions (84,112). Others report only regionally restricted cortical

thinning (101,104,112).
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Deep grey matter volumes are not significantly different from
those of healthy controls according to some groups
(101,109,110,195,196), while others show atrophy limited to the
thalami (104,108) or widespread deep grey matter loss
(112,137,189). Regional atrophy has been correlated with poorer
processing speed and attention. For example, volumes of the
thalamus (137), nucleus accumbens (113) and various white
matter pathways (169) in NMOSD correlate negatively with PASAT
score. Volumes of the thalamus, caudate, putamen and nucleus
accumbens (113) and frontal white matter regions (169) correlate
negatively with SDMT performance.

Although atrophy may explain poorer attention and processing
speed in AQP4+ NMOSD compared with MG, whether this could
account for cognitive deficits compared with the MOGAD group is
unclear. A volumetric study showed similar cortical thicknesses in
both diseases (195). Others report cortical and deep grey matter
volumes are reduced in MOGAD compared with healthy controls
and NMOSD patients (101,109,195,197) and predict performance
on the MoCA, SDMT and PASAT (145,198), while another showed
deep grey matter volumes were normal in MOGAD and reduced in
NMOSD (196). As the bulk of the evidence suggests the degree of
atrophy in MOGAD is at least equivalent to that in NMOSD, it
seems this is unlikely to explain contrasting cognitive
performance between the two diseases, but differences in location

of atrophy and ratio of neuronal to glial loss may contribute.
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II) Microstructural changes: Diffusion weighted imaging has

identified increased white matter radial diffusivity and reduced
global and regional tract fractional anisotropy in NMOSD, which
correlates with performance on several cognitive tests, including
the PASAT (111,113,185). Visual attention and processing speed
correlates with microstructural integrity of white matter pathways
largely involving visual processing areas, as well as strength of
global connectivity (132). Magnetisation transfer ratio in normal
appearing white matter was lower in patients with NMOSD
compared with healthy controls (115). These microstructural
changes exist in the absence of lesions on conventional scans
(199). Such changes may explain poorer scores compared with
the MG group, independent of SILs.

Changes in microstructural integrity may also explain differences
in test performances in AQP4+ NMOSD and MOGAD. Although one
study reported microstructural axonal damage in MOGAD but not
AQP4+ NMOSD (196), others have found no differences in MOGAD
compared with controls (109,195) and milder and anatomically

limited changes in diffusion metrics compared with NMOSD (198).

|||) Functional changes: Resting state functional MRl in NMOSD
has shown regional changes in activity compared with healthy
controls (200). Alterations in resting state connectivity of visual
and dorsal attentional networks in NMOSD are reported by three

separate groups (137,159,179) and correlate with BRB-N
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performance (179). Resting state connectivity within default
mode, working memory and executive networks predicts attention
and processing speed in NMOSD (137).

Few studies have examined functional connectivity in MOGAD.
One study reported distinct patterns of altered connectivity in
NMOSD and MOGAD, but the effect of these changes on cognitive

performance was not explored (198).

iv) Cellular changes: AQP4 knockout mice display impaired long-

term hippocampal long-term potentiation and altered long-term
depression in vivo and in vitro (201,202), believed to underlie
impaired long-term learning on spatial memory tests (194,201). In
addition to altered EAAT expression, mechanisms posited to
induce changes in plasticity include reduced expression of p75
neurotrophin receptors (201), deranged N-methyl D-aspartate
receptor (NMDAR) function and increased extracellular potassium
altering the neuronal membrane potential (202). As these
changes are specific to astrocyte function and astrocyte-neuron
interactions, similar changes would not be anticipated to result

from MG or MOG antibodies

iV) Psychosocial factors: Depression, anxiety, fatigue and pain
scores were highest in the AQP4+ NMOSD group in part 2 of this
study and significantly predicted SPART-IR, SPART-DR, SDMT and
PASAT scores (i.e., test scores that were predicted by diagnosis of
AQP4+ NMOSD versus MOGAD). Although diagnosis survived

adjustment for these factors, they may summatively contribute to
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poorer cognitive performance directly or through use of
medications. This would not explain poorer performance on MoCA
tests, as patients with MG reported the highest levels of

depression, anxiety, fatigue and pain in that part of the study.

Normal cognitive performance of the MOGAD group contrasts with the
few available studies of cognition in adults with MOGAD, which show
impairments on a range of tests (supp table 2). Differences in outcomes
could be due to the use of multiple regression to adjust for relevant
variables, different assessment paradigms and use of a more

appropriate control group.

b) Paediatric onset of AQP4+ NMOSD is associated with poor verbal

memory and attention/ processing speed

The original hypothesis predicted poorer cognitive performance in
patients with AQP4+ NMOSD and MOGAD with onset age <30 years.
There was no main effect of onset age group but performance improved
in those with onset aged <30 years as age at onset increased and
declined with increasing age in those with onset aged 230 years on all
but the WLGT. Using splines to model the data non-linearly confirmed
the pattern. The opposing effects of increasing age at onset within each
onset age group explains why linear regression detected no main effect

in the absence of the interaction term.
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Other groups have demonstrated declining cognition with increasing
testing age in health and in NMOSD but have not adjusted for age at
onset (88,123,183). The current work shows detrimental effects of
increasing age at onset in combined NMOSD and MOGAD groups if
onset is =30 years, which persisted after adjusting for age at testing.
Results are similar to those in adult-onset MS, where age at onset
correlates negatively with processing speed, visual and verbal memory,
and late-onset disease is associated with poorer performance after
adjusting for age at testing (203). The authors hypothesised this to be

due to decreased cognitive reserve at disease onset.

Lower scores at younger age at onset in those with onset aged <30
years suggested a deleterious effect of paediatric-onset disease.
Univariable regression confirmed paediatric onset was associated with
lower scores on all tests in combined AQP4+ NMOSD and MOGAD
groups, including statistically significant effects on SRT and SPART-IR

scores.

Subsequent analysis showed onset of AQP4+ NMOSD in childhood was
associated with poorer performance on tests of verbal memory and
visual attention and processing speed than onset in adulthood or a
diagnosis of MOGAD. Diagnosis of AQP4+ NMOSD was an independent
predictor of visual and auditory attention and processing speed and

executive function.

The effects of paediatric onset on cognitive performance within the

AQP4+ NMOSD group support the work of others demonstrating poorer
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outcomes with younger onset ages in paediatric demyelinating diseases

(123,125,126,141), including AQP4+ NMOSD (54).

There was no evidence of an effect of paediatric onset in the MOGAD
group. The literature regarding an effect of age at onset of MOGAD is
mixed, with some studies showing no effect of onset age within
paediatric cohorts (138,143) while another reported lower scores

associated with younger onset in MOGAD (139).

Several factors could explain lower scores associated with paediatric
onset. Paediatric demyelinating diseases are associated with high levels
of school absenteeism (204,205) and hospital admission before age 5
was associated with poor reading ability, even when the reason for
hospital admission was non-neurological (206)*2. Expectations of
teachers and parents may be lower for children with physical disability,
leading to low motivation in the child and/or less academic opportunity.
Physical disabilities, such as visual impairment, may impede learning.
These psychosocial issues may explain why children with isolated TM
show impairments on cognitive tests (207). This would not explain

deteriorating scores with increasing age at onset in adulthood.

A unifying model for the interaction between diagnosis and age at onset
with respect to memory, attention and processing speed is that binding
of AQP4 1gG to astrocytes triggers cellular and microstructural changes
(see above) that disrupt the plasticity and connectivity required for skill

acquisition. Cellular changes in older childhood and young adulthood do

12 This study used data from paediatric hospital admissions in 1946 and the reasons for
and experience of hospitalisation and long-term effects are likely to have changed in
the intervening time. In addition, the direction of cause and effect is unclear
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not have the same effects because skills are already achieved and there
is sufficient cognitive reserve to withstand microstructural insult
(123,125). As age at onset increases beyond early adulthood, cognitive
reserve declines and test performance deteriorates due to failure to

compensate for cellular and microstructural changes in existing circuits.

C) SIL status does not predict cognitive performance in AQP4+

NMOSD and MOGAD

Some studies have demonstrated lower cognitive scores in NMOSD in
the presence of SILs (56,58), while others failed to show an effect (131-
134,208). Most studies of cognition in MOGAD have focused on children
and the majority conclude presence of SILs/ADEM predicts Cl
(60,61,139,143,145). As paediatric cases of both diseases are
associated with higher incidence of SILs (36,37,209), it was important to
determine whether SlLs affected cognitive performance, whether the
interaction between age at onset and SIL status mediated the
interaction between age at onset and onset age group, and if SILs

mediated the effect of paediatric onset in AQP4+ NMOQOSD.

The current study found no main effect of SILs on any test score in
combined AQP4+ NMOSD and MOGAD groups, nor in the AQP4+ NMOSD
group alone. There was no evidence that interactions between age at

onset and onset age group were caused by an underlying interaction
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between age at onset and SIL status on any test other than the Stroop

test.

Within the AQP4+ NMOSD group, it was impossible to reliably separate
the effects of SIL status from paediatric onset. It is possible that SIL

status mediated or modulated the effect of paediatric onset in this

group.

The current study demonstrates no main effect of SILs on cognitive
outcome in mixed AQP4+ NMOSD and MOGAD patients and in AQP4+
NMOSD patients alone. Larger groups are needed to definitively exclude
interactions with onset age and effects within the AQP4+ NMOSD

paediatric-onset subgroup.

d) Limitations

I) Although the cohort was relatively large compared with other
studies, individual subgroups were small. This limited power,
particularly in multivariable regressions, where limited subgroups
led to unstable estimates of regression coefficients with large
standard errors.

Usable data was further limited by missing values, as many
patients declined to complete psychosocial questionnaires.
Although attempts were made to compensate for this with

multiple imputation, this is never perfect.
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II) Multicollinearity between some variables (e.g., age at onset and

age at testing) and structural overlap between others (e.qg.,
paediatric onset and SIL status) led to unstable estimates of
coefficients with large standard errors. This was a particular issue
when trying to separate the effects of paediatric onset and SILs

among patients with AQP4+ NMOSD.

III) Because much of the work in the current study was exploratory,

most outcomes were not adjusted for multiple comparisons.
Statistically significant effects and interactions of onset age
group, age at onset and SIL status should be interpreted
cautiously.

Conditioning on a function (onset age group) of an independent
variable (age at onset) can lead to multicollinearity (as evidenced
by moderately high VIF values in multivariable regressions) and
means the binary groups have different covariance structures that
may not reflect the natural relationships between age at onset
and scores. This was a particular consideration in 3-way
interactions, when this issue was compounded by smaller group
sizes, making estimates less accurate.

The problem of different covariance structures was addressed by
permitting natural curvature of the predicted scores with cubic
splines, which demonstrated the natural fit of the data resembled
a quadratic function with a peak at 30 years for all but two tests,

indicating that modelling age at onset within onset age groups
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with a cut point at 30 years was appropriate to the data and
interactions were not a product of imposing arbitrary thresholds.
Further work is needed to ensure accurate modelling of SPART-DR

and WLGT scores.

V) The age at which SILs were detected was not accounted for. The
absence of interactions between SIL status and onset age group
or paediatric onset on tests other than the Stroop test may be
because the subgroup with young onset and SILs included
patients whose childhood attacks did not involve SILs but whose
adult relapses did. If adults with SILs are less susceptible to their
effects than children, an interaction may have been missed.
Examining effects of SILs that occurred in paediatric subgroups

would have restricted group size to a prohibitive degree.

V1) Patients with AQP4+ NMOSD and MOGAD have relatively high
probabilities of bilateral ON, leading to impaired colour vision.
Patients with reduced colour perception were exempt from Stroop
testing, reducing the power of the test to detect effects of
variables. Even those with subjectively retained colour perception
may have subclinical colour desaturation that impaired
performance. Although many studies of NMOSD have also used
the Stroop test to assess executive function, future work should
focus on assessment methods that do not rely on intact colour

vision or high visual acuity.
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VII) Finally, the control group was selected to permit comparison of

cognitive scores between patients with AQP4+ NMOSD or MOGAD
with a group of patients with similar psychological and social
burdens of chronic autoimmune disease but without the direct
effects of CNS inflammation. However, there is controversial
evidence of cognitive deficits in MG. For example, one group
reported significantly lower scores on multiple cognitive tests
compared with healthy controls (210). Two small studies reported
significantly poorer performance on tests of memory and spatial
orientation compared with healthy controls (211,212). However,
no study adjusted for anxiety, depression and fatigue, samples
were as small as 11 (212), and all failed to correct for multiple
comparisons, even though up to 50 cognitive subtests were
compared across groups.
Others have found no convincing evidence of Cl in MG, with one
group concluding, “evidence of cognitive and memory deficits [in
MG] was notably lacking” (213). One study found no deficits in
sustained attention and auditory processing speed (214), while
another reported performance was equivalent or superior to
standardized population norms on tests of verbal and visual
learning and recall (215). Keesey found no significant differences
in attention, memory and language between 25 people with MG
and healthy controls, concluding that evidence of direct effects of
MG antibodies on CNS function was, “remarkably unconvincing”
(152).
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In summary, there is mixed evidence of non-specific cognitive
changes in MG that are likely the result of depression, anxiety,
fatigue and medications. Therefore, the choice of this group to

control for common sequelae of chronic disease was appropriate.

e) Conclusions

Patients with AQP4+ NMQOSD are at risk of deficits in visual memory,
attention and processing speed and executive function, independent of
the presence of SlILs. Those with onset in childhood are at higher risk of
deficits in verbal memory and visual processing speed and attention.
Cognitive performance was poorest in patients with onset in childhood
or older adulthood, justifying cognitive screening of patients with
disease onset at extremes of age. Patients with MOGAD are not

impaired in any cognitive domain compared with controls.
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Chapter 6

Introduction to post-SARS-CoV-2 vaccine acute inflammatory

CNS syndromes

a) Background

At the time of starting this DPhil in 2021, the SARS-CoV-2 pandemic
remained a huge global threat. Vast efforts were put into development
of vaccines, including novel methods utilising mRNA and viral-vectored

platforms (for reviews, see 216 & 217).

Due to the necessity for rapid vaccine development, clinical trials were
shorter than is normal practice, with some approved before completion
of phase 3 studies and several approved within a year of announcement
of a pandemic (216). This prompted concerns among researchers about

the safety of licenced SARS-CoV-2 vaccines (218).

It was in this context that | recognised a number of patients attending
the Oxford NMODAS clinic developed their first symptoms within weeks
of receiving a SARS-CoV-2 vaccine. The association was particularly

marked for the MOGAD cohort.

| undertook a systematic approach to determine whether there was
evidence of an association between new-onset autoimmune
inflammatory CNS diseases, particularly MOGAD, and preceding SARS-

CoV-2 vaccination.
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b) What is known about the causes of MOGAD?

In contrast to AQP4+ NMOSD, no genetic risk factor for MOGAD has
been identified (219,220) and there is no significant gender or racial
bias (37,40,93,94). However, as discussed in section 1d, there is
evidence that clinical onset of MOGAD may be triggered by infection or
vaccination. One study identified an infectious prodrome in 22% of new-
onset MOGAD cases (67), while another found 67% of patients had
preceding infection (221). A review found infectious prodromes
preceded up to 70% of MOGAD attacks and were more frequently

associated with ADEM than other phenotypes (66).

C) Autoimmune disease after vaccination

The theory that infection and vaccination may precipitate autoimmune
disease is well-established (222-225), although confirmed instances are
rare (226,227). Causality is more likely when the association is frequent,
reported by multiple countries, the outcome has a low background
incidence, the outcome recurs on re-exposure and is replicable in animal

models (227,228).

In the absence of a proven mechanism by which a vaccine drives an

autoimmune response, the most reliable methodology for detecting
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associations are large-scale epidemiological studies, although these
may fail to detect very rare sequelae. Most epidemiological studies have
failed to find consistent associations between a variety of autoimmune
diseases and the vaccines to which they were attributed in case reports
and series (224,226,227). Nevertheless, statistically robust
epidemiological studies have identified convincing links between
Guillain-Barré syndrome (GBS) and the 1976 American H1N1 influenza
vaccine, (224,226,229). Epidemiological studies also confirmed an

association between ITP and the MMR vaccine (226,230,231).

The risk of a vaccine triggering autoimmunity is likely to depend on the
antigen(s) in the vaccine, the presence and type of adjuvants, method
of vaccine production (70), the presence of contaminants as well as

genetic and environmental influences on the host’s immune system.

d) Demyelination and ADEM can follow infection and vaccination

ADEM is an inflammatory CNS disease of presumed autoimmune
aetiology, characterised by multifocal demyelination (232,233). CNS
demyelination and ADEM are among the most commonly reported
adverse events following immunisation (AEFIs); a review of 71 instances
of CNS demyelination following vaccination included 29 cases of ADEM,
9 of TM and 8 of ON (234). The frequency of CNS involvement in post-
vaccine autoimmunity may be due to “immunological ignorance”, i.e.,
failure to develop tolerogenic mechanisms controlling potentially self-

reactive lymphocytes if the adaptive immune system does not
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encounter the antigen in development, as may occur if self-antigens are

only expressed in the immunoprivileged CNS and not the thymus.

ADEM has been reported following multiple vaccine types (70,235-
237). Between 5 and 18% of ADEM cases occur within 1 month of
vaccination, with incidences between 1 in 50,000 and 1 in 10 million

vaccine doses, (53,235).

ADEM is more frequent in children than adults, regardless of vaccine
status (235,236). This is believed to be due to a combination of age-

related differences in CNS structure and immune responses (53).

e) MOGAD commonly presents with ADEM or ADEM-like disease in

children

Between 37 and 50% of paediatric patients with ADEM were found to
have MOG antibodies in the serum (72,73). ADEM is the most common
manifestation of MOGAD in children aged = 12 years (33,36,37) and
67% of children with MOGAD have brain lesions during attacks, even
without clinical encephalitis (76). In contrast, ON is the most frequent
syndrome in adults with MOGAD and brainstem and cerebral

manifestations are rarer (37,238).

Many reports of post-vaccine ADEM cited above predate readily
available MOG antibody testing and it is likely that some cases were

associated with MOG antibodies. This is more likely for post-vaccine
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cases followed by relapses with typical MOGAD features, such as

bilateral ON and TM (235,236).

f) MOGAD following vaccination

Given the relatively high incidence of infection before MOGAD attacks
(235), the association between vaccination and ADEM and the
significant proportion of ADEM cases associated with MOG antibodies, it
is unsurprising that vaccination has been reported to precede MOGAD
onset. In a case series from Japan, 4 of 54 (7.4%) children with MOGAD
received a vaccine before onset, although the intervals between events
were not reported (74). A series from a single centre in America
reported vaccination within 4 weeks of onset in 2 of 28 (7%) paediatric

cases of MOGAD (69).

Post-vaccine MOGAD cases seem to present more frequently with ADEM
and/or multifocal CNS involvement. MOGAD presenting with LETM and
multifocal intracranial lesions was reported following a combination of
tetanus, MMR and varicella vaccines (237). Another study identified
diphtheria, tetanus and pertussis vaccination preceding 2 of 50 onset
MOGAD attacks (67), including a case presenting with LETM and a
cerebral lesion. Vaccination preceded onset of MOGAD in 4 of 37
(10.8%) patients with symptomatic brainstem or cerebellar lesions (75).
Review articles have also noted the high incidence of infection and

vaccination prior to MOG antibody-associated ADEM (66).

127



The association between vaccination and ADEM-like or multifocal
presentations of MOGAD may be driven by the fact children are exposed
to vaccines more frequently than adults and developmental differences
in CNS structures and immune systems render them susceptible to
intracranial lesions, i.e., age is a confounder. An alternative explanation
is that children with MOGAD present with brain lesions because they are
more likely to be exposed to novel infections or vaccines and the trigger

dictates the phenotype.

g) Autoimmune disease following ChAdOx1S vaccination

During the SARS-CoV-2 pandemic, countries rapidly licenced several
vaccines that were distributed rapidly and at scale. The vaccination
programme in the UK commenced the first week of December 2020 and
by December 30™ 2021, 88% of the adult population had received two

doses of SARS-CoV-2 vaccine (239).

Among those licenced in the UK were AstraZeneca’s ChAdOx1S
(Vaxzevria; Covishield), Pfizer-BioNTech’s BNT-162b2 (Cominarty) and
Moderna’s mRNA-1273. These vaccines used novel approaches to

introduce antigen to the host.

ChAdOx1S is a DNA vaccine that is created by inserting DNA encoding

the SARS-CoV-2 spike (S) protein into the DNA of a chimpanzee
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adenovirus. Modified adenoviral vectors replicate in HEK-293 cells,
which are then lysed and transgenic viral particles are retrieved and
combined with excipients in the vaccine. Infection of host cells by
recombinant adenoviral particles is followed by nuclear translocation of
adenoviral DNA, transcription of the S gene and subsequent translation
and expression of the S protein on the host cell surface, triggering B and

T cell-mediated immunity (216-218)*3.

In contrast, BNT162b2 and mRNA-1273 are mRNA-based vaccines,
meaning DNA encoding the S protein is inserted into plasmid DNA,
amplified in bacterial cells and transcribed in vitro. mRNA molecules are
complexed with lipid nanoparticles, which allows entry to host cells for

MRNA translation into the S protein (217).

Rapid vaccine uptake in a short period permits detection of rare AEFIs
that would be missed if uptake was lower or dispersed in time. Causality
is difficult to prove if events are rare but some AEFIs associated with
SARS-CoV-2 vaccines are confirmed or highly likely. Most prominent is
vaccine-induced thrombotic thrombocytopaenia (VITT), which has an
incidence of between 1:26,500 and 1:127,300 doses (240). Despite its
rarity, the link with viral vectored vaccines was enabled by the large

volume of vaccines administered over a short period and the Yellow

13 gpecifically, the Early E1 gene, which is critical for viral replication, and the E3 gene
are removed from the adenoviral DNA, which renders it replication incompetent. A
shuttle vector carrying the DNA sequence encoding the SARS-CoV-2 spike (S) protein is
inserted into the previous E1 locus using recombinant DNA technology. Adenoviral
particles infect the immortalised HEK-293 cell line, which are engineered to express
E1l, permitting adenoviral replication. HEK-293 cells are lysed, recombinant adenoviral
particles collected and packaged into vaccines. Adenoviral particles infect host cells
and use the host nuclear machinery for DNA transcription, including of the S protein.
The S protein transcript is then translated into protein and expressed on host cells.
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Card reporting scheme. Epidemiological and biological research has

confirmed that ChAdOx1S can trigger VITT (241-243).

Neurological diseases, particularly those of autoimmune origin, are
among the most commonly reported SARS-CoV-2 vaccine-associated
AEFIs and have been reported following a range of vaccine subtypes
(244-246). Early case series and observational studies were often
underpowered, associations were inconsistent and most failed to
account for background disease rates. Subsequent work has debunked

many of these findings.

However, some neurological sequelae are reported more consistently
and have been substantiated in epidemiological studies, such as GBS
and Bell’s palsy following ChAdOx1S and haemorrhagic stroke following
BNT162b2 (247,248). The Medicines & Healthcare Products Regulatory
Agency (MHRA) now lists Bell’s palsy, GBS and TM as rare sequelae of
ChAdOx1S (249). Guidelines for vaccination for UK healthcare
professionals list VITT, GBS and TM as rare side effects of the ChAdOx1S
vaccine (250) but not of BNT162b2 (251). The Global COVID Vaccine
Safety Network prospectively collected information on almost
250,000,000 doses of ChadOx1S, BNT16b2 and mRNA-1273 across 8
countries and identified significantly increased risks of GBS and cerebral
venous sinus thrombosis following first-dose ChADOXx1S, with weaker
signals for TM and cardiac and haematological complications. BNT162b2
was associated with a significantly increased risk of myocarditis but not

of inflammatory CNS disease (252).
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In summary, there is reasonable evidence that vaccination can trigger
some autoimmune diseases, including ADEM. We also know many cases
of ADEM are associated with MOG antibodies and there is evidence that
MOGAD can follow vaccination. SARS-CoV-2 vaccines have been linked
with autoimmune diseases, including some targeting neurological

antigens.
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Chapter 7

Post-SARS-CoV-2 vaccine acute inflammatory CNS syndromes
part 1: Observational study of post-vaccine new-onset

inflammatory CNS disease

7.i) Methods: Observational study of post-vaccine new-onset

inflammatory CNS disease

a) Full cohort description

The UK hosts two NHS-commissioned Highly Specialised Services for
NMOSD and MOGAD in the UK, one in Oxford and one in Liverpool.
Patients under the care of either centre with new AICS presenting
between 1%t December 2020 and 26 January 2022 were screened for
exposure to SARS-CoV-2 vaccination in the 8 weeks prior to symptom

onset.

The Oxford NMODAS cohort was screened prospectively during clinic
appointments and retrospectively. Retrospective screening was
performed by extracting all patients with disease onset between 1+
December 2020 and 26" January 2022 from the Oxford NMODAS
REDCap and Microsoft Access™ databases. These capture attack dates
as well as details of vaccination and infection in the weeks prior to
disease onset. In addition, referral letters, clinic notes and NHS Spine
vaccination records were checked for every patient with disease onset

between these dates.
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Details of cases from the Liverpool Highly Specialised Service for

NMOSD and MOGAD were sent to Oxford for inclusion in the study.

Inclusion criteria:

1) New onset AICS clinically consistent with NMOSD or MOGAD

(i.e., CNS inflammation in the presence of antibodies to AQP4 or
MOG OR TM and/or ON with or without supratentorial or brainstem
involvement). Patients did not have to fulfil diagnostic criteria for

NMOSD (151) or MOGAD (46) to be included.

2) Age 18 years or older at onset.

3) Symptom onset between 15t December 2020 and 26™

January 2022,

4) Referral to one of the two Highly Specialised Services for

NMOSD and MOGAD in the UK before September 2024.

For inclusion within the post-vaccine new-onset AICS cohort:

5) Symptom onset within 8 weeks of SARS-CoV-2 vaccination

Exclusion criteria:

14 .e., onset from day 1 of possible exposure to 8 weeks after last date of possible
exposure, defined by study criteria
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1) Known historical CNS inflammatory disease or clinical

review revealed previous clinical episodes compatible with CNS

inflammation.

2) Alternative diagnosis made by time of review.

The selected exposure period from December 2020 to December 2021
corresponded with the time most first-dose vaccines were administered

in the UK (239).

Many studies have defined the window for diagnosing AEFIs as up to 6
weeks from vaccine (248,252,253). As the risk period for AEFIs varies
according to the adverse event of interest, vaccine administered and
population exposed (254) and AEFIs are considered feasible up to 12
weeks after vaccination (228), an 8-week post-vaccination risk window

was chosen to optimise case detection.

For each patient, vaccine date and type were verified using the NHS

Spine vaccination record and/or general practitioner records.

Demographic characteristics were extracted from the REDCap and
Microsoft Access™ databases and NHS records. Sex was defined as
biological sex at birth. Race was defined according to self-description by

patients.

Attack date, clinical phenotype and EDSS at nadir were established from
patient report, contemporary hospital documentation and referral

letters.
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Radiological phenotype was assessed by a neuroradiologist with a
special interest in inflammatory CNS disease (TH) who reviewed initial
and subsequent scans for each patient. LETM was defined as

inflammatory signal change extending 3 or more vertebral segments.

Results of CSF and serum testing were requested from the referring
hospital or traced using the Electronic Patient Record if patients were

diagnosed in the John Radcliffe Hospital.

Serostatus was determined using live cell-based assays for both MOG
and AQP4 antibodies as described (16,35). Only seropositive patients
were included in the NMOSD group to ensure specificity of diagnosis.
Seronegative patients meeting the IPND criteria for diagnosis of NMOSD

(151) were included in the seronegative group.

Outcome was assessed by clinical review during routine appointments.
EDSS and visual acuities were assessed by trained neurologists and/or
ophthalmologists in Oxford and Liverpool. Because the EDSS fails to
capture the impact of visual and sphincter disturbance that are common
sequelae of NMOSD and MOGAD, clinical outcome was also graded

according to the following criteria:

Good- full recovery, minor sensory symptoms not interfering with

normal function and/ or visual acuity at least 6/7.5 in both eyes.

Moderate- residual motor deficit but mobile with or without unilateral
assistance, sensory disturbance significantly disrupting normal function,

sphincter disturbance (need for catheterisation, incontinence requiring
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pads, enemata or manual methods required for bowel management),
significant erectile dysfunction or visual acuity better than 6/36 but

poorer than 6/7.5 in one or both eyes.

Poor- requiring bilateral assistance to mobilise or wheelchair user, plegic
in one or more limbs or visual acuity equal to or poorer than 6/36 in one

or both eyes.
Data were analysed by vaccine type (ai) and serostatus (aii).

The cohort description is purely descriptive as groups were too small to

make meaningful statistical inferences.

b) Proportion of new-onset AICS occurring within 8 weeks of SARS-

CoV-2 vaccination (John Radcliffe Hospital cohort)

To determine what proportion of patients with new-onset AICS between
1t December 2020 and 26™ January 2022 occurred within 8 weeks of
vaccination, analyses were restricted to patients seen at the John
Radcliffe Hospital NMODAS?®. Patients with new onset AICS within 8
weeks of SARS-CoV-2 vaccination are referred to as the post-vaccine

AICS group.

15 ].e., excluding Liverpool NMODAS cases, cases seen in outreach clinics and one
patient who died during the acute episode. Inclusion of these patients would inflate
the proportion of vaccine-associated cases, as it is possible patients with onset of
disease after vaccination were more likely to be referred to specialised outreach clinics
than those without a recognised trigger and because the denominator (total number of
patients with new-onset AICS between 1%t December 2020 and 26" January 2022 in
outreach hospitals and Liverpool NMODAS) is unknown.
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Post-vaccine AICS cases seen at the John Radcliffe Hospital were
identified as described in section 8.1.a. Records of all patients seen by
the Oxford NMODAS at the John Radcliffe Hospital with disease onset
between 1%t December 2020 and 26 January 2022 were reviewed and
those meeting criteria 1-3 (section 8.1.a) were included as the
denominator. NHS Spine and GP records were checked to verify dates

and types of SARS-CoV-2 vaccinations.

The proportion of patients with onset within 8 weeks of vaccination was

calculated:

No .new AICS casesbetween 1 st Dec 2020 A26t hJan 2022 wit h SARS CoV 2 vaccine € preceding 8 weeks
Total no . new AICS casesbetween 1 st Dec 202026t hJan 2022

The procedure was repeated separately for cases of MOGAD,

seronegative AICS and AQP4+ NMOSD.

c) Distribution of vaccine types in post-vaccine and non-post-vaccine

AICS and index dose analysis (John Radcliffe Hospital cohort)

Total AICS cases were identified as described in section 8.1.b. Patients
with AICS during the observation period who had received a SARS-CoV-2
vaccination at any point prior to disease onset were included in index

dose analyses.

Index dose analysis was used to compare the proportions of vaccines
received by the post-vaccine AICS group in the 8 weeks prior to disease

onset with the proportions of vaccines administered most recently to
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patients with onset of new AICS more than 8 weeks after vaccination.
The results are expressed as odds ratios (ORs). Statistical significance

was calculated using Fisher’s exact test.

The procedure was repeated separately for cases of MOGAD (ii) and
seronegative AICS (iii). The post-vaccine AQP4+ NMOSD group was too

small for analysis.

d) Relapse on revaccination (John Radcliffe Hospital cohort)

Vaccination records of patients with AICS after first SARS-CoV-2 vaccine
were checked to determine whether repeat vaccination triggered

relapses. Recurrent events on rechallenge would suggest causality.
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7.2) Results: Observational study of post-vaccine new-onset

inflammatory CNS disease

a) Full cohort description

Thirty-eight patients with new post-SARS-CoV-2-vaccine AICS (post-
vaccine AICS) arising between 1%t December 2020 and January 26* 2022
were referred to Oxford (34) and Liverpool (4) NMODAS. This includes
one patient referred to Oxford following onset of ADEM with LETM who

but died before they were assessed.

a.i) Analysis by vaccine type

Of the 38 post-vaccine AICS patients, the majority (27; 71.1%)
presented following receipt of ChAdOx1S and around a quarter (11;
28.9%) presented after receiving BNT162b2. No post-vaccine AICS
patient received Moderna’s mRNA-1273 (Spikevax) or Janssen’s

Ad26.COV2.S (Jcovden) vaccines (fig 28 & 29).
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Figure 28. Numbers and diagnoses of postvaccine AICS referrals to Oxford and
Liverpool NMODAS (whole cohort)
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Figure 29: Proportions of postvaccine AICS cases receiving each vaccine
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Demographics: There was a lower proportion of females in the

ChAdOx1S group compared with the BNT162b2 group (51.9% and
72.7%, respectively) and median age of onset was higher (49 and 27
years, respectively), reflecting the advice of the Joint Committee on

Vaccination and Immunisation (JCVI) issued in May 2021 that ChAdOx1S
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should be avoided in the under-forties (255,256). Median interval
between vaccination and symptom onset was shorter among ChAdOx1S
recipients (15 days) than BNT162b2 recipients (22 days). Onset after
first dose was more common among ChAdOXx1S recipients (25/27;
92.6%) than those who received BNT162b2 (5/11; 45.5%) (table 31, fig

29).

Table 31. Characteristics of post-vaccine AICS cases according to vaccine type

N (%) 27 (71.1) 11 (28.9)

N presenting after first dose (%) 25 (92.6) 5 (45.5)

N MOGAD (%) 17 (63.0) 5 (45.5)

N AQP4+ NMOSD (%) 2(7.4) 1(9.1)

N seronegative (%) 8(29.6) 5 (45.5)

N female (%) 14 (51.9) 8(72.7)
Median age at onset (yrs) (range) 49 (28 -76) 27 (18 -50)
Median time to symptom onset (days) 15 (1-52) 22 (7-55)
(range)

Clinical syndrome

ON alone (%) 7 (25.9) 7 (63.6)
TM alone (%) 10 (37.0) 3(27.3)
ON +TM (%) 2(7.4) 1(9.1)
Brain/ brainstem alone 1(3.7) 0
(%)
Brain/brainstem +TM 7 (25.9) 0
and/or ON (%)"
AnyTM 17 (63.0) 4(36.4)
Inflammatory brain lesions present on 15 (55.6) 1(9.1)

MRI*
*This does not include 3 cases of clinical and radiological facial nerve involvement

Diagnosis: A greater proportion of ChAdOx1S recipients developed
MOGAD (17/27; 63.0%) than BNT162b2 recipients (5/11; 45.5%).
Conversely, BNT162b2 recipients were more likely to be seronegative

(5/11; 45.5%) than ChAdOXx1S recipients (8/27; 29.6%) (table 31, fig 30).
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The odds of a post-vaccine MOGAD case having received ChAdOx1S
were 3.4:1. The odds of a post-vaccine AQP4+ NMOSD patient having
received ChAdOx1S were 2:1 and the odds of a post-vaccine

seronegative patient having received ChAdOx1S were 1.6:1.

Figure 30: Proportion of postvaccine AICS cases with each diagnosis
according to vaccine type
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Seronegative
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Seronegative
45.5%
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Phenotype: Clinical manifestations of supratentorial and/or brainstem
involvement were common among ChAdOx1S recipients, affecting 8/27
(29.6%), often in conjunction with TM and/or ON (7/27; 25.9%). Lower
motor neuron facial palsy was a feature of 3 post-ChAdOXx1S cases,
bringing the total number of ChAdOXx1S recipients with any intracranial
involvement to 11 (40.7%). In contrast, no patients in the BNT162b2
group presented with clinical manifestations of intracranial involvement.
Similarly, radiological supratentorial and/or brainstem involvement
affected a higher proportion of ChAdOXx1S recipients (15/27; 55.6%)

than BNT162b2 recipients (1/11; 9.1%) (table 31).
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Isolated ON affected only 7/28 (25.9%) of ChAdOx1s recipients, whereas
isolated ON was the most common presentation among BNT162b2
recipients, affecting 7/11 (63.6%) (7/11; 63.6%) (table 31, fig 32). TM,
alone or in combination, affected 17/27 (63.0%) of the ChAdOx1S group,

compared with 4/11 (36.4%) of the BNT162b2 group.

In summary, ChAdOx1S recipients comprised the largest
subgroup of the post-vaccine cohort, were more likely to
present after first dose and to present with clinical and/or
radiological manifestations of brain involvement. TM was
common following ChAdOx1S, often as part of a multifocal CNS
inflammatory process. MOGAD was more common amongst
ChAdOXx1S recipients than BNT162b2 recipients. The majority of
BNT162b2 recipients were seronegative, brain involvement was

rare and isolated ON was common.

d II) Analysis by diagnosis (full cohort): Post-vaccine MOGAD

Demographics and phenotype (see table 32 & 33)

MOGAD patients comprised the majority of post-vaccine AICS cases
(22/38; 57.9%). Twelve (54.5%) MOGAD patients were female, reflecting
the ratio in the general population but the median age at onset (49.5
years) was older than is reported in demographic studies (40). Two

patients presented between 43 and 56 days after vaccination.
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Over three quarters of post-vaccine MOGAD cases followed ChAdOx1s
(17/22; 77.3%) and 15 of these (88.2%) experienced their onset attack
after the first dose of vaccine, whereas 2/5 (40%) BNT162b2 recipients
experienced onset after the first dose. The median age of ChAdOx1S
recipients with new-onset MOGAD was higher than BNT162b2 recipients
(52 and 25 years, respectively), likely due to JCVI guidance issued in

May 2021 (255,256).

One patient had a history of HLA-B27-associated recurrent scleritis. No

other patient had historical neurological or autoimmune disease.

The distribution of phenotypes among BNT162b2 recipients reflected
those of sporadic MOGAD (37,39), whereas phenotypes of ChAdOx1S
recipients were less typical. Over half ChAdOx1S recipients (11/17;
64.7%) experienced TM as part of their first attack, compared with only
1/5 (20.0%) BNT162b2 recipients. Conversely, 5/17 (29.4%) ChAdOx1S
recipients presented with isolated ON, compared with 4/5 (80%)
BNT162b2 recipients. Four (23.5%) ChAdOXx1S recipients presented with
clinical supratentorial/ brainstem involvement, compared with none of

the BNT162b2 recipients (fig 31).

Median EDSS score at nadir was higher among MOGAD patients
following ChAdOx1S (5.5, range 2.0 - 8.0) than BNT162b2 (3.0, range
2.0 - 7.0), reflecting the higher incidence of TM among ChAdOx1S

recipients.
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Table 32. Characteristics of post-vaccine AICS cases according to diagnosis

ChAdOx1S: BNT162b2

Median interval from
vaccination to onset (range)
(days)

Median age at onset (range)
(years)

N female

Clinical syndrome:
ON alone (%)
TM alone (%)
ON +TM (%)

Brain/ brainstem
alone (%)

Brain/brainstem +
TM and/or ON (%)*

Symptomatic ON (%)
Symptomatic TM (%)
Symptomatic brain/brainstem
(%)*

Radiological brain/ brainstem™*

Median CSF protein (range)
(g/L)t

Median CSF leucocyte count
(range) (/uL)T

N unmatched CSF oligoclonal
bands (%)t

Median EDSS at nadir (range)§
Median antibody titre at onset
(range)#

N acute treatment (%)

N IV or PO
steroids (%)

N IVIg (%)
N PLEX (%)
N oral steroid taper > 1 month

Median follow up (range)
(months)

Median EDSS at last follow-up
(range)

N with good outcome (%)

N with moderate outcome (%)
N with poor outcome (%)

N relapsers (%)

N seroreverted (%)

25 (1 -55)

46 (28-50)

3(100)

1(33.3)
0

o

2(33.3)

2(66.7)
1(33.3)
2(66.7)

2(66.7)
0.37(0.30 - 0.43)

23(5-41)

2.0
1:225(1:50 - 1:400)

1(33.3)
2(66.7)
39(36-41)

2.0(0-4.0)

1(33.3)
2(66.7)
0

2(66.7)
1(33.3)

N on IST/DMT at last encounter 3(100)

(%)$

17:5
15 (6 - 52)

49.5 (22 - 76)

2 (54.5)

40.9)
36.4)
4.5)

9
8
1
1(4.5)

(
(
(
(4.

3(13.6)

12 (54.5)
11 (50.0)
4(18.2)

9(40.9)
0.60(0.33 - 2.25)

36 (0 - 248)

3.5(2.0-8.0)
1:1600 (300 — 6400)

2(9.1)
3(13.6)

18 (81.8)
31(13-43)

1.0(0-6.5)

14 (63.4)
6(27.3)
2(9.1)
(27.3)
(22.7)
(

6
5
5(22.7)

15 (6 - 42)

40(18 - 58)

7(53.8)

4(30.8)
5(38.5)
2(15.4)
0

2 (15.4)

7(53.8)
9(69.2)
2 (15.4)

6(46.2)
0.65(0.23 - 6.81)

3(0-489)

2 (15.4)

3.75(2.5-10)
N/A

13(100)
12 (92.3)

3(23.1)
6(46.2)
8(61.5)
38.5 (5 - 44)

2.0(0-10)

6 (46.2)
5(38.5)
2 (15.4)
1(7.7)
N/A
3(23.1)
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Legend for table 32

* This does not include the 3 patients with lower motor neuron facial weakness

**N AQP4+ NMOSD = 2; N MOGAD = 13; N seronegative = 13

T N AQP4+ NMOSD= 2; N MOGAD = 13; N seronegative = 14

1t N AQP4+ NMOSD = 2; N MOGAD = 13; N seronegative = 13

§ Two AQP4+ NMOSD patients with nadir EDSS available scored 2.0

} Titres measured by serial dilutions. Median value is not numerical median. N AQP4+
NMOSD = 2; N MOGAD = 21

$ IST includes prednisolone =10mg daily

CSF cerebrospinal fluid; IV intravenous; 1VIg intravenous immunoglobulins; OCB oligoclonal
bands; PLEX plasma exchange

Sixteen (94.1%) ChAdOXx1S recipients and 3 (60%) BNT162b2 recipients
received acute steroid treatment, reflecting higher incidence of TM and
greater disability in ChAdOx1S recipients, although proportions of
patients requiring treatment escalation were similar (17.6% and 20%,
respectively). Three (13.6%) patients with isolated ON did not receive
acute treatment. The majority of patients (18/22; 81.8%) were

prescribed a tapering course of oral prednisolone.

Figure 31. Proportions of clinical phenotypes among postvaccine MOGAD
patients by vaccine type

ChAdOx1S BNT162b2

Isolated ON
25.9%

Isolated TM
37.0%

Isolated TM
27.3%

Isolated ON
63.6%

Clinical brain
involvement
29.6%

ON+TM
7.4%
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Table 33. Characteristics of post-vaccine MOGAD cases according to vaccine type

. [chadoxis BNT162b2

N (%) 17 (77.3) 5(22.7)
N female (%) 9 (40.9) 3(60)
Median age (range) (years) 52 (28 -76) 25 (22 -50)
Median interval (range) (days) 15 (6 -52) 14 (10 -42)
Onset after first vaccine (%) 15(88.2) 2 (40)
Clinical phenotype
ON alone (%) 5(29.4) 4(80.0)
TM alone (%) 7 (41.2) 1(20.0)
ON +TM (%) 1(5.9) 0
Brain/ brainstem alone (%) 1(5.9) 0
Brain/brainstem + TM and/or 3 (17.6) 0
ON (%)
Any TM (%) 11 (64.7) 1(20.0)
Radiological brain/ brainstem (%) 9(52.9) 0
Median EDSS at nadir (range) 5.5(2.0-8.0) 3.0(2.0-7.0)

Median MOG ab titre when first tested

1600 (400 — 3200)

1000 (300 —2400)

(range)t
Median CSF leucocyte count (cells/pL) 36 (0 —248) NA
(range)**
Median CSF protein (g/L)t 0.60 (0.33-2.25) 0.65
Patients with unmatched CSF OCBs (%)t+ 0 0
N acute treatment (%) 16 (94.1) 3(60.0)

N PO or IV steroid (%) 16 (94.1) 3(60.0)

N IVIg (%) 1(5.9) 1(20.0)

N PLEX (%) 2(11.8) 1(20.0)
N oral steroid taper > 1 month 15 (88.2) 3(60.0)
Median follow up time (range) (months) 35(13-43) 27 (20 - 35)
Median EDSS at last review (range) 1.0(0-6.5) 1.0(0-3.0)
N with good outcome (%) 11 (64.7) 3(60.0)
N with moderate outcome (%) 5(29.4) 1(20.0)
N with poor outcome (%) 1(5.9) 1(20.0)
N relapsers (%) 6 (35.3) 0
N seroreverted (%) 2(11.8) 3(60.0)

** N ChAdOx1S = 13; N BNT162b2 =0

t N ChAdOx1S = 13; N BNT162b2 =1

tt N ChAdOx1S = 12; N BNT162b2 =0

¥ Titres measured by serial dilutions. Median value is not numerical median.
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Paraclinical data (see table 32 & 33)

As most patients presented initially to their local hospitals rather than

the John Radcliffe Hospital, investigations varied between patients.

One patient presenting with unilateral ON had received treatment for a
latent syphilis infection two weeks prior to onset. As this patient
recovered without intervention, subsequently relapsed twice and MOG
antibodies were persistently positive, his presentation was felt to be due

to MOGAD rather than tertiary syphilis.

Another patient with TM was found to have Borrelia IgG in CSF and
serum as well as Borrelia IgM in the serum. They received intravenous
methylprednisolone and recovered significantly prior to treatment with
ceftriaxone. Classic radiological features of MOGAD (LETM with a lesion
in the conus), the rapid response to steroids before antibiotic treatment
and persistently high MOG antibody titres were more consistent with

MOGAD than neuroborreliosis.

No other patient was found to have coexistent infection or

autoimmunity explaining their presentation.

Four patients were tested for SARS-CoV-2 N antibodies after a median of
7 months from symptom onset. One patient had equivocal results and

the remainder were negative.
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Radiological supratentorial and/or brainstem inflammatory lesions were
observed in over half ChAdOx1S recipients (9/17; 52.9%) and none of
the BNT162b2 recipients. Lesions were typically multifocal, fluffy T2

hyperintensities (fig 32 - 35)°.

Of 11 ChAdOXx1S recipients with TM, 6 (54.5%) had radiologically
confirmed LETM (fig 32 - 34). The one BNT162b2 recipient with TM had

multiple short cord lesions (fig 36).

Figure 32a-c. MRl brain and spinal cord of a 52year-old post-ChAdOx1S MOGAD
patient presenting withrhomboencephalitis, ON and TM

a) Axial T2 weighted brain MRI. b) Axial T2 -weighted FLAIR MRI. c) Sagittal T2-weighted cervical spine
Bilateral T2 hyperintensities withinthe ~ Multifocal hyperintensities involvingthe ~ MRI. Longitudinally extensive transverse
middle cerebellar peduncles left trigone (i), posterior limb of the left myelitis extending between the levels of
characteristic of MOGAD (arrows) internal capsule (i) and frontal horn of C3andT1 (arrows)

the right lateral ventricle (iii). These are
not typical of MOGAD presentingin
adulthood

6 Image 32 was published in Francis, Elhadd, Camera et al., Acute inflammatory
diseases of the central nervous system after SARS-CoV-2 vaccination. Neurol
Neuroimmunol Neuroinflamm 2022;10(1):e20063

149



Figure 33a-c. MRI brain and spinal cord of a 28year-old post-ChAdOx1S
MOGAD patient presenting with paraparesis and urinary retention

a) Axial T2 weighted brain MRI. b) Sagittal T2 weighted c) Sagittal post-gadolinium T1
Ill-defined large left occipital whole spine MRI. T2 weighted cervical spine MRI.
T2 hyperintensity (arrow) hyperintensity and Patchy enhancement of
oedema extending from transverse myelitis (arrows)
the level of C2 to the
conus

Figure 34a-c. MRl brain and spinal cord of 38year-old post-ChAdOx1S MOGAD
patient presenting with fever, confusion, paraparesis and urinary retention

a) Axial T2 weighted brain MRI. b) Sagittal T2 weighted c) Axial T2 weighted cervical spine MRI.
Diffuse, fluffy hyperintensities in cervicothoracic spine Symmetrical grey matter T2

the pons and left middle MRI. Mixed short (dashed hyperintensity (arrow)

cerebellar peduncle (arrow) arrows) and long (solid

arrows) lesions
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Figure 35a-d. MRl brain and spinal cord of a 58year-old post-ChAdOx1S
MOGAD patient presenting with urinary retention and lower limb dysaesthesia

a) Axial T2 weighted brain MRI. b) Axial T2 weighted brain MRI. c) Axial T2 weighted brain MRI. d) Sagittal T2 weighted

Bilateral T2 hyperintensities within Fluffy T2 hyperintensity in the Fluffy T2 hyperintensity in the right ~ cervicothoracic spine MRI.

the middle cerebellar peduncles, right cerebral peduncle (arrow) trigone (arrow) Borderline longitudinally extensive
more marked on the right (arrows) transverse myelitis extending

between levels of C2 and C4 (solid
arrows). Multiple poorly —defined
short cord lesions (dashed arrows)

Figure 36a & b. MRl spinal cord of 3tyear-old post-BNT162b2 MOGAD patient
presenting with lower limb dysaesthesia, paraparesis and urinary retention

a) Sagittal T2 weighted thoracic spine b) Axial T2 weighted thoracic spine MRI.
MRI. Short T2 hyperintensity with T2 hyperintensity affecting the grey
localised oedema (arrow). Other short matter, producing “H” sign described in
lesions were observed throughout the MOGAD (arrow)

thoracic cord

Fourteen (82.4%) ChAdOx1S patients underwent CSF examination
compared with only 2 (40%) BNT162b2 recipients. CSF leucocyte count
was only recorded for ChAdOXx1S recipients and was moderately
elevated (median 36/uL). Median CSF protein concentration in
ChAdOx1S recipients was slightly elevated (0.60 g/L) but 2 patients had

concentrations greater than 1g/L. As only one BNT162b2 recipient had
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CSF protein concentration recorded, comparison was not possible. None

of the patients tested had unmatched oligoclonal bands in the CSF.

Longitudinal outcomes (see table 32 & 33)

Over a median follow-up period of 31 months, 6/22 (27.3%) MOGAD
patients relapsed, all of whom received ChAdOx1S. Four patients had 5
episodes of isolated ON, one had ON and a new cerebral lesion on MRI

and another had a brainstem relapse.

Median EDSS score at last follow-up was 1.0, which was the same
among ChAdOXx1S recipients (range 0 - 6.5) and BNT162b2 recipients

(range 0 - 3.0).

Outcomes were similar across the two vaccines. Of the 17 ChAdOx1S
recipients, 11 (64.7%) achieved a good outcome, 5 (22.7%) had a
moderate outcome and 1 (4.5%) achieved a poor outcome because they
required bilateral walking aids. Of the 5 BNT162b2 recipients, 3 (60%)
had a good outcome, 1 (20%) had a moderate outcome and 1 (20%)
had a poor outcome due to persistent visual impairment. Five patients

with moderate outcome had residual sphincter dysfunction.

Four (18.2%) patients were on long-term immunosuppressant
medications at last review. All had received ChAdOx1S, all had
experienced at least 1 relapse and all remained MOG antibody

seropositive on latest testing.
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After a median interval of 24.5 months between initial and latest
antibody testing, MOG antibodies were below the diagnostic threshold in

2/17 (11.8%) ChAdOXx1S recipients and 3/5 (60%) BNT162b2 recipients.

In summary, post-vaccine MOGAD patients were more likely to
have received ChAdOx1S than BNT162b2. ChAdOXx1S recipients
were more likely to present with TM, often in conjunction with
symptomatic or asymptomatic brain lesions. This is in
contradistinction to the BNT162b2 recipients, who largely
presented with ON and in whom inflammatory brain lesions
were not seen. MOGAD patients that received ChAdOx1S were
more likely to relapse and less likely to serorevert than

BNT162b2 recipients.

a||) Analysis by diagnosis (full cohort): Post-vaccine seronegative

AICS

Demographics and phenotypes (see table 32 & 34)

Thirteen patients developed AICS in the absence of MOG or AQP4
antibodies within 8 weeks of SARS-CoV-2 vaccination. Eight (61.5%)
developed symptoms after receiving ChAdOx1S and 5 (38.5%)
developed symptoms following vaccination with BNT162b2. All 8
ChAdOXx1S recipients and 3/5 (60%) BNT162b2 recipients had onset

after the first dose of vaccine.
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Table 34. Characteristics of post-vaccine seronegative cases according to vaccine type

_________________[cnhadoxis BNT162b2

N (%) 8 5
N female (%) 3(37.5) 4(80.0)
Median age (range) (years) 42.5(35-58) 27 (18 - 36)
Median interval (range) (days) 11 (6 -23) 32(7-42)
Onset after first vaccine (%) 8(100) 3(60.0)
Clinical phenotype
ON alone (%) 2(25.0) 2(40.0)
TM alone (%) 3(37.5) 2 (40.0)
ON +TM (%) 1(12.5) 1(20.0)
Brain/ brainstem alone* 0 0
Brain/brainstem + TM and/or 2(25.0) 0
ON (%)*
Any TM (%) 6(75.0) 3(60.0)
Radiological brain/ brainstem (%)* 5(62.5) 1(20.0)
Median EDSS at nadir (range)$§ 4.0(3.0-10.0) 3.5(2.5-8.5)
Median CSF leucocyte count (cells/plL) (range) 4.5 (0 -489) 1(0-19)
Median CSF protein (g/L)* 1.13(0.37 -6.81) 0.32(0.23-0.91)
Patients with unmatched CSF OCBs (%) 1t 0 2 (50.0)
N acute treatment (%) 8(100) 5(100)
N PO or IV steroid (%) 7 (87.5) 5(100)
N IVIg (%) 3(37.5) 0
N PLEX (%) 6(66.7) 1(20)
N oral steroid taper > 1 month 4 (50) 4(80.0)
Median follow up time (range) (months) 38 (17 -44) 42 (5-44)
Median EDSS at last review (range)$§ 3.0(0-10.0) 2.0(1.0-3.0)
N with good outcome (%) 2(25.0) 2(40.0)
N with moderate outcome (%) 3(37.5) 3(60.0)
N with poor outcome (%) 3(37.5) 0
N relapsers (%) 1(12.5) 0
N with final diagnosis MS (%) 0 2 (40)

*This does not This does not include the 3 patients with lower motor neuron facial weakness
§ N ChAdOx1S = 8, including 1 patient who died. Excluding this patient reduces median EDSS
at nadir to 3.5 and median EDSS at follow-up to 2.5; N BNT162b2 = 4

TN ChAdOx1S = 7; N BNT162b2 = 5 (CSF protein concentration of 6.81 g/L was verified.
Patient had concomitant demyelinating polyradiculoneuropathy)

1t N ChAdOx1S = 7; N BNT162b2 =5

ChAdOx1S recipients were older than BNT162b2 recipients (median
ages 42.5 years and 27 years, respectively), reflecting JCVI guidance

(255,256). Median interval between vaccination and disease onset was
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shorter among ChAdOXx1S recipients (11 days) than BNT162b2
recipients (32 days) and all patients presented within 42 days of

vaccination.

One ChAdOx1S recipient had a history of psoriatic arthritis and another
had IgA glomerulonephropathy and cerebral palsy. One BNT162b2
recipient had type 1 diabetes mellitus and another had urticaria and

idiopathic angioedema.

As observed in the post-vaccine MOGAD cohort, TM was more common
among ChAdOx1S recipients (6/8; 75%) than BNT162b2 recipients (3/5;
60%). Symptomatic brain lesions accounted for 2/8 (25%) of post-
ChAdOx1S presentations and none of the post-BNT162b2 presentations.
ON was more common after BNT162b2, affecting 3/8 (37.5%) ChAdOx1S

recipients but 3/5 (60.0%) BNT162b2 recipients (fig 37).

Figure 37. Proportions of clinical phenotypes among post-vaccine
seronegative AICS patients by vaccine type

ChAdOx1S BNT162b2

Isolated ON
25.0%

Brain/BS +
ON/TM
25.0%

Isolated ON
40.0%

Isolated TM
40.0%

Isolated TM
37.5%

Of the 12 patients with data available, median EDSS score at nadir was
3.75 and was similar in both vaccine groups (4.0 after ChAdOx1S and

3.5 after BNT162b2). The highest EDSS score among ChAdOx1S
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recipients was 10 (death due to disease), which occurred in a 44-year-

old man with IgA glomerulonephropathy and cerebral palsy.

All patients received rescue therapy, 12 (92.3%) with intravenous or
oral steroid and 1 (7.7%) with IVIg for presumed GBS. Six (75.0%)
ChAdOx1S recipients required treatment escalation. Only 1 (20%)
BNT162b2 required treatment escalation, reflecting the greater

incidences of TM and brain lesions among ChAdOx1S recipients.

An unusual phenotype amongst seronegative ChAdOXx1S recipients

Simultaneous focal or generalised neuropathies and AICS were
diagnosed in 5/13 (38.5%) of the post-ChAdOx1S seronegative cohort,
all after the first dose. The combination of acute CNS and PNS pathology

was not observed in the post-BNT162b2 cohort.

The first patient developed a rapidly progressive ADEM-like disease with
dramatic brain and spinal cord lesions (fig 38). Nerve conduction studies
revealed a widespread sensorimotor neuropathy with axonal and
demyelinating features. CSF protein was 4.48 g/L and GBS was
considered. No causative antibody was detected. This patient died of

ADEM 31 days after vaccination.

The second case presented with bilateral ON and facial diplegia 11 days
after their first ChAdOx1S vaccine. An MRI confirmed bilateral T2

hyperintensity and gadolinium enhancement of the geniculate ganglia

156



and facial nerves (fig 39). CSF protein concentration was elevated at

1.13 g/L.

The third patient presented 8 days after vaccination with back pain and
leg paraesthesia followed by facial diplegia, headache, meningism and
Lhermitte’s phenomenon. An MRI of the spinal cord at onset was
unremarkable, nerve conduction studies confirmed patchy peripheral
demyelination and CSF analysis revealed a markedly elevated protein
concentration of 6.81 g/L with pleiocytosis. A repeat MRI scan of the
spinal cord 5 months after symptom onset confirmed a short thoracic

cord lesion.

The fourth patient presented 19 days after the ChAdOx1S vaccine with
left lower motor neuron facial weakness, distal paraesthesia, leg
weakness and urinary urgency. An MRI confirmed TM (fig 40) and

enhancement of the left facial nerve in the internal acoustic meatus.

The final patient presented with confusion, somnolence, seizures and
flaccid paraparesis 16 days after vaccination. Nerve conduction studies
were not undertaken. CSF protein concentration was elevated at 3.30 g/
L. An MRI of the brain and spinal cord revealed multifocal ADEM-like
lesions affecting white and grey matter and LETM (fig 41). This patient

tested positive for acute Hepatitis E virus.
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Figure 38a-d. MRl brain and spinal cord of a 44year-old post-ChAdOx1S seronegative
patient presenting with ophthalmoplegia, flaccid paraparesis,rhomboencephalitis and
ventilatory failure

a) Sagittal T2 weighted FLAIR b) Axial T2 weighted brain c) Axial T2 weighted brain d) Sagittal T2 weighted MRI

brain MRI. Multifocal MRI. Multifocalill-defined MRI. Multifocal spinalcord. LETM extending
hyperintensities throughout the hyperintensities affecting the hyperintensities including from the cervicomedullary
white matter and deep grey white matter, basal ganglia within the right inferior junction to the lower thoracic
matter and thalami temporal lobe and midbrain cord

Figure 39a & b. MRI brain of a 50-year-old post-ChAdOx1S seronegative
patient presenting with seronegative optic neuritis and facial diplegia

a) Axial post -gadolinium T1 b) Axial post -gadolinium T1
weighted MRI brain. Contrast weighted MRI brain. Contrast
enhancement of the right facial enhancement of the left facial
nerve and geniculate ganglion nerve and geniculate ganglion
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extending from the levelof C5to T3

in thoracic cord

a) Sagittal T2 weighted spinal cord MRI.
Long central cord lesion with oedema

(solid arrows) with shorter cord lesions

Figure 40a & b. MRl spinal cord of a 4tyear-old post-ChAdOx1S seronegative
patient presenting with transverse myelitis and unilateral facial palsy

b) Axial T2 weighted cervical cord MRI.
Hyperintensity predominantly affecting
the central and dorsal spinal cord
(arrow)

a) Sagittal T2 weighted FLAIR brain MRI.
Multifocal lesions within occipital lobe
(solid arrow), thalamus (dashed arrow),
hypothalamus (asterisk), midbrain
(arrowhead) and cerebral white matter (")

Figure 41a & b. MRI brain and spinal cord of a 40-year-old post-ChAdOx1S
seronegative patient presenting with confusion, seizures and flaccid paraparesis

b) Sagittal T2 weighted cervical spine MRI.
Longitudinally extensive lesion from mid
cervical to upper thoracic cord (arrow,
lower boundary not captured here)

Paraclinical data (see table 32 & 34)
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Investigations varied between patients. One ChAdOx1S recipient tested
positive for Hepatitis E virus (see above). One patient’s serum tested
positive for Borrelia IgM but they died before further tests were
undertaken (see above). Their presentation was not consistent with
Lyme disease. Antinuclear antibodies were detected in one patient. No
other patient had an infectious or autoimmune cause of their symptoms

found.

Two patients were tested for SARS-CoV-2 anti-N antibodies. One was

positive, the other negative at 12 months after symptom onset.

Inflammatory parenchymal brain lesions were observed in 5/8 (62.5%)
ChAdOx1S recipients (fig 38, 41 & 42). Facial nerve hyperintensity and
enhancement were seen on MRI scans of a further 3 ChAdOx1S
recipients. In contrast, only 1/5 (20%) BNT162b2 recipients had
intracranial lesions. These consisted of multiple well-circumscribed
periventricular and juxtacortical cerebral lesions, consistent with a

diagnosis of MS (fig 43).

Four (50.0%) ChAdOXx1S recipients had LETM (fig 38, 40 - 42) and 2
(25.0%) had short cord lesions. Only 1 (20.0%) BNT162b2 recipient had
LETM. Two (40.0%) had short cord lesions, including the patient with

other radiological features of MS (fig 43).
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Figure 42a-c. MRl brain and spinal cord of a 35-year-old post-ChAdOx1S
seronegative patient presenting with back pain and tetraparesis

a) Axial T2 weighted brain MRI. b) Sagittal T2 weighted c) Axial T2 weighted thoracic spinal
Well-defined biparietal white cervicothoracic spinal cord MRI. cord MRI. Hyperintensity and
matter T2 hyperintensities Hyperintensity and oedema from swelling affecting the whole
(arrows) the cervicothoracic junction to the diameter of the cord (arrow)

conus

Figure 43a-c: MRI brain and spinal cord of an 18-year-old post-BNT162b2
seronegative patient presenting with paraparesis and urinary incontinence

a) Coronal T2 weighted FLAIR b) Axial T2 weighted cervical c) Sagittal T2 weighted
MRI brain. Well-defined spinal cord MRI. T2 cervicothoracic spinal cord
periventricular (solid arrow), hyperintensity involving right MRI. Short cervical spine
juxtacortical (dashed arrow) hemicord (arrow) hyperintensity (arrow)

and deep white matter (asterisk)
lesions, typical of MS

All seronegative patients underwent CSF analysis. Median CSF leucocyte
count was within normal range in the post-ChAdOx1S and post-
BNT162b2 groups (4.5/uL and 1/uL, respectively), although two patients
in the ChAdOx1S group had CSF leucocyte counts of >50/uL. Median
protein was elevated in the ChAdOXx1S recipients (1.13 g/L) but not the

BNT162b2 recipients (0.32 g/L). Four ChAdOx1S recipients had CSF
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protein concentrations >1 g/L, all had focal or generalised neuropathies

and 2 had ADEM.

Unpaired oligoclonal bands were detected in none of the CSF samples
from ChAdOXx1S recipients and in 2/5 (40%) of CSF samples from
BNT162b2 recipients, including one patient with multiple MS-like lesions

on MRI.

Post-mortem brain and spinal cord biopsies were available from one
seronegative ChAdOx1S recipient. The cortex and white matter were
grossly oedematous. Histological examination of the cerebrum and
brainstem showed demyelination with relative axonal sparing and
perivascular infiltrates of foamy macrophages and T lymphocytes (fig

44). These features are characteristic of ADEM.

Figure 44a-c. Post-mortem biopsy specimens taken from a post-ChAdOx1S
seronegative patient with ADEM and flaccidtetraparesis

L it

a) Luxol fast blue staining of section b) Luxol fast blue staining of section ¢) CD68 (macrophage) staining of

through cerebral peduncle. Asterisk  through cerebral peduncle with region of cerebral peduncle adjacent
represents a blood vessel with patchy demyelination (white) to b. Densest macrophage infiltration
surrounding pallor caused by (brown) corresponds with areas of
demyelination demyelinationinb

Images courtesy of Dr Monika Hofer

Longitudinal outcomes (see table 32 & 34)

Median follow-up time was similar- 38 months for the ChAdOx1S cohort
and 42 for the BNT162b2 cohort. One ChAdOXx1S recipient relapsed with

ON and commenced azathioprine. None of the BNT162b2 recipients had
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further clinical events. However, both BNT162b2 recipients with CSF-
restricted oligoclonal bands developed silent intracranial lesions on
serial imaging and both have been diagnosed with MS and commenced

disease modifying therapies.

Median EDSS score at last follow-up was 2.0 (range 1.0 - 10)*’. Although
median final EDSS scores were similar, 2/7 (28.6%) surviving ChAdOx1S
recipients had final EDSS scores > 6.0, whereas the maximum EDSS

score among BNT162b2 recipients was 3.0.

Four patients (30.8%) had good outcomes, 6 (46.2%) had moderate
outcomes and 3 (23.1%) had poor outcomes. All patients with poor

outcomes received ChAdOXx1S.

In summary, like post-ChAdOx1S MOGAD patients, post-
ChAdOXx1S seronegative AICS cases typically presented with TM,
sometimes in conjunction with intracerebral lesions. Five
(62.5%) ChAdOXx1S recipients presented with generalised or

facial neuropathies, often with hyperproteinorrachia.

Relapses were rare in the seronegative cohort. Outcomes were
generally poorer among ChAdOXx1S recipients, reflecting the
higher incidence of ADEM and LETM. Two of the BNT162b2

recipients have been diagnosed with MS.

7 If the patient who died is excluded, median EDSS score remains 2.0 (range 1.0 -
8.0).
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a||) Analysis by diagnosis (full cohort): Post-vaccine AQP4+ NMOSD

Only 3 cases of new-onset AQP4+ NMOSD presented within 8 weeks of
SARS-CoV-2 vaccination. Two occurred following first-dose ChAdOx1S

and one followed the second BNT162b2 vaccine.

Due to small numbers, comparison of clinical and paraclinical features
between vaccine types was not performed. All patients were female and
all identified as Afro-Caribbean. None had pre-existing autoimmune or
neurological disease. Each case is outlined below and information is

summarised in table 32.

One 28-year-old presented with symptoms of brainstem and spinal cord
inflammation the day following her first ChAdOx1S vaccination. An MRI
confirmed cervical LETM, a discrete pontine lesion and periependymal
enhancement, typical of AQP4+ NMOSD (fig 45). CSF confirmed a
lymphocytosis (41 cells/uL) with normal protein concentration (0.3 g/L)
and no oligoclonal bands. An autoimmune screen detected antibodies to
nuclear antigens, DNA and Ro. There were no clinical features of
systemic lupus erythematosus or sicca syndrome. She received IV
methylprednisolone acutely followed by an oral prednisolone taper. Due
to personal preferences, the patient remained on only prednisolone for
over a year before relapsing with TM. She subsequently commenced
ciclosporin. Thirty-six months after onset her EDSS score was 0 and her

outcome was good.
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Figure 45a-c. MRl brain and spinal cord of 28-year-old post-ChAdOx1S AQP4+ NMOSD
patient presenting with unilateral neck and facial pain, diplopia and hand paraesthesia
and weakness

a) Axial post -gadolinium T1 b) Axial T2 weighted cervical c) Sagittal T2 weighted cervical
weighted MRl brain. Subtle spinal cord MRI. Bright spotty spine MRI. Cervical LETM
periependymal contrast lesions (arrow), described in (arrows)

enhancement (arrow), described AQP4+ NMOSD

in AQP4+ NMOSD

Another patient presented at age 50 years with reduced visual acuity,
area postrema syndrome and diplopia 25 days after her first ChAdOx1S
vaccine. She had a history of Hepatitis B infection but her viral load was
undetectable at onset of neurological symptoms. An MRI revealed T2
hyperintensities in the periaqueductal grey typical of area postrema
syndrome with additional lesions in the brainstem and cervical cord,
despite absence of myelopathic signs or symptoms (fig 46). CSF
analysis was unremarkable (lymphocyte count 5/uL, protein
concentration 0.43g/L, no unmatched oligoclonal bands). An
autoimmune screen detected antibodies to nuclear antigens, DNA and
smooth muscle but there were no features of systemic lupus
erythematosus or autoimmune hepatitis. She received IV
methylprednisolone and plasma exchange (PLEX), followed by
mycophenolate mofetil and long-term prednisolone. AQP4 antibodies

were below the threshold of detection 18 months after her attack. At 41
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months after onset there were no relapses, outcome was moderate and

EDSS score at last follow-up was 2.0.

Figure 46a-c. MRI brain and spinal cord of a 50-year-old post-ChAdOx1S
AQP4+ NMOSD patient presenting with area postrema syndrome, diplopia
and unilateral optic neuritis

a) Coronal T2 weighted FLAIR b) Axial T2 weighted MRI brain. c) Sagittal T2 weighted
MRI brain. Poorly -defined Poorly-defined lesion abutting cervical MRl spine.
medullary lesion (arrow) fourth ventricle (arrow) Asymptomatic central cord

lesion (solid arrows) and
posterior medullary lesion
(dashed arrow)

The final patient presented at age 46 years with reduced visual acuity in
the left eye 55 days after her second BNT162b2 vaccine. She had a
history of type 2 diabetes mellitus. An MRI of the brain was normal but
no dedicated orbital imaging was obtained and CSF was not sampled.
An autoimmune screen detected antibodies to nuclear antigens, DNA
and Ro but there were no symptoms or signs of systemic lupus
erythematosus or sicca syndrome. She received a 5-day course of oral
methylprednisolone but no tapering course of steroid. AQP4 antibodies
were not checked at the time of presentation. The patient relapsed with
TM the following year. AQP4 antibodies were assayed approximately 2

years after her initial presentation. She started oral prednisolone but
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relapsed again with TM, after which rituximab infusions were
commenced. After a follow-up of 39 months, outcome was moderate

and EDSS score was 4.0.

In summary, 3 patients presented with a first attack of AQP4+
NMOSD within 8 weeks of SARS-CoV-2 vaccination, including
one who developed symptoms within 24 hours of vaccination
and one who developed symptoms 55 days later. Demographic,
clinical and radiological features were largely typical of AQP4+
NMOSD. All had evidence of immune dysregulation with
antibodies to nuclear antigens and DNA, which are often

present in patients with AQP4+ NMOSD.
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b) Proportion of new-onset AICS occurring within 8 weeks of

SARS-CoV-2 vaccination (John Radcliffe Hospital cohort)

By September 2024, Oxford NMODAS had reviewed 57 adult patients
with first episode AICS in the 60 weeks from 1%t December 2020 to 26™"
January 2022 at the John Radcliffe Hospital (fig 47). Of these, over half

(29; 50.9%) occurred within 8 weeks of a SARS-CoV-2 vaccination.

Figure 47. Patients with new AICS between 15t December 2020 and 26" January
2022 reviewed by Oxford NMODAS at the John Radcliffe Hospital

Patients with new onset AICS
seen by Oxford NMODAS at the

John Radcliffe Hospital. n = 57

Non-post-
vaccine n = 28

A
MOGADn =19 ‘ Seronegative n = 8 ‘ AQP4:=N£AOSD ’ MOGAD n =17 Seronegative n = 3 AQP4; E:\SAOSD

I R

Post-vaccine n = 29

ChAdOX1Sn =15 (2 ChAdOx1Sn =5 (0 ChAdOX1Sn=1(0
after second dose) after second dose) after second dose) ChAdOx1Sn=9 (5 ChAdOx1Sn=0 ChAdOx1Sn=4(3
prior to onset) BNT162b2n=1(0 prior to onset)
BNT162b2n =4 (2 BNT162b2n =3 (0 BNT162b2n=1(1 BNT162b2n=4(3 prior to onset) BNT162b2n=6 (1
after second dose) after second dose) after second dose) prior to onset) mMRNA-1273n=1 prior to onset)
4 unvaccinated (0 prior to onset) 1 unvaccinated

1 unvaccinated
Created with Biorender

2 AQP4+ NMOSD patients received both ChAdOx1S and BNT162b2 between 1%
December 2000 and 1%t December 2021. Vaccines listed for post-vaccine patients are
vaccines received within 8 weeks prior to disease onset. In all non-post-vaccine
diagnostic categories, most vaccinated patients received multiple doses of the same
vaccine during the period of interest.

There were 36 instances of new-onset MOGAD over the 60-week
observation period, of which 19 (52.8%) occurred in the 8 weeks

following vaccination (15 after ChAdOXx1S, 4 after BNT162b2).
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Eleven patients had seronegative AICS. Eight (72.7%) occurred within 8
weeks of SARS-CoV-2 vaccination, (5 after ChAdOx1S and 3 after

BNT162b2).

Ten patients had new onset AQP4+ NMOSD. Two (20%) occurred within
8 weeks of SARS-CoV-2 vaccination, 1 after ChAdOx1S vaccination and 1

after BNT162b2.

c) Index dose analysis (John Radcliffe Hospital cohort)

c.i) Index dose analysis for all AICS

Twenty-one (72.4%) of the post-vaccine cases seen at the John Radcliffe

Hospital followed ChAdOx1S and 8 (27.6%) followed BNT162b2.

Of the 28 non-post-vaccine AICS patients, 6 (21.4%) received no SARS-
CoV-2 vaccines between December 2020 and December 2021 and 10

received a first SARS-CoV-2 vaccine after disease onset (fig 47).

The remaining 12 non-post-vaccine cases with disease onset after
vaccination were included in index dose analyses. Eight had received

ChAdOx1S and 4 had received BNT162b2 most recently.

The OR of a post-vaccine patient having received ChAdOx1S versus
alternative compared with a non-post-vaccine case prior to onset was

1.30 (p = 0.72).

c.ii) Index dose analysis for MOGAD
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Of the 19 post-vaccine MOGAD cases, 15 (78.9%) followed ChAdOx1S

and 4 (21.1%) followed BNT162b?2.

Of the 17 non-post-vaccine MOGAD patients, 8 received at least one
SARS-CoV-2 vaccine prior to symptom onset. Five had received
ChAdOx1S most recently and 3 had received BNT162b2 most recently.
The OR of a post-vaccine MOGAD patient having received ChAdOx1S
versus alternative compared with a non-post-vaccine case was 2.18 (p

= 0.63).

c.iii) Index dose analysis for seronegative AICS

Of the 8 post-vaccine seronegative AICS cases, 5 (62.5%) experienced
symptom onset after ChAdOx1S and 3 (37.5%) experienced symptom

onset after BNT162b2.

All 3 non-post-vaccine seronegative cases were unvaccinated prior to

onset so index dose analysis was not possible.

d) Relapse on revaccination

Of the post-ChAdOx1S AICS cases, 11/21 (52.4%) were not vaccinated
against SARS-CoV-2 again, 4 (19.0%) received at least one further
ChAdOx1S vaccine and 6 (28.6%) received at least one further
alternative. Of the post-BNT162b2 cases, 5/8 (62.5%) were not

revaccinated and 3 (37.5%) had at least one further dose of BNT162b2.
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None of the 13 patients who were revaccinated after their first attack

had a relapse within 8 weeks of revaccination.

Summary: New instances of MOGAD and seronegative NMOSD
seen by the Oxford NMODAS between December 2020 and
January 2021 clustered in the 8 weeks after patients received
their SARS-CoV-2 vaccinations. The majority of cases followed
ChAdOXx1S. Post-vaccine MOGAD patients were twice as likely to
have received ChAdOx1S prior to onset as non-post-vaccine
vaccinated patients, but this did not reach statistical

significance.
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Chapter 8

Post-SARS-CoV-2 vaccine acute inflammatory CNS syndromes
part 2: Epidemiological and statistical analyses (focus on

MOGAD)

8.1) Methods: Epidemiological and statistical analyses

The data presented in chapter 7 suggested an association between the
ChAdOx1S vaccine and AICS, particularly with MOGAD. The following

analyses focus on this potential relationship.

a) Conditional odds ratios of receiving ChAdOx1S versus alternative

in the post-vaccine AICS, MOGAD and seronegative AICS cohorts

compared with the English population

Because vaccine dominance in the post-vaccine AICS group and
subgroups could reflect national patterns of vaccination, the proportions
were compared with the patterns of vaccination observed in the English

population.

Odds of a post-first-dose AICS patient receiving ChAdOx1S versus
alternative SARS-CoV-2 vaccine prior to onset were calculated as
described in appendix 16. For the remainder of the text, the post-first-
SARS-CoV-2 vaccine-onset AICS, MOGAD and seronegative groups will
be referred to as the post-first-dose AICS group, the post-first-dose

MOGAD group and the post-first-dose-seronegative group, respectively.
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Upon request, the MHRA provided vaccine records that included the
number of vaccines administered each week in England between 7
December 2020 and 5™ December 2022, sorted by brand, dose number

and age.

The conditional odds of receiving a first dose of ChAdOXx1S in the adult

English population were calculated as described in appendix 16.

Conditional ORs were calculated as the odds of a post-first-dose AICS
patient receiving a first dose ChAdOx1S vaccine versus alternative
compared with the odds of a first-dose vaccine recipient in the English

population receiving ChAdOx1S.

Following the publication of guidance by the JCVI in May 2021
recommending avoidance of ChAdOx1S in people under 40 years old
(255,256), there was a shift in the age-specific proportions of people
receiving ChAdOx1S. To account for this, data were stratified according
to date of vaccination (7" December 2020 to 2" May 2021 versus 3™
May 2021 to 5" December 2021) and age at vaccination (18 - 39 years

versus = 40 years).

ORs were calculated for the whole post-vaccine AICS, MOGAD and

seronegative cohorts.

It was important to determine whether any significant ORs were limited
to comparisons between the post-vaccine AICS and MOGAD groups with
the English population or whether the same pattern was observed in

non-post-first-dose cases. The latter would indicate some shared
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demographic variable amongst people with MOGAD that increased risk
of receiving a certain vaccine, rather than a certain vaccine increasing

risk of MOGAD (reverse causality).

To exclude this, analysis was repeated for the post-first-dose AICS cases
seen at the John Radcliffe Hospital and for new-onset AICS cases who
received at least one dose of SARS-CoV-2 vaccine between 1
December 2020 and 31 November 2021 but experienced symptom
onset outside the 8-week post-exposure period (the “non-post-first-dose
AICS” cohort). In this way, it was possible to directly compare the
conditional ORs of post-first-dose AICS and non-post-first-dose AICS.
Similar ORs in both groups would suggest a common risk factor for
exposure to ChAdOx1S and to AICS, rather than causality (appendix 16).
Limiting analyses to the John Radcliffe Hospital populations also
permitted comparison of the conditional odds of receiving a first dose of
ChAdOx1S in the post-first-dose AICS group and the non-post-first-dose

AICS group.

b) Self-controlled case series (John Radcliffe Hospital cohort)

The self-controlled case series (SCCS) is a method of modelling the
incidence rate ratio or hazard ratio following an exposure. Like a cohort
study, the incidence or hazard of an event in the presence of an
exposure is compared with the incidence or hazard in the absence of an
exposure. Unlike a cohort study, comparison is not between exposed

and unexposed groups, but rather between exposed and unexposed
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periods in the same individual (230). This means time-invariant
influences on incidence rate (race, socioeconomic status etc) that would
need to be controlled for in cohort or case-control studies can be

ignored (230,257).

The SCCS also has features of a case-control study, in that cases are
identified and times of exposures sought retrospectively, meaning the

event of interest can be rare (258).

The SCCS models the conditional likelihood of the distribution of the
events observed. It does not address the question, “what is the risk of
an event after an exposure?”, but rather, “given an event occurs, how
much more likely is it to occur following an exposure compared with a
period outside the post-exposure window?” (257). The statistic of
interest is the change in incidence rate between exposed and
unexposed periods, i.e., the incidence rate ratio (IRR). This is useful
when the population at risk of the event and population/ baseline

incidence rate are unknown (230).

The SCCS method has been used in multiple studies of vaccines

(257,259,260), including SARS-CoV-2 vaccines (247,248,261).
For a more detailed explanation of the rationale, see appendix 17.

The populations of interest were patients with new-onset AICS, MOGAD
and seronegative AICS cases seen by the NMODAS at the John Radcliffe
Hospital'®. The events of interest were first attack of AICS, MOGAD or

seronegative AICS and the exposure was first dose of ChAdOx1S

18 By definition, only those exposed to ChAdOx1S were included in the analyses
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vaccine. The risk period was an 8-week interval starting on the day of

vaccination (appendix 17).

The SCCS package available via the CRAN website (262) was used to
calculate the incidence rate ratio using R (v4.4.1) (163). Codes were

adapted from those published by Farrington and colleagues (257).

For the combined AICS group, the MOGAD group and seronegative AICS
group, model 1 examined the IRR of onset of all first attacks during the
8-week window after the first ChAdOx1S vaccine. Sensitivity analysis

was conducted by reducing the post-exposure risk period to 6 weeks in

model 2.

c) Seasonality of MOGAD attacks, focusing on onset attacks (John

Radcliffe Hospital cohort)

Another epidemiological method of identifying associations between a
potential environmental exposure and disease is to compare the timings
of the peak of exposure with the peak of disease incidence. If exposure
is a trigger, the peak of the population exposures should coincide with
or slightly precede the peak in disease incidence. It is important to

identify seasonal peaks in the absence of an exposure.

Other studies have used temporal trends to identify AEFIs. For example,
the association between the Pandemrix influenza vaccine and a 17-fold

increased risk of narcolepsy in Finland was identified because the peak
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incidence closely followed the highest vaccine administration rates

(260,263).

The Oxford NMODAS REDCap and Microsoft Access™ databases were
interrogated for all MOGAD onset attacks and relapses occurring in
adults between 1% January 2010 and 31 December 2021. Only patients
meeting Banwell criteria for diagnosis of MOGAD were included (46). If
there was uncertainty regarding the date, veracity or phenotype of the
attack, the patient’s electronic and paper records were checked and the
local consultant was contacted for clarification. Attacks without
sufficient data or attacks occurring within 1 month of a preceding attack

were excluded.

Seasonality analysis was performed for total attacks, onset attacks and
relapses. Attacks between 2010 and 2020 were combined to improve
the power of the analyses to detect seasonal fluctuations. Data from
2021 were analysed separately to determine whether seasonal patterns
of attacks during the vaccine roll-out differed to those of preceding

years.

Seasonality was assessed using Edwards’ test with Roger’'s modification
(appendix 18). The primary outcomes were seasonality of total attacks
and seasonality of onset attacks. The significance threshold was set at «

=< 0.05.

Statistical analysis was performed using the DESCRIBE package within
WINPEPI, version 3.18 (264). This automatically adjusts for length of

month.
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8.2) Results: Epidemiological and statistical analyses

a) Conditional odds ratios of receiving ChAdOx1S versus alternative

in the post-vaccine AICS cohort and subgroups compared with the

English population

For English population and AICS cohort figures for SARS-CoV-2

vaccination statistics, see table 35a-e.

a.i) Conditional odds ratio of receiving ChAdOx1S versus alternative

in the post-first-dose AICS cohort compared with the English

population (whole cohort)

Post-first-dose AICS patients had statistically significantly higher odds of
receiving a first dose of ChAdOx1S versus alternative than the rest of
the vaccinated English population (OR 4.82, p < 0.001) (table 35a &
36). This was also true when analyses were limited to post-first-dose
patients vaccinated between 7" December 2020 and 2" May 2021 (OR
11.49, p <0.001), patients vaccinated at ages 18 - 39 years (OR 5.42, p
= 0.005) and patients vaccinated at age =40 years (OR 9.92, p =
0.003). The odds of a post-first-dose AICS patient vaccinated between
3 May 2021 and 5 December 2021 receiving ChAdOx1S were higher
than those of the English population receiving a first dose vaccine
during the same period (OR 3.73) but this did not reach statistical

significance (tables 35a - e & 36).
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a.ii) Conditional odds ratios of receiving a first dose of ChAdOx1S

versus alternative in the post-first-dose and non-post-first-dose

AICS agroup (John Radcliffe Hospital cohort)

The conditional odds of post-first-dose AICS patients seen at the John
Radcliffe Hospital receiving a first vaccination with ChAdOx1S versus
alternative compared with the English population were similar to those
of the overall post-first-dose AICS cohort (OR 3.66, p = 0.007). ORs in
the John Radcliffe post-first-dose AICS group after stratifying by age and
date of vaccination were similar to results from the whole post-first-dose

AICS cohort (table 36).

Post-first-dose AICS patients seen at the John Radcliffe Hospital were
over 3 times more likely to have received a first dose of ChAdOx1S
versus alternative than non-post-first dose AICS patients (OR 3.22, p =

0.080).

The conditional odds of a non-post-first-dose AICS patient see at the
John Radcliffe Hospital having received a first dose ChAdOXx1S versus
alternative compared with the conditional odds in the English population
was 1.11 (p = 0.851), i.e., lower than the significant OR of 3.66 in post-

first-dose AICS cases.

After stratifying by date and age at vaccination, the conditional odds of
a non-post-vaccine AICS case receiving a first dose of ChAdOx1S were

not significantly greater than the odds in the English population. This is
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in contrast to the results for post-first-dose AICS cases seen at the John
Radcliffe, which demonstrated significantly higher conditional odds of
vaccination with ChAdOx1S than the English population for all
subgroups other than the group vaccinated between 3™ May and 5%

December 2021 (table 36).
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Table 35: Numbers of firstdose vaccine recipients aged = 18 years in English
population and post-first-dose AICS cohorts

a. English population and AICS cohort, 7t" December 2020 - 5" December 2021

English Post-first- Post-first- Non-post- Post-first- Post-first- Non-post- | Post-first-
population* | dose AICS dose AICS first-dose dose dose first dose | dose
(whole (Oxford) AICS MOGAD MOGAD MOGAD seronegative

cohort) (Oxford) (whole (Oxford) (Oxford) AICS
cohort)
ChAdOx1S 20,592,816 25 19 15 15 13 11 5
Alternative 19,864,445 5 5 13 2 2 6 3

b. English population and AICScohort, 7th December 2020 — 2" May 2021

English Post-first- Post-first- Non-post- Post-first- Post-first- Non-post- | Post-first-
population* | dose AICS dose AICS first-dose dose dose first dose | dose
(whole (Oxford AICS MOGAD MOGAD MOGAD seronegative

cohort) cohort) (Oxford) (whole (Oxford) (Oxford) AICS
cohort)
ChAdOx1S 19,216,314 23 17 14 14 12 10 4
Alternative 9,600,527 1 1 2 0 0 0 1

c. English population and AICS cohort, 3 May 2021 — 5t December 2021

English Post-first- Post-first- Non-post- Post-first- Post-first- Non-post- | Post-first-
population* | dose AICS dose AICS first-dose dose dose first dose dose
(whole (Oxford AICS MOGAD MOGAD MOGAD seronegative

cohort) cohort) (Oxford) (whole (Oxford) (Oxford) AICS
cohort)
ChAdOx1S 1,376,502 2 2 1 1 1
Alternative 10,263,918 4 4 11 2 2 6 2

d. English population and AICScohort aged 18 - 39 years, 7" December 2020 — 5t

December 2021
English Post-first- Post-first- Non-post- Post-first- Post-first- Non-post- | Post-first-
population* | dose AICS dose AICS first-dose dose dose first dose dose
(whole (Oxford AICS MOGAD MOGAD MOGAD seronegative
cohort) cohort) (Oxford) (whole (Oxford) (Oxford) AICS
cohort)
ChAdOx1S 2,722,975 7 5 5 5 4 5 0
Alternative 10,532,761 5 5 10 2 2 6 2

e. English population and AICS cohort aged> 40 years, 7t" December 2021 — 5t

December 2021
English Post-first- Post-first- Non-post- Post-first- Post-first- Non-post- | Post-first-
population* | dose AICS dose AICS first-dose dose dose first dose dose
(whole (Oxford AICS MOGAD MOGAD MOGAD seronegative
cohort) cohort) (Oxford) (whole (Oxford) (Oxford) AICS
cohort)
ChAdOx1S 17,869,841 18 14 10 10 9 6 5
Alternative 9,331,684 O 0 3 0 0 0 0

Data courtesy of MHRA
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Table 36: ORs of receiving firstdose ChAdOx1S vs alternative in the postfirst-
dose AICS cohort compared with thevaccinated adult English population

Post-first-dose Post-first-dose | Non-post- Post-first-dose Post-first-dose | Non-post-first- | Post-first-dose
AICS (whole AICS (Oxford) first-dose MOGAD (whole MOGAD (Oxford) | dose MOGAD seronegative
cohort) AICS (Oxford) cohort) (Oxford) AICS

OR all dates, 4.82 3.66 511 7.23 6.27 177/ 1.61
allages (1.81-16.13)**  (1.32-12.57)** (0.49-2.54) (1.68-65.27)**  (1.42-57.16)** (0.60-5.83) (0.31-10.36)
OR 7t Dec 11.49 8.49 3.50 7.49 6.50 5.50 2.00

2020 - 2" May (1.87-472.43)** (1.33-354.44)** (0.80-31.70) (1.15-315.08)* (0.98-275.71)* (0.80-236.33) (0.20-98.38)
2021, allages

OR 31 May 373 3.73 0.68 373 375 1.24 3.72

2021 -5t Dec (0.34-26.02) (0.34-26.02) (0.02-4.66) (0.06-71.77) (0.06-71.77) (0.03-10.24) (0.06-71.77)
2021, allages

ORage18 -39 5.42 3.87 1.93( 9.67 775 3:22 1.86

years, all dates (1.48-21.64)** (0.89-16.82)* 0.52-6.21) (1.58-101.58)** (1.11-85.70)* (0.78-12.68) (0.04-18.84)
OR age 240 9.92 7.83 1.74 574 529 3.66 3.13

years, all dates (1.58-411.56)** (1.21-329.31)* (0.45-9.84) (0.83-247.01) (0.74-226.42) (0.47-164.64) (0.38-144.04)

Data presented are ORs (95% confidence intervals); *p = 0.05; **p = 0.01

d III) Conditional odds ratios of receiving ChAdOx1S versus

alternative in the post-first-dose MOGAD cohort compared with

the English population (whole cohort)

Post-first-dose MOGAD patients had statistically significantly higher
odds of receiving ChAdOx1S than the rest of the vaccinated English
population (OR 7.23, p = 0.002) (table 35a & 36). The odds of post-first
dose MOGAD patients receiving ChADOXx1S versus alternative were
significantly higher than the vaccinated English population when
analyses were restricted to patients vaccinated between 7*" December
2020 and 2" May 2021 (OR 7.49, p = 0.030) and patients vaccinated at
age 18 - 39 years (OR 9.76, p = 0.005). Among patients aged =40 years
at vaccination, the OR approached statistical significance (OR 5.74, p =
0.069). The odds of a post-first-dose MOGAD patient vaccinated
between 3™ May 2021 and 5™ December 2021 receiving ChAdOx1S

versus alternative were higher than the odds in the English population
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receiving a first dose vaccine in this period but it did not reach

statistical significance (OR 3.73, p = 0.314) (table 35a - e & 36).

a.iv) Conditional odds ratios of receiving ChAdOx1S versus

alternative in the post-first dose and non-post-first-dose MOGAD

cohort compared with the vaccinated English population (John

Radcliffe Hospital cohort)

Post-first-dose MOGAD patients seen at the John Radcliffe Hospital were
6.27 times more likely to have received a first vaccination with
ChAdOx1S versus alternative compared with the vaccinated English

population (p = 0.008).

Post-first-dose MOGAD cases seen at the John Radcliffe Hospital were
more likely to have received a first dose of ChAdOx1S than non-post-
first dose MOGAD cases that were vaccinated, although this did not

reach statistical significance (OR 3.41, p = 0.229).

The odds of a non-post-first-dose MOGAD patient seen at the John
Radcliffe Hospital receiving a first dose of ChAdOx1S were not
significantly higher than for the rest of the vaccinated English
population (OR 1.77, p = 0.334) (table 35a & 36). Among stratified non-
post-first-dose MOGAD subgroups, none had statistically significant
higher conditional odds of receiving ChAdOx1S than the rest of the
English population. This is distinct from the post-first-dose MOGAD
cohort, for whom significant ORs were found for the total group (OR

6.27, p = 0.007), the group vaccinated between 7" December 2020 and

184



5% May 2021 (OR 6.50, p = 0.045) and the group aged 18-39 years at

onset (OR 7.73, p = 0.019; table 35a - e & 36; fig 48).

d .V) Conditional odds ratios of receiving ChAdOx1S versus

alternative in the post-first-dose seroneqgative cohort compared

with the English population (whole cohort)

The odds of a post-first-dose seronegative patient receiving a first dose
of ChAdOx1S versus alternative compared with the vaccinated English

population were 1.61 (p = 0.727).

Although the odds of receiving ChAdOx1S in the post-vaccine
seronegative AICS cohort were greater than those of the vaccinated
English population after stratifying by date and age, no OR reached
statistical significance (table 35a - e, table 36). ORs were not calculated
for non-post-vaccine seronegative cases as only 2 vaccinated cases

were identified.

Figure 48. Proportion of first dose vaccine brands among postfirst-dose MOGAD
cases (a) and among vaccinated non-post-vaccine MOGAD cases (b) seen at
Oxford NMODAS with onset between 1t December 2020 and 26" January 2022

Proportion of first-dose vaccines among Proportion of first-dose vaccines among
post-first-dose MOGAD cohort vaccinated non-post-vaccine MOGAD cohort

ChAdOx1S
86.7%

ChAdOx1S
64.7%

BNT162b2
35.3%
BNT162b2
13.3%
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b) Self-controlled case series (John Radcliffe Hospital cohort only)

b. I) Self-controlled case series for all AICS

Thirty-four events contributed to the calculation of IRR.

There was a statistically significant effect of ChAdOx1S exposure on the
incidence rate of new onset AICS when the post-exposure risk period
was 56 days (IRR 10.52, p <0.001). A similar effect was observed when
the risk window was reduced to 42 days (IRR 12.93, p <0.001) (table

37).

Table 37. Incidence rate ratio of first episode of AICS associated with first

dose ChAdOx1S exposure
Model 1 (56-day post- 10.52 (5.41 - 20.44) <0.001
exposure risk period)
Model 2 (42-day post- 12.93(6.71 -24.92) <0.001

exposure risk period)

b. | I) Self-controlled case series for MOGAD

Twenty-four events contributed to the calculation of IRR.

There was a statistically significant effect of ChAdOx1S exposure on the
incidence rate of new onset MOGAD when the post-exposure risk
window was 56 days (IRR 8.27, p <0.001). A similar effect was observed
when the risk window was reduced to 42 days (IRR 9.55, p <0.001)

(table 38).
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Table 38. Incidence rate ratio of first episode of MOGAD associated with first

dose ChAdOx1S exposure
Model 1 (56-day post- 8.27 (3.62-18.85) <0.001
exposure risk period)
Model 2 (42-day post- 9.55(4.21 - 24.64) <0.001

exposure risk period)

b.i II) Self-controlled case series for seronegative AICS

The model did not converge due to low numbers (n = 5).

C) Seasonality of MOGAD attacks

There were 311 confirmed attacks in 173 adults between 2010 and
2020. There was no effect of season on total attack incidence (y? = 1.12

(2DoF); p = 0.571) (fig 49).

Figure 49a & b. Seasonal analysis of total MOGAD attacks 2010- 2020

W

| o N Y TR ) FR I FO O N TR
J FMAMJ JAS OND

Number of attacks
o
o

a. Total MOGAD attacks in adults by
month, 2010 -2020.
x*=1.12 (2DoF); p = 0.571

b. Radar plot of all MOGAD attacks in
adults by month, 2010 - 2020
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There were 54 attacks in 52 adults in 2021. There was no statistically
significant seasonal effect with Edwards’s test (x2 = 4.04 (2DoF); p =
0.133). However, inspection of the radar plot suggested a cluster of

attacks between March and May (fig 50).

Figure 50a & b. Seasonal analysis of total MOGAD attacks 2021
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a. Total MOGAD attacks in adults by
month, 2021
x* = 4.04 (2DoF); p=0.133

b. Radar plot of all MOGAD attacks in
adults by month, 2021

There were 139 onset MOGAD attacks in adults between 2010 and
2020. There was no significant seasonal effect on incidence during this

period (x? = 0.56 (2DoF); p = 0.757) (fig 51).

Figure 51a & b. Seasonal analysis of onset MOGAD attacks 2010- 2020
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a. Onset MOGAD attacks in adults by
month, 2010 - 2020.
x> = 0.56 (2DoF); p = 0.757

b. Radar plot of onset MOGAD attacks
in adults by month, 2010 - 2020

189



There were 35 onset MOGAD attacks in 2021. Edward’s test approached

statistical significance (x> = 5.26 (2DF); p = 0.072). The radar plot

demonstrates a clear peak in cases between March and May (fig 52).

Number of attacks

Figure 52a & b. Seasonal analysis of onset MOGAD attacks 2021
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a. Onset MOGAD attacks in adults by
month, 2021
x> =5.26 (2DF); p = 0.072

b. Radar plot of onset MOGAD attacks
in adults by month, 2021

There was no evidence of seasonality of relapses between 2010 and

2020 (fig 53) orin 2021 (fig 54).

Number of attacks

Figure 53a & b. Seasonal analysis of MOGAD relapses 2010- 2020
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a. MOGAD relapses in adults by
month, 2010 -2020
x*=0.66 (DF=2); p=0.718

b. Radar plot of MOGAD relapses
in adults by month, 2010-2020

190




Figure 54a & b. Seasonal analysis of MOGAD relapses 2021
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Summary: The post-first-dose AICS group as a whole was
significantly more likely to have received a first dose of
ChAdOXx1S than the rest of the vaccinated English population,
which persisted after stratifying by date and age of vaccination.
Results were similar for the post-first-dose MOGAD cohort, with
ORs > 3.0 for all subgroup comparisons. Although the odds of
receiving ChAdOXx1S versus alternative vaccine were higher in
some non-post-vaccine MOGAD groups than the English
vaccinated population, they were not statistically significant

and ORs were smaller than those of the post-first-dose MOGAD

group.

SCCS confirmed exposure to ChAdOx1S was associated with an
increased incidence rate of AICS and of MOGAD in particular. A

peak in MOGAD onset cases between March and May 2021 was
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observed, coinciding with peak vaccine uptake, but it did not

reach statistical significance.
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Chapter 9

Post-SARS-CoV-2 vaccine acute inflammatory CNS syndromes
part 3: Laboratory studies of association between ChAdOx1S

and new-onset MOGAD

9.1) Methods: Laboratory studies of association between ChAdOx1S

and new-onset MOGAD

a) Testing pre-vaccine MOG antibody status in post-vaccine MOGAD

patients

The National Health Service Blood and Transplant service (NHSBT)

stores 1ml of plasma for 3 years after each blood donation.

All participants in the post-vaccine MOGAD cohort were contacted to
determine if any had donated blood in the preceding 3 years and prior
to onset of MOGAD. Patients consented for their NHS numbers to be
shared with NHSBT and those with available samples were contacted
directly by NHSBT to confirm their consent to retrospective testing for

MOG antibodies.

Received plasma was kept chilled prior to testing, which was carried out
the day after receipt. MOG antibodies were tested by the Oxford

laboratory as described by Waters et al (35).
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b) Testing sera of healthy pre- and post-ChAdOx1S vaccine

recipients for MOG antibodies

As part of the phase I/l clinical trial of ChAdOx1S (ClinicalTrials.gov ID
NCT04324606), 1,077 healthy individuals aged 18-55 were randomised
to receive ChAdOx1S or the meningococcal conjugate vaccine
(MenACWY). Serum was sampled on days 0 and 28 of vaccination.
Patients gave consent for use of their samples in affiliated studies
(South Central Berkshire Research Ethics Committee reference

20/SC/0145).

To determine whether ChAdOx1S was capable of inducing de novo MOG
antibody synthesis, the rates of seroconversion in healthy participants

in the active arm of the above trial were determined.

To test whether seroconversion was specific to the vaccine, rates of
seroconversion among BNT162b2 recipients would have been measured
using serum of donors involved in the Protective Immunity from T Cells
in Healthcare Workers (PITCH) study (study reference MR/X009297/1)
(265). The PITCH consortium stored serum samples of participants from
day 0 and day 28 of vaccination, aligning with those of the ChAdOx1S

recipient samples used in the first part of the study.

The background rates of combined symptomatic and asymptomatic
MOG antibody seroconversion are not known so power calculations were

not possible. The number of samples tested was decided on pragmatic
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grounds. The Oxford Neuroimmunology Laboratory (PW) kindly agreed
to test 400 paired pre- and post- ChAdOx1S samples, based on their

capacity to process research samples while offering a clinical service.

MOG antibody detection was carried out as described (35), with the
modification that sera were screened with secondary antibodies to
human Fc, rather than IgG1, to increase sensitivity. Tertiary antibodies
were coupled to an Alexafluor reporter and fluorescence was measured
semi-quantitatively on a scale of 0 (no fluorescence) to 4 (strong
fluorescence). Plates were read independently by 2 investigators (EC &
PW). In case of disparity, PW reviewed the coverslip and assigned a
fluorescence score. Any sample with a fluorescence scale score = 2 was

re-tested with more specific secondary antibodies to IgG1.

Concordance between raters was assessed with Cohen’s quadratic

weighted kappa (kw).

The primary outcome was number and proportion of samples converting
from MOG IgG1 negative (fluorescence scores <2) to positive
(fluorescence scores = 2). Secondary outcomes were the proportion of
samples converting from scores <2 to scores = 2 using the less specific
anti-human-Fc secondary antibody and the median change in
fluorescence scores between day 0 and day 28 of ChAdOx1S vaccine

using the anti-human-Fc secondary antibody.
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9.2) Results: Laboratory studies of association between ChAdOx1S

and new-onset MOGAD

a) Testing pre-vaccine MOG antibody status in post-vaccine MOGAD

patients

Of 4 blood donors among the post-vaccine MOGAD cohort, NHSBT had a
stored sample for one patient- a white male with disease onset aged 49
years. The plasma was obtained 30 days prior to his first dose of

ChAdOx1S. MOG antibodies were not detected in this sample.

This patient developed symptoms of TM 28 days after receipt of the first
ChAdOx1S vaccine. The first sample tested for MOG antibodies was

taken 12 months after onset and was strongly positive (titre 1:4,000).
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b) Testing sera of healthy pre- and post-ChAdOx1S vaccine

recipients for MOG antibodies

The Oxford Vaccine Group provided 387 pairs of serum samples drawn

at day 0 and day 28 of ChAdOx1S vaccination.

Concordance of fluorescence grading was high (kw= 0.839, 95% ClI
0.810 - 0.869). Concordance of median change in fluorescence

(Afluorescence) was adequate (kw= 0.565, 95% CI 0.407 - 0.722).

No samples tested positive using the highly specific anti-human-lgG1

secondary antibody.

Across 387 paired samples, the median Afluorescence was + 0.025, i.e.,

a minimal change between day 0 and day 28 after ChAdOx1S.

Samples from 17 participants had fluorescence scores of 2 or more at
any stage using the less-specific anti-human-Fc antibody. None showed
the pattern of antibody binding typical of MOGAD (PW, personal

communication).

Samples from 14 participants scored =2 at both time points, i.e.,

fluorescence did not increase significantly after vaccination.

Samples from 1 participant had a fluorescence score of 2 prior to
ChAdOx1S vaccination and a post-vaccine fluorescence score of 1.5.

This is of doubtful significance.

Samples from 2 participants had fluorescence scores of <2 prior to

ChAdOx1S vaccination and scores of 22 twenty-eight days after
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vaccination. Fluorescence scores from one participant increased from a
baseline of 0 to a post-vaccine score of 2.5. Fluorescence scores of the

other increased from a baseline of 0 to a post-vaccine score of 2.0.

Summary: The pre-disease plasma sample of a post-vaccine
MOGAD patient did not contain MOG IgG1 28 days prior to
ChAdOXx1S vaccination. They developed ON 30 days after
vaccination, suggesting seroconversion must have occurred
within the narrow 58-day window. Of 387 paired serum samples
from healthy ChAdOx1S recipients, none converted to MOG IgG1
positive within 28 days of vaccination but two developed new

antibodies that reacted with MOG.
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Chapter 10

Discussion of post-SARS-CoV-2 vaccine acute inflammatory CNS

syndromes

10.1) Study outcomes

The aim of this study was to determine whether there was evidence of a
causal association between any SARS-CoV-2 vaccine and new AICS. As
evidence of an association between MOGAD and ChAdOx1S emerged,

this became the focus of the study.

a) | have provided evidence of an association between SARS-CoV-2

vaccination and new AICS

a. I) Onset AICS attacks were overrepresented within 8
weeks of SARS-CoV-2 vaccination. Over half new AICS cases
reviewed by the John Radcliffe Hospital occurred within 8 weeks of
SARS-CoV-2 vaccination. In addition, SCCS confirmed the
incidence rate of onset AICS attacks in the 8 weeks following first-
dose ChAdOx1S vaccination was 7.2 times greater during the 8-
week post-vaccination period compared with during the

unexposed period.

a. II) Most cases of post- vaccine AICS occurred after the

first dose. Almost 80% of patients with post-vaccine AICS

presented after the first dose of vaccine. If some cases were not
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triggered by vaccination, the proportion occurring after a first
dose should be approximately equal to the number of cases
occurring after the second dose, as most of the UK received two

doses of SARS-CoV-2 vaccines in 2021 (239).

d III) Post-SARS-2-CoV-2 vaccine AICS has been reported

elsewhere. There are many case reports and case series

documenting new-onset AICS following SARS-CoV-2 vaccination.

E.g., A case series from Korea reported 3 new cases of MOGAD
and 3 cases of new undefined CNS demyelination occurring within
1 month of SARS-CoV-2 vaccination (244). Four cases of TM
following SARS-CoV-2 vaccination were reported in Mexico (246).
Cases of seronegative ON with TM (266) and ADEM with multifocal

lesions (267-270) are reminiscent of the current cohort.

b) | have provided evidence that there is a stronger association

between ChAdOx1S and AICS than between BNT162b2 and AICS

bl) ChAdOx1S was overrepresented among patients
presenting with post-SARS-CoV-2 vaccine AICS. Patients with
post-vaccine AICS between 1%t December 2020 and 26" January
2022 were more likely to have received ChAdOx1S (71.1%) than

BNT162b2 (28.9%) within 8 weeks prior to symptom onset.
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This was not merely a reflection of population vaccine patterns.
The odds of a post-first-dose AICS patient having received
ChAdOx1S versus alternative were 4.82 times higher than the
odds of a vaccinated person in the English population. This is
unlikely to be solely due to demographic differences between AICS
cases and the English population because non-post-first-dose AICS
cases did not have significantly higher odds of receiving
ChAdOXx1S versus alternative compared with the English

population, even after stratifying by date and age.

b. | I) Over 90% of post-ChAdOx1S AICS occurred after the
first dose, compared with less than 50% of BNT162b2
recipients. If the temporal association was coincidental rather
than causal, similar numbers of new-onset cases would be
expected to occur after first and subsequent doses during 2021,

when most people received at least 2 SARS-CoV-2 vaccinations.

b. | II) A distinct post-ChAdOx1S AICS phenotype with TM,

multifocal lesion