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Abstract

Basic science and early clinical trial evidence suggest the safe diuretic drug
amiloride, may exert a neuroprotective effect in multiple sclerosis (MS) through
blockade of the acid sensing ion channel. Neuroprotective treatments are a key
unmet need in multiple sclerosis. Optic neuritis (ON) is a discrete CNS inflammatory
event leading to neuro-axonal injury in the optic nerve and retina.

The optic nerve is part of the visual system, one of the most functionally and
structurally eloquent systems in the central nervous system, which affords a number
of unique modalities to assess neurodegeneration and neuroprotection. The visual
system can be classified into two parts, the anterior and posterior visual systems,
which are defined by the lateral geniculate nucleus, where the two components
synapse. The extent of neurodegeneration following ON in the anterior visual system
can be imaged in vivo through scanning laser polarimetry (GDx) and optical
coherence tomography (OCT).

The posterior visual system can be imaged by quantitative and functional magnetic
resonance imaging (MRI) of the brain, giving insights into white matter structural
integrity and cortical plasticity over time.

Combining these modalities in a longitudinal study, allows assessment of the impact
of neurodegeneration in the anterior visual system on neurodegeneration
downstream in the posterior visual system and on changes in functional connectivity
over time in the visual cortex. Furthermore, in the clinical trial setting the
neuroprotective effect of any intervention both on direct anterior neurodegeneration
and downstream processes can be assessed. The functional relevance of changes in
all of these biomarkers can be tested through a number of visual measures, including
low contrast visual acuity.

In MS, the contribution of transsynaptic neurodegeneration to the global neuronal
loss experienced by patients is an area of incomplete understanding. In addition, the
role of the visual cortex, through neuroplasticity, in aiding visual recovery from optic
neuritis, is unclear.

To address these issues, this thesis reports the results of the first clinical trial of
amiloride in ON, and shows that despite the pre- and early clinical evidence of
neuroprotection of amiloride, no neuroprotective benefit was found. It goes on to
explore reasons for this lack of effect including the finding of early retinal
neurodegeneration in ON, and the need for early recruitment windows in the future.
From there, it makes a detailed assessment of the longitudinal changes in retinal
OCT for 12 months following ON, including a novel finding of the temporal evolution
of inner nuclear layer swelling, previously reported only cross-sectionally.

Next, for the first time macular retinal neurodegeneration is shown to influence
diffusion tensor MRI derived measures of white matter integrity in the optic
radiations, indicating transsynaptic neurodegeneration.

Finally, longitudinal changes in resting state functional connectivity following ON are
found in the visual system for the first time. The interaction between this cortical
functional, retinal neurodegeneration and visual recovery is probed.
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1 Chapter 1. Introduction

1.1 Multiple Sclerosis (MS) and neurodegeration

MS is characterised by inflammatory demyelinating plaques and neuro-axonal
damage affecting the CNS. It is a major cause of disability and has a high societal
and economic cost (1). Clinically, there are three main subtypes of MS, relapsing
remitting MS (RRMS), primary progressive MS (PPMS) and secondary progressive
MS (SPMS). In RRMS, patients suffer acute or sub acute inflammatory episode in
the CNS resulting in transient clinical disability followed by partial or complete
recovery (2). Around two thirds of RRMS patients will eventually convert to a pattern
of steady decline in function, termed SPMS, which may or may not have relapses
superimposed. Other patients experience a progressive neurological disability from

first symptoms onset, and this is termed PPMS (3).

Diagnosis of MS is based on clinical and radiological criteria, with magnetic
resonance imaging (MRI) being an essential tool for the diagnosis of MS (4).
Characteristically, T2 weighted MRI in MS patients shows the presence of
hyperintense white matter lesions disseminated in time, over repeat scans and
disseminated in space. The age, and demyelination or remyelination status of lesions
is not quantifiable from a T2 weighted MRI scan (5). Using gadolinium enhanced T1
weighted imaging can show enhancement of new lesions (6), and can be used as

evidence of dissemination in time.

Pathologically, the majority of evidence indicates MS is primarily an inflammatory
demyelinating  disorder, with  consequential neurodegeration.  However,

neurodegeneration in MS is a focus of increasing interest, and the possiblilty of MS



being a primarily neurodegerative disorder with inflammatory sequelae as an
epiphenomenon, has been raised. Evidence for a primarily inflammatory component
in MS comes initially from animal models, which have shown that peripheral
sensitisation in animals inoculated with myelin leads to T cells transgressing the
blood brain barrier, leading to CNS plaques of demyelination, activated macrophages
and glial cells, giving a close approximation of the human disease (7). In post-
mortem studies, MS plaques also demonstrate the presence of axonal loss
associated with demyelination, active T-cells and microglia and a correlation between
numbers of inflammatory cells and axonal loss has been reported (8). Moreover
breakdown of the blood brain barrier is evident in vivo from the presence of
gadolinium enhancing lesions on T1-weighted MRI, which along with hyperintense

T2 weighted form the radiological hallmark of the disease (9).

However, others point to the distribution of active T-cells away from the active edge
of inflammatory lesions (10) with their presence, along with B-cells, being detected in
older, more established areas of lesions which are identified by the presence of
remyelination - a recognised phenomenon in MS. Furthermore, additional pathology
studies have shown a lack of correlation between lesion load and axonal loss in the

brain as measured by brain weight (11).

Whilst there is debate about the extent to which inflammation and demyelination in
MS are directly causative to neuro-axonal injury, neurodegeneration is a widely
accepted key pathological determinant in the development of disability in MS (12).
Treatment with immune modulating therapies, whilst effective at reducing relapses,
has had a less clear benefit in reducing disability in MS. Some studies have shown
no demonstrable long term effect on disability (13, 14), whilst others have been more
favourable (15). Newer agents have shown early modest effects yet to be confirmed

in long term outcomes (16).



Thus, therapeutic agents that can more directly target protection of neurons
downstream from the effects of inflammation, could provide a useful augmentary
treatment strategy to our current immune-modulating therapeutic approach. As in the

eloquent analogy from Bermel and Inglese

“Immune-modulating therapies are the equivalent of a weather machine that prevents
the storm from ever brewing, and in that way provide indirect neuroprotection.
Primary neuroprotection would be achieved by another mechanism, something akin
to installing storm shutters or reinforcing the structure of a home to help it weather

the years. “(17)

1.2 The Acid Sensing lon Channel (ASIC) a potential

target for neuroprotection

Axonal loss in MS is likely to be multifactorial, but a key endpoint is intracellular influx
of sodium (Na*) and calcium (Ca®*) ions. A major contributory factor to the influx of
Na.is from ion channels, which drives reversal of the Na*/Ca**.exchanger (18, 19). A
number of ion channels including voltage gated potassium (K*) channels (20), TASK
K* channels (21) have been assessed as targets in animal models of MS with some
efficacy. In addition voltage-gated Na* channel blockade with phenytoin has shown
evidence of efficacy both in an animal model of MS (22), and in a recent phase Il

clinical trial in ON (23).

Recent evidence has implicated the acid-sensing ion channel type 1 (ASIC1),
capable of fluxing both Na*and Ca®* as a mediator of neuronal injury in stroke and

CNS inflammation (18, 24, 25). The inflammatory milieu of nitric oxide (NO) induced



inhibition of mitochondria and demyelination can produce a virtual state of hypoxia
and lactic acidosis. ASIC1 is activated by this subsequent drop in pH and further
sensitised by the presence of NO (26). ASIC1 activation leads to increased
intracellular Na* and Ca®* concentration and triggers injurious cell signalling
cascades, the net result of which is protein lysis, loss of the cellular cytoskeleton, and

axonal loss (Figure 1.1).

Not only is ASIC active under the acidotic conditions found during CNS inflammation,
but it has also been found to be highly expressed white matter axons and
oligodendrocytes in acute MS lesions, compared to control specimens (25).
Therefore, blockade of ASIC has been explored as a neuroprotective target in

experimental models and in early clinical studies.

Since the identification of ASIC in 1997 (27), it has been known to be blocked by
amiloride, a licensed diuretic in clinical use in the UK (28). Amiloride was found to be
significantly neuro- and myelo-protective within in-vitro studies and in experimental
autoimmune encephalomyelitis (EAE), an animal model of MS (18, 25). This was
supported by results of a pilot longitudinal crossover study, which used surrogate
MRI markers of neurodegeneration, to examine the neuroprotective efficacy of
amiloride in patients with PPMS (29). In PPMS a significant reduction in normalized
annual rate of whole brain volume change during the treatment phase, compared to

the pre-treatment phase (p=0.018 corrected), was observed.



CNS inflammation

Microglia/

Macrophage
Oxygen free | ... . .
radicals Nitric Oxide
Acidosis
Hu N
Na’ Na’ Na
cazo cab cazo

Axong
degenera

Excess
— Na‘/Ca* overload
Demyelination *

Energy failure  activation of secondary

H

Fig 1.1 Schematic demonstrating the basic science that due to
inflammation there is a combined state of virtual tissue hypoxia
(mitochondrial inhibition) that leads to tissue acidosis. This in turn
activates the abnormally expressed ASIC channel found on axons and
oligodendrocytes. The consequent channel activation leads to the influx
of injurious Na+ and Ca2+ and activation of secondary injury cascades.

1.3 Challenges in trial paradigms in MS

Phase 2, proof of concept trials in multiple sclerosis examining neuroprotection are
challenging. Disability in multiple sclerosis accrues slowly in the majority of patients.
Therefore, studies examining neuroprotective therapies can be protracted and
expensive. Efficiencies can be gained by using surrogate markers of disability, such
as MRI measures of brain atrophy. Nevertheless, MRI studies often require relatively
long duration and large participant numbers and lack pathological specificity as they
can be confounded by active inflammatory swelling, reducing the certainty of brain

atrophy measurements (2, 30)



1.4 Optic Neuritis

Optic neuritis (ON) is a common precursor to the development of multiple sclerosis
with approximately 50% of patients developing multiple sclerosis within 10 years of
presentation with ON (31). The presence of hyperintense white matter lesions on T2
weighted MRI at diagnosis of optic neuritis increases the probability of developing
MS substantially, with 70 % of those with one or more lesions developing MS at 15
years compared to only 25% of those who had no lesions at baseline (32). In
addition, 70% of patients with multiple sclerosis will show evidence of optic nerve
involvement over time (33). Pathologically, ON shows inflammatory demyelination
and associated axonal loss, which is common to that observed in other white matter
structures in multiple sclerosis (34). This means that translational research
conducted on patients with optic neuritis is likely to be applicable to the wider patient

group affected by multiple sclerosis.

1.4.1 Clinical features of ON

Diagnosis of ON is largely clinical. Patients typically present with painful visual loss
that progresses for a maximum of two weeks and then recovers over the following 2-
6 weeks, with further prolonged recovery of up to a year (35). Diagnosis is based on
a combination of some or all of several key clinical features. These include pain on
eye movement, sub-acute reduction in visual acuity over hours or days, presence of
a central or paracentral visual field defect, presence of a relative afferent pupillary
defect, and either a swollen or normal appearing optic disc with an absence of pallor

in the acute phase (36).



The optic neuritis treatment trial (ONTT) was a landmark study examining the effect
of corticosteroid administration in ON in 448 patients with acute ON, which reported
in 1993 that whilst there was a slight improvement in the IV methylprednisolone
group at 6 months (37), this effect disappeared at 12 months (38). This large cohort
of ON patients improved our understanding of the clinical course and range of the
disease, and range of snellen visual acuities at onset from 6/6 to no perception of
light (though this was a very small group of 3.1%), with 92% of patients having pain
at presentation (87% of those having an association between pain and eye

movement), and the typical patient being female (77.2%) and caucasian (85%).

1.4.1.1 Atypical ON

Since the ONTT the concept of typical and atypical ON has emerged. Prevalence of
aytpical ON amongst ON cohorts is highly variable depending on the cohort
presented. One recent study from an ethnically diverse quaternary referral centre in
London found an incidence as high as 10% in a series of 86 new onset ON (39). In a
more regional setting the incidence is likely to be lower. Atypical optic neuritis is
again determined on clinical grounds, and presenting clinical features that should

alert the clinician to an atypical optic neuropathy include (40);

Optic atrophy on presentation without previous ON or MS

e Severe optic disc oedema with vitreous reaction

e Optic disc haemorrhage

e Bilateral loss of vision - simultaneous or sequential within 4 weeks

e Previous history of neoplasia

e African, African-American or Afro-Caribbean patients with vision <6/12 and no
early recovery

e Loss of vision to no perception of light with no early recovery



e Painless loss of vision to <6/60 with no early recovery

e Severe or persistent pain for >2 weeks since onset

e Visual loss progressing for >2weeks since onset of visual symptoms
e Lack of any recovery >3 weeks after onset of visual symptoms

e Worsening of vision after withdrawal of corticosteroids

The importance of identifying atypical ON is that unlike typical ON, such patients are
likely to have a steroid dependent aetiology as opposed to typical ON where the
ONTT and others (35, 41) have shown no benefit from steroid use. In addition, rarely,
some infectious conditions such as syphilis, Lyme disease and Bartonella may also
present with an optic neuropathy that is usually distinguishable from, but can mimic

ON(42).

Steroid-dependent, autoimmune inflammatory conditions other than MS that can
present with ON include Sarcoidosis, Lupus, and Neuromyelitis optica (NMO), or the
non-specific chronic relapsing auto-immune optic neuropathy (CRION) (43). Of these
NMO can currently be diagnosed with a sensitivity of 76% and specificity of 99.8% by
aquaporin-4 antibody detection on a cell-based assay (44). In other conditions,
particularly CRION, the clinical course of an atypical ON is such that the diagnosis
may not be discriminated from a typical ON until after a poor recovery of vision in the
initial weeks after ON. Such entities present challenges for recruitment to clinical
trials in ON and it should be noted that both CRION and aquaporin-4 antibodies were

both described after the ONTT was performed.

1.4.2 Neuroprotective clinical trials in ON



Despite these challenges, clinical trial paradigms examining acute inflammatory optic
neuritis may help overcome some of the barriers of phase Il trials in MS by efficiently
demonstrating a ‘proof of concept’ neuroprotective benefit for re-purposed or novel
therapies. Whilst there are no therapeutic strategies that have been shown to
improve the visual outcome in optic neuritis, since the inception of the study
described in this thesis, a number of groups have examined neuroprotective agents
using non visual outcome measures (23, 45, 46). The increasing interest in
examining neuroprotective strategies in ON is in part due to the unique modalities it
affords to study the structural and functional changes in the CNS during and

following inflammation (47).

The retinal nerve fibre layer (RNFL) is a major site of axonal loss after optic neuritis
(48). Recent advances in retinal imaging allow accurate in vivo estimates of RNFL
thickness, with the use of scanning laser polarimetry and optical coherence
tomography. Indeed, since the inception of the study described in this thesis, RNFL
measurement has been employed in neuroprotective trial frameworks (Table 1.1)
(23, 45, 49) allowing neurodegeneration to be quantified in vivo both sensitively and
longitudinally within a 6 month timeframe (50, 51). Thus, optic neuritis affords the
opportunity to accurately and efficiently assess the impact of neuroprotective

strategies in inflammatory CNS disease.

These unique imaging modalities afforded by studying the eye in ON, can be
complemented with brain imaging to assess the impact of interventions on the
posterior visual pathways, and moreover, longitudinal study of both aspects of the
visual system can increase our understanding of the subsequent impact of
neurodegeneration in the retina, and on the brain structures to which they send

afferent neural connections.



Citation Drug Time to Primary Outcome N Result
recruitment | measure
Tasikiri et al Simvastatin 28 days Arden grating 64 | Trend for
2012 80mg contrast sensitivity improvement in POC,
(p 0.06) improvement
in SOC (PVEP p 0.01)
Esfahani et al Memantine 8 days OCT pRNFL (raw 60 | Significantly better
2012 5mg then value at 3 months) POC (p0.01)
10mg
Suhs et al Erythropoieti 10 days OCT pRNFL (change | 40 | Significantly better
n 33,000 IU within affected eye) POC (p0.0357)
Cadavid et al Anti-lingo-1 28 days PVEP latency 82 | No significant effect (p
2015 100mg/kg 0.33)
Raftopoulos et | Phenytoin 14 days OCT pRNFL (change | 86 | Significantly better
al. 2016 6mg/kg then from baseline fellow POC (p0.021)
4mg/kg eye)

Table 1.1 Recent clinical trials in ON (POC = primary outcome measure, SOC
secondary outcome measure, OCT = optical coherence tomography, PVEP =
pattern derived visually evocked potential, pPRNFL = peripapillary RNFL)

1.5 Visual system

A key concept in this thesis, is the interaction between changes in the anterior visual
system as measured by retinal imaging, and changes in the posterior visual system
detected on non-conventional MRI. Thus a brief overview of the physiology and

anatomy of the visual system follows.

Conceptually the visual system can be divided into two parts - the pre-synaptic
anterior visual system, and the post-synaptic posterior visual system. The pre-
synaptic anterior visual system comprises the neurosensory retina, the optic nerve,
optic chiasm, optic tracts and lateral geniculate nucleus (LGN) of the thalamus. The
posterior visual system, contains the geniculostriate axons of the optic radiations.
These arise from the LGN and take afferent signals to the visual cortex, synapsing in
layer 4 the primary visual cortex (also termed, V1 or striate cortex), other early visual

areas V2 and V3, and from there into the higher visual areas.
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1.5.1 Retina

The outer retina contains rod and cone photoreceptors. In these cells
phototransduction occurs. Photoreceptor cell bodies synapse with bipolar cells at the
outer nuclear layer. Bipolar cells are the first order neurons of the visual system (52).
Bipolar cells can either depolarise (ON bipolar cells) or hyperpolarise (OFF bipolar
cells) in response to loss of GABA release from photoreceptors when
phototransduction occurs. Bipolar cells synapse with retinal ganglion cells (RGCs),
the neurons whose axons go on to form the retinal nerve fibre layer (RNFL) (Figure

1.2).
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Figure 1.2. Schematic of retinal layers. from Syc et al, Brain 2012.
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Figure 1.3. The position of
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The centre of the retina contains the fovea and the surrounding macula. In this area,
light rays are focused by the cornea and lens and is the area of highest visual acuity,
and has several anatomical features that enhance this function. At the fovea
photoreceptors are exclusively cones. Phototransduction in cones occurs in bright
(photopic) conditions, and the three types of cones each have an opsin molecule of
differing sensitivity to wavelengths along the visible spectrum (blue, short wavelength
S-cones, green, medium wavelength M-cones, and Red, long wavelength L-cones),
enabling colour vision (53). At the fovea there is a high ratio of photoreceptor to
RGC, peaking at 1:1 meaning that visual information in this area is transmitted at
high spatial frequency in small receptive fields. Architecturally, the RCG axons are
displaced from the centre of the fovea, reducing any impedence to light striking the
photoreceptors, resulting in a “hump” of RCG cells collected in a doughnut around

the fovea to accommodate the high cone: RGC ratio (53).

By contrast, the opsin molecule in rods is more sensitive to phototransduction in
scotopic (dark) conditions with peak activity in rhodopson is in the middle of the
visible light wavelength range (500nm) (54). Rods are more prominent in the
peripheral retina and multiple Rods are organised into large receptive fields -
meaning that the receptive field can be simulated easily but encodes very low visual

acuity.

Further specialisation is found in the types of RGC cells that predominantly receive
input from different photoreceptors. The small central, cone based, receptive fields
service small "midget" RGCs. These cells are relatively slow signal transducers, have
a high concentration in the fovea. This makes them sensitive to high spatial
frequencies, colour vision, and texture. "Parasol" cells are more frequent in the
peripheral retina and predominantly synapse with rods. They are organised in large

receptive fields with input from numerous photoreceptors. They are more sensitive to
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high temporal frequency visual input such as fast motion and fast flicker, and are less
sensitive to colour and high spatial frequencies. This functional separation that
begins in the retina continues to be marked in the lateral geniculate nucleus with
parvo and magnocellular cell types synapsing with midget and parasol cells

respectively (53, 55).

In addition to the vertical transmission of photoreceptor signalling, the receptive fields
are also determined by horizontal synapsing from amacrine and horizontal cells (53).
The cell bodies of horizontal, amacrine and bipolar cells are grouped in the inner
nuclear layer in the retina, underneath the cell bodies of the RGCs, the unmyelinated

axons of which forming the RNFL.

The RNFL fibres from RGCs gather at the optic disc, pierce the sclera and become
myelinated through the lamina cribrosa. The optic nerve then traverses posteriorly
exiting the orbit at the optic canal, and moving superomedially where the right and

left optic nerve form the optic chiasm (56).

Throughout this portion of the visual system, and indeed up to V1, the visual system
maintains a strict topographic or “retinotopic” arrangement. The visual field is
quartered along a vertical and horizonal meridian, and within these qaudrants RCGs
representing adjacent receptive fields traverse the optic nerve together. At the
chiasm, this is enforced by decussation of approximately 50% of the RNFL fibres.
The nasal fibres of each eye cross to the contralateral optic tract (the portion of white
matter tract between the chiasm and the LGN) meaning that the neurones sensitive
left and right halves of the visual field from each eye travel to the contralateral visual

cortex together (52).
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The LGN are a bilateral pair of nuclei situated at the undersurface of the pulvinar of
the thalamus. The majority of the axons from the optic nerve synapse at the LGN
(the retinogeniculate pathway). The LGN is arranged in 6 layers, with 3 layers
receiving input from the ipsilateral eye’s fibres, and 3 layers receiving input from the
contralateral eye’s crossed fibres. The arrangement of the synapses from the retina
is such that within the layers the retinotopic map of the corresponding hemi-retina is
maintained. The ventral two layers form the magnocellular layers with input from,
primarily the large parasol cells, and the dorsal 4 layers form the parvocellular layers
with input from the midget cells (57). Of note, studies of the LGN in MS have shown
an increased susceptibility of the parvocellular layers to neurodegeneration (58). A
third class of LGN efferent cell - the koniocellular cell type, is less well understood
but thought to have a key role in colour vision, as it receives input exclusively from

midget RGC cells specific to S cone cells (57, 59).

Posterior to the LGN, the optic radiations carry fibres between the LGN and the V1
(56). Anatomically, the fibres split between those associated with the superior and
inferior field of vision, (the lateral and medial portions of the LGN respectively). The
fibres from the lateral aspect of the LGN loop anteriorly round the temporal horn of
the lateral ventricle before turning posteriorly along the retrolenticular tract of the
internal capsule. The fibres from the medial aspect of the LGN have a more direct
lateral orientation on exiting the LGN before turning posteriorly along the superior
portion of the retrolenticular tract. Fibers from the retrolenticular tract then turn

inwards towards V1 cortex.

V1 (Broadmann’s area 17) is a highly dense area of cortex, with c. 350 million
neurons processing the input from the c. 2.4 million RGC cells combined that exit the
eye (52). V1 is arranged around the calcarine fissure and maintains the retinotopic

map, with the left and right V1 corresponding to the contralateral visual field
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(ipsilateral temporal retina, and contralateral nasal retina). It can be identified by a
thick band of myelin at the 4th of its 6th layer (60), lending the term “striate” cortex to
V1. Central visual field information from the fovea is processed at the occipital pole,
and moving anteriorly along the calcarine fissure areas that represent increasingly
peripheral parts of visual field. In line with the high number of RCG cells that supply
the central visual field, a large proportion of V1 serves the central portion of visual
field. The input from the LGN enters V1 at level 4, at this level ocular dominance is
maintained, with separate columns representing the same visuo-spatial area of input
from each eye. In the superficial and deeper layers of V1 cells are binocularly
stimulated. Visual processing continues from area V1 to adjacent areas V2 and V3.
Allocating specific functions to these regions has proven challenging and they
combine to process visual inputs to discriminate information on orientation, direction,
colour, spatial frequency and assimilating signals from on and off receptive fields,

and from magno and parvocellular inputs (61).
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1.5.2 Higher visual processing

Figure 1.3. Schematic of the visual
system of the macaque monkey, which
mirrors that of humans as described.
This is a ventral view of the right
hemisphere. Visual information is
transmitted from photoreceptors the
the RGCs and RNFL via bipolar cells
(see also figure 1.3), and fibers from
both ON join at the optic chaism and
synapse in the LGN, where in separate
layers arranged retinotopicaly. From
there signal are carried to V1 in the
primary visual cortex, most fibers
synapse at layer 4. (from Jeffries et al, J
Physiol Paris, 2014)

Processing visual information beyond the visual cortex is complex and the subject of

an evolving debate. Since the late 20th century, visual processing beyond V3 has

been postulated occur in a two visual system model (62), based on research in

primates and by neuropsychological testing of subjects with known circumscribed

lesions in candidate visual areas. In this model the “dorsal’ stream proceeds

anatomically from V5 and the middle- and supero-temporal regions, through multiple

parietal regions to the dorsal aspect of the prefrontal cortex (63). The ventral stream

begins at V4 and from there continues along the inferior temporal lobes (64).

The two visual system model separates the two streams both anatomically and

functionally. The ventral stream is the processing pathway to visually recognise
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targets and goals (the “what” stream) and the dorsal stream processes visual
information for action within the visual environment and movement towards, or away
from, those goals (the “how?” stream). This model has provided impetus for
subsequent research, and has been re-examined in the era of in vivo functional MRI
(fMRI). Such research has suggested that the true dynamics of higher visual

processing may be more complex than the two visual system model allows.

One recent study for example, using a large resting state fMRI dataset from the
human connectome project (65) has identified three streams based on connectivity
patterns - the dorsal stream was maintained, however the ventral stream is broken
down into the ventral stream (ventral aspect of the temporal lobe) and a lateral
stream (lateral aspect of the temporal lobe). This three-stream model had been
suggested by other recent groups, who cite the duplication of facial and limb
recognition centres within the traditional ventral stream (66). The precise functional
separation of the two ventral streams requires further elucidation, however
proponents suggest lateral stream has a more prominent role in integrating vision
with other sensory inputs such as tactile sensation and language, and in tandem with
this, the lateral stream appears to be unique to the human visual processing system
and is not identified in primates. The ventral stream is held to have a role primarily in

vision for memory (66).

In the dorsal stream, other authors point to evidence of separation. They find that the
dorsomedial stream uses visual input from primary visual areas to recognise self
motion and object motion, whereas the dorsolateral stream uses the same input to
continuously monitor the location of stationary and moving objects while the self
moves around, to allow for grasping of such objects even if the self is in motion (67).
Not only do the authors point to multiple networks within the dorsal visual stream, but

they also make the case for interaction between the two streams, and more broadly
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promote the idea that the same cortical areas are not specific to one functional
property, but encode multiple functional aspects depending on the situation and
environment. This concept is reiterated by others who show that in task-based fMRI,
the interaction between the frontoparietal complex (dorsal stream) and the
occipitotemporal complex (ventral stream) is no only present, but dynamic in

response to the demands of changes in the task paradigm (68).

Thus, whilst yet to be fully resolved, it is clear that visual processing beyond the
occipital cortex involves multiple cortical and white matter regions. Human visual
processing displays a dynamic and adaptable arrangement to suit the diverse range
of visual environments and tasks that retinal information is used for. Therefore,
studies focusing on posterior visual pathways and plasticity in response to an insult
such as ON, may benefit from looking beyond the primary visual areas when

assessing for brain changes over time and in response to neuroprotective agents.

1.6 Studying neurodegeneration, neuroprotection, and

neuroplasticity in the visual system

From the above, it emerges that studying optic neuritis affords several opportunities
to investigate key questions in MS and visual neuroscience. The visual system
presents an anatomically well defined system that can be tested with direct and
translatable clinical measures of function, in the form of visual acuity, low contrast

visual acuity and colour vision.

In the pre-synaptic, anterior visual pathway, direct retinal imaging can be obtained

from OCT and GDx as biomarkers of neurodegeneration. Furthermore, objective
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electrophysiological measures of optic nerve function in the form of visually evoked
potentials, and macular retinal function in the form of pattern electroretinogram can
be applied to the anterior visual system. These techniques can be non-invasively

applied to provide outcomes for clinical trials of neuroprotection.

Proof of concept of neuroprotective studies in MS are a key unmet need in clinical
research in the disease, and assessing neuroprotective treatments in optic neuritis
can hasten our understanding of the effectiveness of neuroprotective treatments
applied to MS. ASIC has been identified from basic science as a key target of

interest, which can be blockaded by the licenced drug amiloride.

Clinical trial outcomes assessing the anterior visual pathway can be supported by
assessments of the post-synaptic white and grey matter structures in the cortical
visual pathways. In the context of neurodegeneration in the anterior visual pathway,

two key areas of exploration in the posterior visual pathways emerge.

The first is whether findings of neurodegeneration, or indeed a neuroprotective effect,
in the anterior visual pathways have consequential findings in the posterior visual
pathways. One region of the posterior visual pathways in which this can be
addressed is the optic radiations (OR). Analysis of the OR can assess whether loss
of input to the LGN from neurodegeneration in the optic nerve, is reflected on
measures of white matter integrity in the optic radiations (OR). Such measures of
white matter integrity can be explored using the quantitative MRI technique of

diffusion tensor imaging.

The second key area that can be addressed is that of neuroplasticity in the visual
system in response to deafferentation from the anterior visual pathway. As we have

seen, there is a large neural network in the visual cortex that receives input from the
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LGN. Thus, the question of whether this large neuronal area can re-organise to
enhance recovery from ON is a pertinent one. Potential mechanisms of
neuroplasticity are manifold and include axonal sprouting, dendritic branchings with
synaptogenesis and neurogenesis in the grey matter (69). Again, non-conventional

fMRI can be used to probe changes in grey matter functional connectivity.

1.7 Thesis Aims

1.7.1 Research Questions

This thesis aims to address the following research questions;

Is ASIC channel blockade via amiloride neuroprotective in ON?

Can our understanding of the temporal evolution of retinal changes following

ON be enhanced by assessing OCT longitudinally, how do these changes influence

visual outcomes, and this ameliorated by amiloride?

Is transynaptic neurodegeneration present in the posterior visual pathways

following ON and this ameliorated by amiloride?

Is there evidence of neuroplasticity in the visual cortex following ON, and is

this influenced by amiloride?

1.7.2 Research Aims

The objective of each experimental chapter is as follows;
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Chapter 2 To report the study design, and results of a phase Il, randomised,

placebo controlled clinical trial of amiloride in ON

Chapter 3 To report detailed longitudinal analysis of the retinal layers in segmented
macular OCT collected in the clinical trial, to assess the effect of amiloride on
changes in these layers, and to assess which of these individual layers has the

greatest influence on vision following ON.

Chapter 4 To assess whether transynaptic neurodegeneration in the OR is evident
on analysis of the whole brain and region of interest (ROI), using the quantitative M
technique of diffusion tensor imaging (DTI) derived measures of white matter

integrity, and assess whether this is influenced by amiloride.

Chapter 5 To assess whether neuroplasticity can be demonstrated following ON on
resting state functional MRI (RSfMRI), and to assess whether these changes are
adaptive or maladaptive, based on their relationship to visual measures, and OCT-

derived measures of neurodegeneration.

RI
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2 Chapter 2. The Amiloride Clinical Trial in
Optic Neuritis

In this chapter the methods and results of a phase Il randomised controlled trial of

amiloride in ON are presented.

2.1 Introduction

In chapter 1, the pre-clinical and early clinical evidence supporting the potential for
amiloride blockade of the ASIC1 channel as a neuro-protective mechanism was
presented. Following on from this, a phase Il proof-of-concept randomised controlled
trial of amiloride in ON was performed - the amiloride clinical trial in optic neuritis

(ACTION).

2.1.1 Outcome measures

A variety of outcome measures were included in the trial and are reported in this
chapter, a brief description and rationale for the use of each is given, prior to

reporting on the study design and outcomes.

2.1.2 Primary outcome measure

2.1.2.1 Scanning laser polarimetry (GDx)

The primary outcome measure selected for the trial was peri-papillary RNFL (pRNFL)
as measured by GDx. GDx is used to measure the thickness of the peri-papilliary
retinal nerve fibre layer (pRNFL) inferred from the phase shift occuring in a polarised
light reflected back to a sensor from the retina. The retinal nerve fibre layer is the

only layer in the retina that is birefringent to polarised light (70). Therefore, light that
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has been reflected back to the scanner has passed through the RNFL twice. The
degree of phase shift of two orthogonal beams of polarised light can then be used to
calculate the thickness of the RNFL. This calculation must take account of the cornea
and to a lesser extent the lens in the anterior segment of the eye, which are also
birefringent to polarised light due to the parallel arrangement of collagen fibers in
these structures. This can be compensated for via one of two methods; variable
corneal compensation (VCC) or the more recently developed enhanced corneal
compensation (ECC) (71). Both VCC and ECC were performed in this trial.
Previously published literature on GDx in ON has been carried out on VCC, however
ECC appears to have a closer structure-function correlate in glaucoma (72), hence,

using this modality has potential added value and novelty in the field of GDx and ON.

In cross-sectional studies, the pPRNFL on GDx has been shown following ON to be a
mean of between 11-22um less in eyes affected by ON, compared to unaffected
fellow eyes and control eyes (50, 73, 74). Longitudinally, thinning of GDx pRNFL is
present in 60% of eyes at 3 months from onset of ON (75). Thinning of pRNFL on

GDx has been shown to correlate with visual function following ON(74).

GDx was selected as the primary outcome measure because the available evidence
at the time of conception of the trial meant it afforded the most efficient powering of a
phase Il trial in ON. GDx was performed using the Carl Zeiss GDx Pro with ECC. An
average of three readings were taken for each measurement in the study. All the
scans were performed by me, and were deemed to be of adequate quality if they had
a quality score of 2 7, and had a uniform brightness across the scan, consistent with

previous studies (74)
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2.1.3 Secondary outcome measures

2.1.3.1 Optical coherence tomography (OCT)

OCT uses near infra-red light (wavelength 870 nm in Heidelberg spectralis) to build
up a series of “A” scans (single points) to build up a cross-sectional “B” scan or
“slice” of the retina — analogous to ultrasound. The signal in OCT is composed of
measuring the delay in reflectance of an infra-red beam low coherence light shone
on the retina, when compared to a reference beam. Spectral domain OCT collects
each A-scan signal as a single spectrum covering all the depths of the A-scan point,
and uses a fourier transform to convert into a time domain signal (76). Previous time
domain systems required the position of a reference mirror to be moved to probe
different depths in each A-scan (77). By obviating the need for this, a spectral
domain system is much quicker at scanning, allowing innovations such as repeat
scans and increased signal to noise ratio, and better quality images. The Heidelberg
spectralis employs automated real time (ART) meaning that the operator can
determine how many times each B-scan will be repeated to improve signal to noise

ratio.

pRNFL thinning on OCT in ON has been widely demonstrated both cross-sectionally
(73, 78, 79) and longitudinally (36, 51, 80, 81). A meta-analysis of pRNFL in 956
eyes showed a mean difference of —20-38 pym (95% CI —22-86 to —17-91) compared
to 1107 control eyes(82). Moreover, like GDx, OCT pRNFL has been shown to

correlate with visual acuity (36, 81) and low contrast visual acuity (74, 78).

Adding OCT to the trial protocol as a secondary outcome measure allowed not only
the potential validation of GDx findings at the pRNFL, but also enabled scanning of

the macula, a feature not available on GDx. In this chapter, baseline data on
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combined ganglion cell and inner plexiform layer (GCIPL) volume is presented along
with total macular volume. The GCLIPL contains the cell bodies of retinal ganglion
cells which are the cell bodies of axons that form the RNFL. Prior to conducting the
trial, a number of cross-sectional studies had shown cross-sectionally that the GCIPL
is thinned in patients with a history of ON (51, 83, 84). Thus, it was added as an
exploratory secondary outcome measure. As will be seen later, in this chapter and in
chapter 3, a number of studies have subsequently further explored this metric as a

biomarker of neurodegeneration in ON.

For pPRNFL OCT scans, high-resolution 3.5mm diameter peripapillary circle scans
were acquired with a minimum automated real time (ART) setting of 30. For Macular
scans a high resolution macular scan centred on the fovea, (19 supero-inferior slices,
200um apart, ART 25) was chosen for analysis. This allowed detailed analysis of the
central 3mm radius annular zone around the fovea - anatomically this contains the
bulk of the ganglion cell bodies and contains those supplying the fovea - thus a priori
it can be anticipated they are the most closely responsible for the main functional
correlations - visual acuity and low contrast visual acuity. B-scans were segmented
using Heidelberg Heyex 6.0 and a volumetric measurements for retinal layers were
derived from the 3mm annular area (figure 2.2). Additional quality assurance
parameters were applied in line with published consensus OSCAR-IB criteria for
quality control of data (85). The majority of OCT scans were collected by me and a
minority by ophthalmic imaging staff who had been trained in the standard operating

procedure for the ACTION trial.

The segmentation software employed in this data has been used in recent
publications (86) and has also been shown to have good intra-class correlation (ICC)
coefficient for all layers with the exception of ONL (87). In the ACTION trial, the

standard operating procedure advised repeated measurements for OCT scans
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wherever possible. This was done in order to take a mean of two measurements to
increase signal-to-noise ratio and get closer to the true mean of the individual subject

timepoint.
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Figure 2.1 A patient presenting with swelling of the optic nerve in the affected
(right) eye (A on OCT, C on GDx). Here OCT measures swelling of the affected
eye compared to the unaffected eye (B, E). In GDx, as it relies on integrity of
RNFL rather than volume of tissue for measurement, the pRNFL thickness
around the discs of the affected eye is similar to the unaffected eye- GDX pRNFL
is shown in D — affected eye in green and unaffected eye in purple
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Figure 2.2. Macular OCT scanning in the ACTION trial High resolution OCT
scan of the macula. (A) lllustrates the position of the 19 B-scans used to
formulate the volumetric analysis. (B) shows the 3mm parafoveal annular area
that is used for the volumetric analysis and a heat map of GCL thickness
generated from the GCL volumes. (C) illustrates the segmentation of the
macular layers (to the right of the picture, the left remains unmarked to
illustrate the definition between layers). RNFL- retinal nerve fibre layer
(macular), GCL ganglion cell layer, IPL — inner plexiform layer, INL — inner
nuclear layer, OPL — outer plexiform layer, ONL — outer nuclear layer (the
nuclei of the photoreceptors). IS/OS — outer retina, comprised of the inner and
outer segments of the photoreceptors and the retinal pigment epithelium.

2.1.3.2 High contrast letter acuity (HCVA)

HCVA is the gold standard for most clinical trials in ophthalmology. In snellen acuity
the numerator denotes the distance the subject is away from the letter chart, and the

denominator refers to which line of the chart the subject can see. If the subject can
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see 6/6 Then at 6 metres, the subject can see letters that subtend 5 minutes of arc
(88), which is recognised as a normal high contrast acuity. Use of the traditional
snellen chart creates a number of issues in clinical research, primarily that it creates
categorical variables rather than continuous variables for subsequent multivariate
comparisons, in addition to crowding of letters at smaller optotypes complicating the
task of viewing small letters for subjects. Early treatment of diabetic retinopathy study
(ETDRS) charts (89) overcomes these difficulties and allow a continuous variable of
letter score to be applied to clinical data (35 letters = 6/60 snellen, 85 letters = 6/6

snellen).

In ON however, the usefulness of HVCA as an outcome is limited as most patients
will recover to a good standard of HCVA with almost 70% of patients achieving 6/6
snellen vision and over 90% achieving greater than 6/12 vision at one year (38).
Despite this, many patients remain symptomatic of visual problems. Further testing of
vision can be achieved with additional methods including low contrast acuity, visual
fields and colour vision. These can elucidate abnormalities and variability amongst
ON patients, in keeping with ongoing symptoms, including those with 6/6 snellen
acuity, and provide useful adjuncts to clinical trial design and assessments of

structural biomarkers (90).

2.1.3.3 Low contrast visual acuity (LCVA).

Reduced contrast sensitivity post ON in eyes with normal high contrast acuity was
demonstrated prior to the advent of retinal imaging (91), and was included in the

composite primary outcome measure of the ONTT using Pelli-Robson charts (37).
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Subsequently, due to lack of availability of Pelli-Robson charts for further MS trials in
the late 1990’s, Sloan low contrast letter charts were adopted for use in MS trials.
Sloan charts are similar to ETDRS charts but have grey letters of increasingly faint
appearance on separate charts of different contrast (separately 100%, 5%, 2.5%,
1.25% and 0.6% contrast charts are available) (92). Due to their use in MS trials of
disease modifying agents as secondary outcome measures (93, 94) Sloan 2.5% and
1.25% charts were included in a number of studies in ON and have been found to
correlate with pRNFL on OCT (74, 78), GDx (74) and GCLIP thickness on OCT (51,

84)

In the ACTION trial, HCVA was assessed for each eye in turn using a retro-
illuminated early treatment of diabetic retinopathy (ETDRS) letter chart at 4 meters,
and automatically assigned a score of 30 letters if 5 letters were seen at 4 meters
(6/60 snellen equivalent) plus the number of letters read at 4 metres, with a
maximum score of 100 (6/3 snellen equivalent). The chart was moved to 1 meter if
the participant could not identify any letters at 4 metres. and the participant was
assigned a score of 0-30 letters. Testing was performed with patients own refraction
and with a pin-hole and the best letter score was used. Low contrast visual acuity
was assessed using Sloan 1.25% and 2.5 % letter charts at 4 meters for each eye in

turn with patient’s own refraction.
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o e — Figure 2.3 ETDRS letter chart

2.1.3.4 Colour vision

Reduction in ability to discriminate colour is a key hallmark of optic nerve dysfunction
and acute ON (95). Colour vision remains abnormal after recovery from ON (96). The
Farnsworth Munsell 100 Hue test (FM-100) can be used to apply a continuous
variable to dyschromatopsia in the form of the total error score (TES) (97). Whilst not
designed to clinically assess acquired dyschromatopsia uni-ocularly, the FM-100 was
an outcome measure in the ONTT (98) and confirmed that no clear pattern of red-
green, or blue-yellow axis appears to be preferentially affected in ON(99). FM-100
error scores at baseline (within 32 days) and 3 months have also been shown to

have a significant predictive value for pRNFL loss at 6 months (100).

For our trial, the FM-100 colour vision TES was acquired for each eye in turn using a

standard illumination (97) on participants with vision of 6/60 or better at baseline and

6 months.
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2.1.3.5 Visual Field

Visual field defects are an important clinical feature in diagnosis in ON, and like
colour vision defects are heterogeneous and varied in severity (101). The Humphrey
visual field analyser (HVF) is an automated perimeter which presents stimuli of
different intensities to the subject, and by assessing scores across different stimuli
points (74 different points in the visual field for a 30-2 30 degree protocol) the subject
can be assigned a mean deviation (MD) score compared to a reference range
corrected for age. A more negative MD indicates a more severely impaired visual
field. Correlations post ON in pRNFL patients with severe pRNFL thinning (<75 ym)
were shown in one paper (80), whilst another group have shown a strong exponential
relationship between higher pRNFL thickness and HVF MD (102). Both findings
suggest that for eyes with subtle loss of pRNFL, HVF lacks sensitivity in identifying
functional impairment in milder ON cases. Moreover, performance of HVF demands
a high degree of patient co-operation in pressing the button when stimuli are seen
and this can be difficult for patients with ON, and particularly MS, to perform. A high
degree of short and long term fluctuation has been demonstrated in patients who
have recovered from ON (103). Nevertheless, HVF remains a translatable and
extensively analysed outcome in ON, and uniquely amongst the visual tests in this

trial gives an indication of peripheral retinal function.

In the ACTION trial visual fields were assessed using the Humphrey visual fields
analyser using a 30-2 SITA protocol (104). Fixation losses, false negative and false

positive rates of less than 33% were deemed of adequate quality (101).

2.1.3.6 Electrophysiology
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2.1.3.7 Pattern stimulated visual evoked potentials (PVEP)

PVEP records the cortical (primarily V1) electroencephalographic activity in
response to a checkerboard stimulus (105). Whilst PVEP requires the full visual
pathway to be intact to be detected, it is relatively sensitive to pre-chiasmal
abnormalities and relatively insensitive to post-chiasmal, cortical abnormalities. Thus
PVEP provide a sensitive marker for optic nerve function. Characteristically, ON
produces a delayed peak response (usually at 100ms - termed the P100) with
relatively intact P100 amplitude. This delay typically improves from baseline over
time, but remains persistently prolonged (106). This prolongation and subsequent
improvement is thought to represent demyelination and remyelination of the optic
nerve respectively (107), though ion channel re-organisation improving conduction in
demyelinated segments of optic nerve may also contribute to this improvement. It
should be noted that acutely, ON can produce a reduced amplitude with a less
marked effect on latency of the P100, or indeed have an undetectable PVEP at
presentation, postulated to be due to the effects of acute inflammation profoundly

blocking conduction, rather than demyelination per se in the acute phase (108).

PVEP P100 time to peak has been correlated by some groups with pRNFL thickness
in a mix of ON and MS patients (109), however other groups failed to find a
significant correlation with P100 time to peak, despite finding a significant correlation
with amplitude (81) 6 months after ON. These findings reflect the complex interplay

between demyelination, remyelination and neurodegeneration in the optic nerve.

As ASIC was found to be expressed on oligodendrocytes and have a
myeloprotective effect in animal models (25), inclusion of PVEP allows us not only to
measure the effect of amiloride on a widely used clinical research tool in ON, but also

to assess the effect of amiloride on de- and re-myelination following ON.
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2.1.3.8 Pattern Electroretinogram (PERG)

PERG assesses retinal function at the macula, by stimulating with a reverse
checkerboard pattern and recording the retinal biopotential via corneal or bulbar
conjunctival electrodes (110). The early positive (P50) deflection of the PERG is
thought to be primarily generated by outer retinal (photoreceptor) cells and the later,
negative (N95) thought to be primarily derived from the RGCs. However, there is
some crossover in that the p50 has been found to be reduced in amplitude and time
to peak in optic nerve disorders. This is particularly the case in early ON (111),
though reduced the N95 amplitude with relatively preserved P50 amplitude is
generally the most characteristic feature of ON. N95 amplitude is taken as a peak-to-
nadir measurement from the P50 peak as standard, thus reported N95 amplitudes

incorporate P50 amplitude reductions.

In the context of ON the PERG can improve diagnostic certainty in that it can help
exclude significant outer retinal dysfunction which could impact on PVEP recording,
and can demonstrate RGC dysfunction (111). In the earliest ON OCT study PERG
was found to correlate with pRNFL thickness both by GDx and OCT, (73), and has
subsequently been found to correlate cross-sectionally with GCL volume on macular

segmentation (112)

In the ACTION trial PVEP and PERG recordings were obtained according to

published protocols from the international society for clinical electrophysiology of

vision (ISCEV) (110, 113). Results from the 60’ check size are reported.
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Figure 2.4. Example of PERG waveform in acute optic neuritis of the left
eye, performed 11 days after onset of visual symptoms in a 38 year old
female participant. As is typical in optic neuritis, the N95 amplitude is
reduced primarily due to a muting of the N95 negative deflection and also
partially from a reduction in p50 peak height and amplitude.

2.1.3.9 MRI

MRI for white matter lesion detection was obtained on a Siemens verio 3T MRI with a
32 channel head coil. Proton density (PD) and T, weighted images were obtained in
2 dimensional axial slices (0.9x0.9x1.1mm voxel size) from the same radio frequency
pulse at different echo times (repetition time (TR) 10960ms, echo time (TE) 11ms
proton density and 128ms T,) (acquisition time = 5 mins 08 secs). In addition, fluid

attenuation inverted recovery sequences (FLAIR) were obtained in 2 dimensional
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axial slices (0.9x0.9x3 mm voxel size, repetition time 9000ms echo time 73ms)
(acquisition time = 4mins 14 secs). All scans were reviewed by a neuro-radiologist

(Wilhelm Kuker) for assessment of the presence of white matter lesions.

2.2 Trial Design for the Amiloride Clinical Trial in Optic
Neuritis (ACTION trial)

We performed a randomised, parallel group, double blind, investigator led, placebo
controlled trial. Participants were allocated on a 1:1 ratio to amiloride 10 mg once per
day or placebo for 5 months duration of treatment. The primary outcome measure
was difference in GDx-derived pRNFL thickness at 6 months compared to unaffected
fellow eye at baseline. Secondary outcome measures were visual outcomes (visual
acuity, LCVA, visual field), MRl and OCT measures at 0, 6 and 12 months, PVEP
and PERG and colour vision at 0 and 6 months, with a further measure of GDx
thickness at 12 months as a secondary outcome measure. The 12 month
measurements were designed to ensure that any benefit from amiloride was
sustained and to confirm the primary outcome measure. By using placebo treatment
identical to amiloride, and blinding both the investigators and participants to

treatment, bias was minimised.

All study procedures were conducted at the John Radcliffe Hospital site in Oxford,
however recruitment of participants was from a network of hospitals throughout the

south and south east of England.

All participants gave written informed consent in accordance with the declaration of
Helsinki. The study was approved by the South Central Oxford B research ethics
committee (reference: 13/SC/0022) and overseen by an independent data monitoring

committee.
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2.2.1

2211

Inclusion and Exclusion criteria

Inclusion Criteria

Participants with a first episode of unilateral ON
Participants with an existing diagnosis of relapsing remitting MS and new

onset of ON are eligible if they had:

J

Not had a previous episode of ON,

J

A duration of disease of < 10years

J

An EDSS (Expanded Disability Status Scale) of <3.

> No immune modulating treatment other than -Interferon or

glatiramer acetate at time of recruitment

Able to be randomised within 28 days of onset of visual symptoms
Visual acuity of <6/9
Participant was willing and able to give informed consent for participation in
the study and able to comply with study visits
Male or Female, aged between18 — 55 years.
Stable dose of current regular medication for at least 4 weeks prior to study
entry.
Female participants of child bearing potential had to be willing to use two
effective methods of contraception (barrier methods, hormonal methods or
abstinence) during the initial 5 month treatment period of the study and for
one month thereafter
Participants required clinically acceptable urea and electrolytes and estimated
glomerular filtration rate (eGFR) >60

Able and willing to comply with all study requirements.
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Willing to allow his or her General Practitioner to be notified of participation in

the study.

2.2.1.2 Exclusion Criteria

Previous diagnosis of ON

Any concomitant immune suppressing or immune modulating therapy
excluding B-interferon or glatiramer acetate.

Female participants who were pregnant, lactating or planning pregnancy
during the course of the study.

Concomitant potassium supplements, angiotensin converting enzyme
inhibitors, angiotensin |l antagonists, cyclosporine, tacrolimus or lithium.

Any contra-indication to MRI — severe claustrophobia, metal implant,
pacemaker, etc.

Participant who was terminally ill or is inappropriate for placebo medication
Impaired renal function : eGFR <60, anuria, acute or chronic renal
insufficiency and evidence of diabetic nephropathy

Raised serum potassium (K* >5.5mmol/l)

Diabetes

Significant concomitant eye disease in either eye that may affect diseased or
fellow eye results.

Any other significant disease or disorder which, in the opinion of the
investigator, would either put the participants at risk because of participation
in the study, or may influence the result of the study, or the participant’s ability
to participate in the study.

Participants who have participated in another research study involving an

investigational product in the past 12 weeks.
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We aimed to recruit 46 participants within 28 days of presentation with ON with visual
acuity 6/9 or worse in the affected eye with or without a previous diagnosis of MS.
ON was made as a clinical diagnosis based on a combination of some or all of
several key clinical features. These included pain on eye movement, sub-acute
reduction in visual acuity over hours or days, presence of a central or paracentral
visual field defect, presence of a relative afferent pupillary defect, and either a
swollen or normal appearing optic disc with an absence of pallor in the acute phase

(36).

2.2.2 Aquaporin-4 antibodies

The clinical course of an atypical ON is such that the diagnosis may not be
discriminated from typical (ie: MS associated or demyelinating) ON until after a poor
recovery of vision in the initial weeks after ON. In addition, in the case of NMO, the
diagnosis can be confirmed following positive anti-aquaporin-4 antibody testing.
However, this result is not be available until 4 weeks after testing. Once identified,
anti-aquaporin-4 antibody positive participants were removed from the intention to
treat cohort and referred for appropriate care, and replaced in the ITT cohort untill 46

anti-aquaporin-4 antibody negative patients were recruited.

2.2.3 Randomisation

Subject numbers were assigned sequentially as each subject entered the study. The
subjects were assigned a study drug through a centralised randomisation software
hosted by the United Kingdom clinical research collaboration (UKCRC) registered
Oxford Cognitive Health and Neuroscience Clinical Trials Unit. The randomisation
was performed by study investigators whose access to the software did not allow
unblinding. A random-deterministic minimisation algorithm was used to produce

treatment groups balanced for important prognostic factors. The first 10% of
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participants were allocated randomly without minimisation to avoid predictability.
Subsequently the minimisation algorithm was applied with an allocation ratio that was
not fully deterministic: there was an 80% bias in favour of allocations that minimised

the imbalance.

The randomisation algorithm minimised for the following three variables related to
prognosis at baseline:
Sex (male or female)
Number of weeks since onset of symptoms (<2 weeks; 22
weeks)
Severity of visual impairment (between <6/9 and 26/18, ie,

mildly affected; <6/18 and worse, ie, severely affected).

The study drug was labelled with the study number and unique pack identification
number. The two treatments amiloride 10mg and placebo were indistinguishable to
the investigators. Patients started the drug at the treatment dose on the day of
dispensing of the drug after all the baseline investigations had been completed with
the exception of electrophysiology, which could have been completed up to two
weeks following randomisation. Medications were continued for 5 months, to allow a

one month washout period before collection of the primary outcome measure.

2.2.4 Outcomes

The primary outcome was to measure the difference in pRNFL thickness as
measured by GDx between the affected eye at 6 months and the fellow eye at

baseline, and compare the amiloride and placebo groups.
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As a secondary outcome, the same comparison with baseline fellow eye was made

at 6 months with spectral domain OCT and with both OCT and GDx at 12 months.

The same comparison with baseline fellow eye was made for clinical outcomes
(HCVA, 1.25% and 2.5% LCVA, TES, MD). All were done at 6 & 12 months with the

exception of TES, which was only performed at 6 months.

Similarly, for electrophysiological secondary outcome measures a comparison
between groups of the difference in visual evoked potential P100 amplitude and peak
time, and pattern electroretinogram N95 amplitude from baseline unaffected eye to

affected eye at 6 months, was made.

2.2.5 Statistical analysis of sample size

The primary comparison of GDx determinedpRNFL thickness was analysed using an
analysis of covariance (ANCOVA). The response variable was the 6 month measure
in the affected eye minus the unaffected eye baseline measurement. The baseline
measure in the unaffected eye was added as a covariate, along with treatment group
and the minimisation factors above, with time from onset of symptoms entered as a
continuous variable in days rather than a binary variable as per the minimization

algorithm.

Secondary analyses were made in the same way, with comparison being made with
the unaffected fellow eye at baseline, with the affected eye at either 6 or 12 months.
For visual evoked potentials, if the visual evoked potential was undetectable, the

value of 200ms was used for peak time and an amplitude of OpV (23). Correlations
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were performed using Pearson’s correlation coefficient if the data was parametric

and Spearman’s rho if non-parametric.

Statistical analyses were performed by the trial statistician (Stephen Gerry) using

SAS 9.4 (SAS Institute, Cary NC), and reproduced by myself in SPSS 22 (IBM)

2.2.6 Statistical Powering

Thirty-six patients were required to provide 90% power and 5% alpha in order to
detect a 21% effect size on the primary outcome measure. Based on previous data
(74) this was a 7.4 uym difference between groups, with a common standard deviation
of 6.6 ym. We allowed for a drop out rate of 10%, however, in addition we calculated
that up to 10% of patients could have an atypical ON, over and above those with anti
AQ-4 antibody (39). Therefore to ensure that there was enough power to detect a

difference in the typical ON sub group, we aimed to recruit 46 patients in total.

2.3 Results

Between April 2013 and November 2014, 111 referrals were made to the trial and of
those 48 participants were recruited and randomised to either placebo (n=26) or
amiloride 10mg (n= 22), with follow up in the trial ongoing until November 2015, and

with the trial finishing after the planned 12 month follow up for the last participant.

The final ITT cohort had 43 patients. In the amiloride arm two patients were
withdrawn - one due to alternative diagnosis (functional visual loss) and one due to
positive aquaporin-4 antibodies, therefore 20 patients were included in the primary
analysis of the ITT cohort. In the placebo arm, one patient withdrew, one was lost to

follow up and one patient was withdrawn due to alternative diagnosis, therefore 23
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patients were included in the primary analysis (figure 2.1). These exclusions were
made (as per the protocol), without knowledge of the patients’ treatment allocations.

No atypical cases of ON were identified from clinical follow up.
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Referrals: (n=111)

Declined(n=22)
Screen failures (n=2)
Exclusion criteria (n=39)
Visual acuity of better than 6/9 (
Unable to attend with 28 days of onset of symptoms  (
Previous Optic Neuritis (
Outside the study age range (18-55) {
Unclear diagnosis (n=3)
(
(
(
(
(

Unable to be contacted
Taking excluded medications
MRI contraindication

MS for longer than 10 years
Breastfeeding

v
Randomised (n=48)

Amiloride (n=22) Placebo (n=26)

Withdrawn - not optic neuritis (n=1) |<\ 4>| Withdrawn - not optic neuritis (n=1) |
nll:tr)drawn from ITT cohort ~NMO 4’| Lost to follow up at 6 months (n=1) |
4’| Withdrew consent (n=1) |
Included in primary Included in primary
analysis (n = 20) analysis (n=23)
Lost to follow up at 12 months (n=1) |‘77 4>| lost to follow up at 12 months (n=2) |
v
Included in secondary Included in secondary
analysis (n=19) analysis (n =21)

Figure 2.4 Flow diagram of recruitment to the ACTION trial

The baseline characteristics of both groups were similar as outlined in table 2.1.



Table 2.1 Baseline demographic and clinical characteristics of all patients in the

intention to treat cohort.

Gender M:F
CIS

2nd CIS

Subs MS [CIS]
known MS
Steroids given

>2 White Matter lesions on MRI brain

Age (years)

Time from onset to randomisation (days)

Amiloride n=20

05:15
14 (70%)
3 (15%)
3 (15%)
0
1 (5%)
14 (56%)

Mean (95% CI)
34.70 (30.5302, 38.8698)

14.70 (12.5736, 16.8264)

08:17
14 (56%)
4(16%)
5 (20%)
2 (8%)

5 (20%)

8 (40%)

31.48 (28.0016, 34.9584)

15.16 (13.0801, 17.2399)

Affected eye structural measures

GDx

RNFL thickness at baseline

Optical Coherence Tomography
OCTpRNFL thickness at baseline (um)
OCT macular volume (mm3)

OCT GCLIPL volume at baseline (mm3)

53.28 (49.73, 56.83)

156.08 (116.55, 195.60)
2.41 (2.36,2.45)

0.62 (0.59, 0.63)

51.34 (48.54, 54.15)

119.75 (96.80, 142.70)
2.31(2.21,2.43)

0.60 (0.57,0.62)

Affected eye visual measures

High contrast letter score
1.25% acuity letter score
2.5% acuity letter score
Visual field mean deviation

Colour vision TES

43.90 (27.61, 60.18)
0.42 (-0.46, 1.30)
1.42 (-1.14,3.98)

-19.60(-25.38, -13.82)

324.73 (175.24,474.21)

50.12 (37.63, 62.60)
0.88 (-0.36, 2.12)
2.44 (-0.14,5.02)

-18.49(-23.00, -13.97)

350.5 (277.69, 423.30)

Affected eye electrophysiological measures

P100 amplitude (uV)
P100 peak time (ms)

N95 amplitude pVv

4.80 (2.46,7.15)
152.93 (133.63,172.22)

4.14 (3.46, 4.82)

5.016 (2.85,7.19)
144.53(128.22, 160.84)

4.11092 (3.4339, 4.788)
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2.3.1 Primary outcome measure

There was no significant difference between the amiloride group and the
placebo group in the primary outcome — difference between affected eye at 6
months and baseline unaffected eye in GDx derived pRNFL (table 2.2, figure
2.5). Furthermore, in the secondary outcome measure, at 12 months there
remained no significant difference between the groups on GDx pRNFL (table

2.3, figure 2.5).

2.3.2 Secondary outcome measures

2.3.3 Structural and visual secondary outcome measures

In concordance with the primary outcome measure, OCT derived
measurement of pRNFL at 6 (table 2.2, figure 2.5) and 12 months (table 2.3,
figure 2.5) in the affected eye minus unaffected eye at baseline, showed no
significant difference between the placebo and amiloride groups. Similarly,
there were no differences between groups in macular thickness or any of the
macular layers. In the visual outcome measures, there were no significant
differences between the two groups in visual acuity, low-contrast visual acuity,

FM-100 TES scores and HVF MD.
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Figure 2.5 Scatter plot of pPRNFL as measure by scanning laser polarimetry and optical coherence tomography in affected and
unaffected eyes in both groups, for each dataset the mean and SD are marked with horizontal lines.
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Table 2.2: Differences between the amiloride and placebo groups 6 month outcome measures the difference
between the baseline unaffected eye and the affected eye at 6 months is shown as the outcome value, values
given are adjusted for covariates, age, sex, and time from onset of symptoms.

Amiloride change from

Placebo change from

Difference Amiloride -

Measure baseline to 6 months baseline to 6 months -value
(n=20) Mean (95% CI)  (n=23) Mean (95%cI)  Placebo, Mean (95% CI) g
Scanning laser Polarimetry
pRNFL thickness (um) -7.04 (-11.04, -3.04) -6.58 (-10.38, -2.79) -0.46 (-5.02, 4.10) 0.840
Optical Coherence
Structural
Tomography
feasures pRNFL thickness (um) -15.22 (-24.29, -6.15) -16.99 (-26.25, -7.72) 1.77 (-9.13, 12.66) 0.745
Total Macular volume (mm3)  -0.128 (-0.173,-0.084) -0.124 (-0.165, -.082) -0.005 (-0.058, 0.067)  0.884
GCIPL volume (mm3) -0.135 (-0.186, -0.092) -0.139 (-0.186, 0.092) 0.004(-0.075, 0.067) 0.912
HCVA letter score -11.67 (-25.75, 2.41) -7.26 (-20.94, 6.42) -4.41(+-20.83,12.02)  0.590
LCVA 1.25% letter score -15.13 (-21.87, -8.39) -10.83 (-17.17, -4.49) -4.30 (-12.06, 3.47) 0.269
Visual measures LCVA 2.5% letter score -15.94 (-23.82, -8.06) -13.34 (-20.69, -5.98) -2.60 (-11.64, 6.43) 0.562
Colour vision TES 26.40 (-24.14, 76.94) 29.00 (-23.91, 81.92) -2.60 (-65.61, 60.40) 0.933
HVF MD -4.00 (-9.11, 1.10) -1.98 (-7.09, 3.14) -2.02 (-8.23, 4.18) 0.513
. P100 peak time (ms) 27.27 (20.22, 34.31) 14.45 (7.27, 21.64) 12.81 (4.30, 21.33) 0.004
mm__mmﬁ_ﬁwwﬁ_m_m P100 amplitude (1V) -5.13 (-7.00, -3.26) -3.43 (-5.36, -1.49) -1.70 (-3.96, 0.56) 0.135
N95 amplitude (uV) -1.74 (-2.73, -0.76) -1.20 (-2.21, -0.20) -0.54 (-1.72, 0.64) 0.358
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Table 2.3: Differences between the Amiloride and Placebo groups 12 month outcome measures the
difference between the baseline unaffected eye and the affected eye at 12 months is shown as the outcome
value, values given are adjusted for covariates, age, sex, and time from onset of symptoms.

Placebo change from
baseline to 12 months
(n=21) Mean (95% CI)

Amiloride change from
baseline to 12 months (n=19)
Mean (95% CI)

Measure

Difference Amiloride - _value
placebo Mean (95% CI) p

Scanning laser Polarimetry

RNFL thickness (pm) -8.33 (-12.81, -3.85) -7.25 (-11.70, -2.80) -1.09 (-6.39,4.22)  0.680

Optical Coherence

Structural Tomography

fReastres pRNFL thickness (um) -17.56 (-26.53, -8.59) -17.52 (-26.93,-8.12) -0.04 (-11.09,11.02)  0.995
Total Macular volume (mm3) -0.135(-0.180, -0.90) -0.143 (-0.185,-1.00) 0.007 (-0.057,0.072)  0.815
GCIPL volume (mm3) -0.137 (-0.190, -0.085) -0.150 (-2.00, - 1.00) 0.012 (-0.063,0.087)  0.743
HCVA letter score -9.76 (-23.28, 3.76) -7.87 (-21.56, 5.82) -1.89 (-18.37,14.59)  0.817
Visual LCVA 1.25% letter score -10.81 (-17.68, -3.94) -11.34 (-18.15, -4.54) 0.53 (-7.76, 8.83) 0.897
measures LCVA 2.5% letter score -10.19 (-17.56, -2.82) -12.62 (-19.78, -5.47) 2.43 (-6.55,11.41)  0.585
HVF mean deviation -3.21 (-8.28, 1.85) -1.21 (-6.49, 4.06) -2.00 (-8.38, 4.38) 0.528
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2.3.4 Electrophysiological secondary outcome measures

The difference between baseline fellow eye visual evoked potential P100 peak time,
and affected eye peak time at 6 months was significantly prolonged in the amiloride
group (27.27 95% CIl 20.22, 34.31ms) compared to the placebo group (14.45 95% CI
7.27, 21.64 ms, p 0.004). There was a trend for a greater reduction in P100
amplitude between the two measures in the amiloride group and the placebo group,
but this was not significant (p 0.735). Differences were not significant between the
placebo and amiloride groups on pattern electroretinogram N95 amplitude difference.
The difference in groups in PVEP P100 peak time remained significant when those
with undetectable visual evoked potentials at 6 months were removed (1 patient in
the amiloride group). It was noted however that there was an imbalance at baseline
between the two groups in PVEP peak time, this was assessed via an unrelated
samples t-test and found to be non-significant (p 0.491) . Furthermore, re-running the
ANCOVA with the affected eye at baseline in PVEP P100 time to peak as an
additonal co-variate, remained significant (p 0.002). However, in a post hoc analysis,
a t-test of the change in P100 time to peak from 0 to 6 months in the affected eye’s

own visual evoked potential, there was no significant difference between groups.

2.3.5 Exploratory analysis of early neurodegeneration in macular
OCT

Given the lack of effect in the randomised comparison, we further analysed our
baseline macular OCT data to examine the possibility of pre-randomisation early
neurodegeneration. At baseline, there was a significant thinning of the GCIPL

volume, between affected eye and unaffected eye (p 0.002, figure 3), and this
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difference correlated with the number of days between symptoms (r=-.415, p 0.005,
figure 2.6) and OCT acquisition. Further analysis showed there was a significant
correlation between the baseline affected-unaffected eye difference in GCIPL, and
the 6 month affected eye minus the baseline unaffected eye in pRNFL (r=.463 p

0.002 Spearman’s rho).
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Figure 2.6 (A) Significant thinning of ganglion cell complex layer at baseline
in affected eye compared to fellow eye (p=0.002, related samples Wilcoxon
signed rank test) (B) Affected minus unaffected ganglion cell complex
correlates with time from optical coherence tomography (r=.-415, p=0.005,
Pearson’s correlation coefficient)
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2.4 Discussion

Converging basic science and early clinical research indicated that amiloride may be
neuroprotective in MS and its animal models. Based on this, we hypothesised that
amiloride would also be neuroprotective in ON, the pathophysiology of which is
closely related to that observed in MS. We conducted a prospective phase 2
randomised controlled trial of 43 patients in the ITT cohort comparing a group treated
with amiloride for 5 months, and assessed at 6 months, to a placebo group. We
assessed neuroprotection through imaging of pRNFL by GDx and compared the

affected eye at 6 months, to the unaffected eye at baseline.

Contrary to our hypothesis, our trial failed to show any difference in the primary
outcome measure of pRNFL on GDx between patients treated with amiloride, and
patients treated with placebo following acute ON. In the electrophysiological

secondary outcome of visual evoked potential peak time, the amiloride group showed
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a poorer outcome than the placebo group. This suggests that amiloride does not
have a neuroprotective effect in ON in the given clinical trial setting. However, there

are other potential reasons for the lack of effect of amiloride on the primary outcome.

The timing of intervention in any neuroprotective trial is critical to demonstrate a
potential effect but is offset by delivering study recruitment to target. Within our study,
participants were initiated on amiloride or placebo within 28 days of visual symptom
onset (mean 15 days). Other phase 2 trials of ON which have had positive primary
outcome measures examining pRNFL have had windows of 10 days (mean 4.5 in the
active group) (45) and 14 days (mean 8.2 in active group) (23). A study examining
use of Simvastatin in ON, recruited within a slightly longer window of 4 weeks (mean
12 days in active group) (114) had a negative primary but positive secondary
outcome. Analysis of our baseline data showed that even within our window of
recruitment (28 days from symptom onset) there was a significant thinning of the
GCIPL. Since commencing recruitment for our trial, other cohorts have reported
similar findings (115, 116). In addition, this early GCIPL loss strongly correlated with
later pRNFL loss, (r=0.46 in our data), which is consistent with other studies (115).
This suggests that damage to the neuro-axonal unit had already been initiated prior
to exposure to a putative neuroprotective effect of amiloride within our study (115).
These combined factors demonstrate a critical time window for potential

neuroprotective treatments.

Thus, the extended window of recruitment in our trial may have meant that, in late
cases, neurodegeneration was already established limiting any potential benefit from
amiloride. Therefore, future therapeutic trials should have as short a window,
between symptoms and inclusion as possible. This involves educating clinicians and
patients with a vision to developing an approach similar to stroke where “time is

brain” (117), in ON, “delay is degeneration”.
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The atrophy observed in the neural tissue in the retina is assumed to be due to a
dying back wallerian neurodegenerative process, originating with axonal transection
at the site of inflammation in the optic nerve (34). Whilst basic science models
suggest that ASIC mediated mechanisms may be contributory to axonal injury, it
seems likely that the mechanisms that contribute to axonal transection are manifold.
Alternative mechanisms, for example more direct effects from T-cells and
macrophages, may also hold a significant or even greater contribution to axonal
transection (118). Additionally, in tandem with the recent finding of early GCLIPL loss
on OCT, the potential role of primary retinal neurodegeneration in ON alongside
wallerian degeneration, is of increasing relevance. In a recent analysis of an animal
model of ON, RGC loss predated optic nerve axon transection in mice (119).
Moreover, this study echoed human post mortem studies showing direct infiltration of
the retina with microglia and macrophages (120). The contribution of ASIC to such
cell body neurodegeneration could be limited, contributing to the lack of effect in our

primary outcome measure from amiloride.

Our study was powered to detect a 21% difference between groups in GDx
determined pRNFL thickness, based on a cross-sectional study from Frohman et al
(74). We demonstrated a lesser difference between unaffected and affected eyes in
our placebo group (6.58um) compared the Frohman study (22.30um). In tandem with
this OCT measures showed a relatively preserved pRNFL at 6 months in both the
placebo and amiloride arms when compared to other published cohorts. Our cohort
had a mean drop in pRNFL of 17.52um in the placebo arm and 17.56um in the
amiloride arm at 6 months. However, a recent study of phenytoin in acute ON had a
mean loss of pRNFL of 24.16um amongst their 42 placebo patients at 6 months,
using the same OCT and acquisition parameters (23). These comparisons of our

GDx and OCT assessments indicate our cohort had a less severe drop in pRNFL
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than expected, lowering the power of our study to detect a potential neuroprotective

effect on the pRNFL.

In view of the apparently mild disease course of our cohort, we further analysed our
results as a per protocol group in sub-group analysis, pre-specified in our statistical
analysis plan, with the aim to exclude those with no objective evidence of ON on
baseline assessments. We excluded those who had a normal MRI brain, had a P100
amplitude and peak time of affected eye within 5% of unaffected eye at baseline, and
a pattern electroretinogram N95 amplitude in the affected eye within 10% of the
unaffected eye at baseline (2 patients in the placebo arm, 0 in the amiloride arm).
Additionally, however, we also excluded patients who had a second clinical episode
of ON in the affected eye within 6 months, thus removing the impact of any second
“hit” of inflammation in the affected eye (2 patients in the placebo arm, 0 in the
amiloride arm). However, this analysis also failed to find any significant difference

between the placebo and amiloride arms of the trial.

Lack of effect of amiloride could be explained by insufficient bioavailability of the drug
in the CNS to provide adequate blockade of ASIC in the CNS. Formal studies
assessing amiloride’s ability to cross the human blood brain barrier are lacking.
However, though the dose used was higher compared to the maximum licensed
dose used in this clinical study, pre-clinical studies of amiloride showed an effect
through blockade of ASIC type 1 following intra-peritoneal administration (18, 25). In
addition, it may be argued that the inflammation induced increased permeability of
the blood brain barrier (121) would facilitate penetration of amiloride to the optic

nerve.

Consistent with adequate CNS penetration of amiloride, and a biological target effect

within the optic nerve, is the finding of a significant delay in P100 time to peak in the
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amiloride treated group compared to placebo. P100 time to peak is a measure of
myelination in the optic nerve and is significantly delayed in ON. Subsequent
improvements in the P100 delay may reflect resolution of inflammation, remyelination
and/or ion channel redistribution following ON (107). Remyelination is a function of
oligodendrocyte cells. Oligodendrocytes are known to express ASIC, however the
precise function of the expression of ASIC at this location is unknown. In the context
of CNS inflammatory mediated injury of oligodendrocytes, a role for ASIC is
suggested by its blockade being myelo-protective in animal models of MS. However,
this is in contrast to our visual evoked potential findings in this study. In addition, the
observed delay in the amiloride group was seen at 4 weeks after cessation of
amiloride, which is more suggestive of persisting structural impairment of myelination
status, rather than an ion channel mediated effect of amiloride. Such paradoxical
effects between basic and clinical studies are not unique in MS, exemplifying the

complex pathogenesis of this disease (122).

In conclusion, our trial failed to demonstrate a neuroprotective effect of amiloride in
acute ON in any of the primary or secondary outcome measures. There was a signal
from the secondary outcome measures that amiloride may have had a detrimental
effect on recovery of the P100 peak time, which could be a reflection of amiloride
impeding remyelination following ON. This was an unexpected result given laboratory
evidence that amiloride preserved myelination through blockade of the ASIC type 1;
this finding warrants further basic science research to explore the role of ASIC and
its effects on myelin in CNS inflammatory disease. In the primary outcome measure
however, analysis of our data emphasises that neurodegeneration is an early
phenomenon in ON. Thus, future studies in ON should ensure capturing patients

within the early window of opportunity for neuroprotection.
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3 Chapter 3. Changes in macular retinal
layers over time following optic neuritis

In this chapter a brief review of macular OCT studies with retinal segmentation is

performed, and the cellular background to these segmented layers is reviewed.

The longitudinal data from OCT is then analysed after a drug effect from amiloride
has been examined. In this analysis, patterns of neurodegeneration are shown in the
inner retina which correlate with our functional and electrophysiological measures,
but thickening of outer retinal layers is also found, which have negative correlations

with these functional measures.

The dynamic nature of these changes in thickness are then explored, and the
analysis is shown to add new insights into what was known about the sequence of

changes in retinal layers following optic neuritis.

3.1 Introduction

The advent of spectral domain OCT has allowed in vivo monitoring not only of the

pRNFL in the retina, but also the segmented layers of the retina at the macula.
The cellular basis of the retinal layers is shown in figure 3.1 along with an

explanation of abbreviations used in this chapter. And a detailed description of the

retinal structure can be found in the introduction.
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Figure 3.1: Diagrammatic representation of the retinal layers (see figure 2.2 for
OCT layers). OCT layers are on the left hand side of the diagram, and their
cellular components on the right. RNFL- retinal nerve fibre layer (macular),
GCL ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer,
OPL - outer plexiform layer, ONL — outer nuclear layer (the nuclei of the
photoreceptors). IS/OS - outer retina, comprised of the inner and outer
segments of the photoreceptors and the retinal pigment epithelium. Adapted
from Britze et al 2017
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The focus of the primary outcome of the trial was on the pRNFL, the retinal layer that
is continuous with the optic nerve, and this a key target to explore wallerian
degeneration from retro-bulbar ON. However, many cross-sectional OCT studies of
the macula in ON have shown marked changes in the retinal layers, which correlate
well with visual outcomes. A major advantage of using OCT in the trial means that
we can segment the retinal layers and assess how the thickness of the layers evolve
over time following optic neuritis, and how the change over time correlates with

clinical outcomes.

3.1.1 Pathology Studies
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To my knowledge no literature exists describing post mortem human tissue directly
following optic neuritis. However, the retina of post mortem MS eyes were studied in
large numbers by Green et al (120). This showed not only retinal nerve fibre layer
and ganglion cell layer atrophy, but also atrophy in the INL. Notably the authors did
not find any change in the outer retinal layers beyond the INL. Inflammatory cells
were found in a proportion of cases in the GCL and occasionally in the inner
plexiform later (IPL) and INL. These findings give us some insight into the
pathological basis underlying OCT changes in ON, however they reflect a broad

spectrum of MS eyes, and none of the eyes were undergoing acute ON.

3.1.2 OCT studies

There have been a large number of cross-sectional OCT studies to date on retinal
changes in eyes with a history of optic neuritis. These have established that there is
thinning of the total macula and GCL (usually combined with IPL as some
segmentation algorithms have difficulty in separating the two layers), and that GCL
correlates with visual outcomes following optic neuritis - notably low contrast visual
acuity (83, 84, 86, 123-125). One study has shown a correlation between PVEP
amplitude and GCL thickness following optic neuritis (126). The reltionship between
PERG and segmented macular OCT has been looked at cross-sectionally and n95

has been shown to correlate with GCL thickness (112).

To date no longitudinal studies have looked at PERG and PVEP with OCT in ON.

Longitudinal studies have also shown that GCL thinning is detectable early in the

course of optic neuritis and has usually plateaued by around 3 months post optic

neuritis (115, 116), or possibly as early as 2 months (127).
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The INL however has been shown to be significantly swollen in eyes with a history of
ON compared to non-ON and healthy control eyes in cross-sectional studies (86,
128), however longitudinal studies reporting on the INL, have not found affected eye
INL to have significantly changed from baseline to 6 months (51, 127) or up to a year
when segmented in combination with the OPL (129). Thus the temporal evolution of

this cross-sectional finding remains unknown.

Microcystic macular oedema has been shown to be occasionally present in the INL
following optic neuritis, however thickening independent to this phenomenon has
been found(130)and it has been suggested that this phenomenon is part of a

continuum of INL thickening in response to GCL thinning(128).

Whilst total macula and inner retinal layers thin following ON, and INL appears to
thicken, the current literature is less clear for the outer, photoreceptor layers. Cross-
sectionally there is some evidence for swelling in these layers (combined OPL, ONL
and IS/OS) (86). However, longitudinally there is evidence for dynamic swelling that
subsequently reduces. In one study this was found to peak around 2 months and
return to normal but remain swollen at 6 months (127). A further study showed that
the outer retina was significantly swollen at 6 months, but had returned to baseline at

12 months (129).

3.2 Aims

Thus, | set out establish whether the longitudinal post ON OCT data in the ACTION

trial;
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e Conformed to the pattern of GCL and inner retinal thinning reported
previously

e Confirmed the dynamic nature of outer retinal changes following optic neuritis
reported in small cohorts

e Could establish the temporal evolution of INL thickening within a 12 month
time period

e Could enhance our understanding of the structural functional correlates

between OCT and vision with further analysis of the full retinal layers.

In order to increase the reliability of our exploration of these aims | also;

e Evaluated the repeatability of our retinal layer measurements

e Assessed whether there was an effect of amiloride on any of the retinal layers

3.3 Methods

3.3.1 Data acquisition and preparation

OCT scans (pRNFL and macular) were acquired and segemented as described in
chapter 2. Acquisition of HCVA, LCVA, PERG and PVEP is also described in chapter
2.

3.3.2 Statistical Analysis

3.3.2.1 Intra-Class correlation co-efficient of repeated scans at the same
timepoint

The acquisition of repeat scans at each time point (see section 2.1.3.1) allowed us to
assess the ICC for our chosen analysis parameters. As with all the subsequent

statistical analysis, this was performed in IBM SPSS v 22.
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3.3.2.2 Effect of Amiloride

First an assessment was made of whether there was an effect of amiloride on the
change in thickness in macular layers. This was performed using the same statistical
method as the primary outcome measure in the ACTION trial - ANCOVA, The
response variable was the 6 month measure in the affected eye minus the unaffected
eye baseline measurement. The baseline measure in the unaffected eye was added
as a covariate along with treatment group and the minimisation factors above, with
time from onset of symptoms entered as a continuous variable in days rather than a

binary variable as per the minimization algorithm.

3.3.2.3 Effect of time

Next, the differences between the affected eyes and unaffected eyes at each
timepoint were assessed. This was done using a paired samples t-test (131) at each
time point if the data was found to be normally distributed and with a related samples
wilcoxon signed rank test if either affected or unaffected eye group was non-
parametrically distributed. Given the high number of data points and groups,
parametric or non-parametric distribution was defined as whether the data was found

to significantly deviate from the normal distribution in Shapiro-Wilk test of normality.

Following this, the effect of time on individual retinal layers was assessed. For this, a
repeated measures ANOVA with subsequent pairwise analysis was used if the data
was parametric, or if the data was non parametric, a related samples Friedman’s
analysis of variance by ranks with subsequent Wilcoxian signed rank test was used
for pairwise analysis. Separate analyses and figures are presented for affected and

unaffected eyes.
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3.3.2.4 Structural-functional correlations

Following examination of the data for the effect of intervention and time, the
correlations between the macular layers and functional measures were limited to VA,

LCVA and electrophysiological parameters of p100 time to peak and amplitude.

A full correlation matrix for all the ACTION parameters would result in 484
correlations for each eye (from a total of 22 visual, electrophysiological and
structural metrics). Within those variables, there is a high degree of co-variance. Of
the visual measures initially collected VA and LCVA have a number of advantages
over the remaining variables. They are highly relatable and transferable for clinicians
as well as being rapid to acquire. This speed with which they can be acquired is
advantageous in a multi-modalilty clinical trial setting, where our experience as
investigators showed that patient fatigue was a major factor in performance. Testing
visual acuity is also highly dependent on the fovea as opposed to the periphery of the
retina. Given our OCT parameters were restricted to the foveal and para-foveal
retina, VA and LCVA as functional measures that are most dependent on this
architecture are of most interest in assessing structural/ functional relationships. FM-
100 hue score (which was only collected at 0 and 6 months), and Sita standard HVF
both suffer from being long, difficult tests that are not very comfortable for patients
and induce a high degree of patient fatigue. As discussed in chapter 1, repeatablilty
of HVF has been shown to be poor in ON patients(103), and shows a poor
correlation to pRNFL in milder cases (80). Whilst the pre-specified error rate based
on previous publications in optic neuritis (101) was 33% for HVF, in clinical practice,
this would be deemed to be an unacceptable error rate, and has high risk of affecting

the measured variable - mean deviation, in diseased populations (132).
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In order to make use of the longitudinal nature of our data, for this analysis, linear
correlations, (either a pearson’s correlation coefficient, or Spearman’s rho in the case
of non parametric data) were calculated and are presented. Correlations are also
presented between macular layers. It is assumed that there is a high degree of co-
variance between macular layers and therefore between correlated in retinal layers
and functional / electrophysiological correlations. On the same basis, raw p values
are presented without adjustment for multiple comparisons ie: there are multiple

comparisons of essentially the same correlation measured by different biomarkers.

3.4 Results

3.4.1 Intra-class correlation coefficient (ICC)

Analysis of our ICC coefficients within each layer over repeated measures at the
same timepoint, was consistent with the Oberwahrenbrock (87) data. This showed
that the OPL did indeed have generally lower ICC scores and displayed higher
degree of variability in ICC across timepoints than other layers. However, our data
outperformed that of Oberwahrenbock et al, with only one of 54 timepoints - OPL in
the baseline affected eye - giving an ICC of less than 0.7 (0.699). ICC coefficients
are displayed in figure 3.2, for comparison the data from the Oberwahrenbrock

cohort are also presented.
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Figure 3.2. Intra-class correlation coefficient (ICC) of repeated measures of retinal
layers at each timepoint. ICC is a measure of the concordance of repeated
measures. 0.7 or above is considered acceptable, 0.8 or above is considered
good, and 0.9 or above is considered excellent. The variation in the OPL in
particular is consistent with reported literature and should be considered when
reviewing correlations for that layer. However, our use of the mean of two
measurements means that we are more likely to have captured the true mean at
each timepoint, thus improving the reliability of our results.
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3.4.2 Effect of Amiloride on change in macular layers

In line with our primary outcome measure, there was no significant difference
between the amiloride and placebo group in the change in macular layers at 6 or 12
months, compared to the unaffected eye at baseline, in our pre-specified ANCOVA
analysis (Table 3.1). Thus, all eyes were included in subsequent analysis, regardless

of whether they were in the amiloride or placebo group.
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Table 3.1. ANCOVA of retinal layers assessing the effect of amiloride on

change in retinal layer thickness. No significant differences are found between

the amiloride and placebo groups

*Amiloride minus placebo

Amiloride Placebo

Layer Timepoint (months) n mean change (mm3) 95 % ClI n mean change (mm3) 95% ClI Difference in means*(mm3) Cl of difference in means  p value
Total Retina 6 20 -0.128 -.165, -0.82 23 -0.124 -0.165, -.082 -0.005 -0.67,0.58 0.884
12 19 -0.135 -0.180, -0.90 21 -0.143 -0.185, -1.00 0.007 -0.57,0.72 0.815

mrnfl 6 20 -0.21 -0.29,-0.14 23 -0.24 -0.30,-0.17 0.002 -0.008, 0.12 0.69
12 19 -0.25 -0.32,-0.18 21 -0.27 -0.033,-0.20 0.002 -.008, 0.011 0.743

GCL 6 20 -0.084 -0.116, -0.053 23 -0.088 -0.117, -0.058 0.003 -0.041, 0.047 0.881
12 19 -0.085 -0.118, -0.052 21 -0.095 -0.126, -0.064 0.01 -.037, -.056 0.678

IPL 6 20 -0.051 -0.070, -0.032 23 -0.051 -0.069, -0.034 0.001 -0.026, 0.027 0.962
12 19 -0.052 -0.072, -0.032 21 -0.055 -0.074, -0.032 0.003 -0.026, 0.031 0.855

GCLIPL 6 20 -0.135 -0.186, -0.085 23 -0.139 -0.186, -0.092 0.004 -0.67,0.75 0.912
12 19 -0.137 -0.19, -0.085 21 -0.15 -0.2,-0.1 0.012 -0.063, 0.087 0.743

INL 6 20 0.008 0.000, 0.016 23 0.013 .006, 0.020 -0.005 -.016, 0.006 0.354
12 19 0.012 0.003, 0.022 21 0.014 0.005, 0.023 -0.002 -0.015, 0.012 0.808

OPL 6 20 -0.008 -0.018, 0.003 23 -0.012 -0.022, -0.002 0.004 -0.011,0.019 0.587
12 19 -0.012 -0.024, -0.001 21 -0.014 -0.025, -0.003 0.001 -0.016,0.018 0.886

ONL 6 20 0.028 0.10, 0.046 23 0.025 0.008, 0.042 0.003 -0.022, 0.028 0.807
12 19 0.3 0.010, 0.049 21 0.25 0.007, 0.043 0.005 -0.022, 0.032 0.72

I1S/I0s 6 20 0.009 0.000, 0.018 23 0.012 0.004, 0.020 -0.003 -0.015, 0.009 0.638
12 19 0.011 -.003, 0.019 21 0.005 -0.003, 0.014 -0.005 -0.018, 0.007 0.362

3.4.3 Development of difference between affected and unaffected

eyes

Scatter plots for all subjects’ data for each layer at each time point are shown in

figure 3.3.
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Figure 3.3. Scatter plot of volume of each retinal layer in affected and
unaffected eyes over time. Error bars show mean and standard deviation.
Horizontal square brackets show significant differences between affected and
unaffected eyes on paired samples t-test with varying levels of significance
denoted by asterisks - * p <0.05, **p <0.01, *** p <0.001
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3.4.3.1 Baseline

At baseline, four layers showed a significant difference between affected and
unaffected eyes on a paired samples t-test. There was significant thinning in the GCL
and IPL of affected eyes, significant thickening of the mRNFL (presumably from peri-
papillary oedema tracking into this layer acutely) and also a significant thickening of

the ONL.

3.4.3.2 6 months

At 6 months, total macular volume was significantly thinner in the affected eye
compared to the unaffected eye. The change in the mRNFL had reversed and was
now significantly thinner in the affected eye. There was an increased thinning in the

affected eye GCL and IPL compared to the unaffected eye.

The INL was significantly thicker in the affected eye by 6 months compared to the
unaffected eye. There was no significant difference in the OPL. The ONL was
increasingly thicker in the affected eye. The outer retina was also significantly thicker

in the affected eye at 6 months.

3.4.3.3 12 months

At 12 months the total macula, mrnfl, GCL, IPL all remained significantly thinner in

the affected eye.

The INL, ONL and outer retina all remained significantly thicker in the affected vs

fellow eye. It is notable however that the 12 month comparison the ONL and 1S/OS

had both a reduced mean difference between affected and unaffected eye, and also
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a lower probability value than at 6 months, suggesting some dynamism to their

thickness over time in affected eyes.

3.4.4 Change over time within each eye

3.4.4.1 Affected eye (Figure 5a)

All of layers with the exception of the ONL had a significant change over time.
Changes over time can be seen in figure 3.4(a and b). The Total retina, mRNFL,
GCL and IPL and OPL all significantly reduced at baseline and 6 months and
baseline and 12 months, but there were no significant changes between 6 &12

months.

The INL had a significant increase between 0 and 12 months but the trend was not

yet significant at 6 months.

The 1S/OS notably had a significant increase in thickness at 6 months, however this

had returned to non-significance by 12 months.

3.4.4.2 Unaffected Eye (Figure 5 B)

The only layer that had a significant change over time in the unaffected eye was the
ONL. This showed a significant rise however, this represent a 1.8% increase in

thickness over time from baseline, and the significance was marginal (p 0.032).
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Figure 3.4. (A) Change over time in volume of retinal layers. Error bars are mean with 95%
confidence interval of the mean (n=40 patients with three timepoint follow up) .Significant
changes over time are marked by square brackets and asterisks based on parwise analysis
from ANOVA or wilcoxian signed rank test, only shown for analyses where the F-test of all
three timepoints was significant to a p value <0.05. - *p <0.05, **p <0.01, ***p <0.001
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Figure 3.4. (B) the same analysis as figure 5 (A) for the unaffected eyes (n=37,
excluded patients with bilateral ON during the 12 month follow up period)
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3.4.5 Correlations between visual, electrophysiological and
structural measures.

Correlations are displayed in table 3.2 for 6 months and table 3.3 for 12 months.

3.4.6 Multiple Linear regression between OCT layers and 2.5%
LCVA.

Due to the colinearity of the retinal layer variables, any model which includes
combinations of more than one inner retinal layer or outer retinal layer fails
assumptions on colinearity necessary for a valid multiple regression model. Multiple
regression could be applied in order to assess whether additional variance in visual
or electrophysiological parameters, could be explained by a combination model of
retinal layers. Therefore a hierarchical model with initially GCL difference combined
with INL difference between affected eye at 12 months and unaffected eye at
baseline was assessed with 2.5% LCVA as the dependent variable. However, this
had a minimal effect on the r value (increasing from .658 for GCL alone to .659 for
combined GCL and INL). A further attempt with GCL combined with IS/OS had a non
significant F test change (p0.165) with an increase in r from .658 to .679. These
analyses and the correlation matrix of retinal layers, suggests that most of the
variability in LCVA explained by retinal changes is carried in the positive correlation
between change in GCL volume and change in LCVA. Thus, there appears to be
little independent additional variability explained by either thickening or thinning of

other retinal layers.
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Table 3.2. 6 month correlations between visual and electopysiological measures and macular layers. For comparason, correlations with pRNFL on OCT and GDx
are also included

Statistic | Total Macula mRNFL GCL IPL GCLIPL INL OPL ONL 1S/0S PERG-N95  VEP-p100amp VEP-p100ttp pRNFL-OCT pRNFL -ECC GDx pRNFL VCC GDx
LCVA 1.25% r 449* 0.172 .584** .512** .520* -0.111 0.187 -.390** -.334* .349* .370* -0.118 470" -.481** .378*
P 0.003 0.27 0 0 0 0.479 0.23 0.01 0.028 0.024 0.015 0.458 0.001 0.001 0.013
LCVA 2.5% r .508** 0.293 .503** .578** .607** -0.287 0.094 -.314* -.404** .379* 453+ -0.101 552** -.533** .393**
P 0.001 0.057 0 0 0 0.062 0.549 0.04 0.007 0.013 0.002 0.526 0 0 0.009
HCVA r .307* 0.266 403" .388* .385* -0.224 -0.06 -410** -410** 0.209 415* -0.095 396 -.493** 0.24
P 0.045 0.085 0.007 0.01 0.011 0.148 0.704 0.006 0.006 0.184 0.006 0.551 0.009 0.001 0.121
PERG-N95 r .631* 471 .640* .649* .652* -.320% 0.223 -415** -0.279 1 505" -0.168 493" A470* A1
P 0 0.002 0 0 0 0.039 0.156 0.006 0.074 0 0.001 0.289 0.001 0.002 0.007
VEP p100 amplitute r 510 0.296 .593* .558** .562** -0.147 0.061 -413* -0.107 .505** 1 -0.262 .562** .549** 397+
P 0 0.054 0 0 0 0.348 0.697 0.006 0.493 0.001 0 0.094 0 0 0.008
VEP - p100 ttp r -.362* -0.242 -.404** -.408** -.403** 0.112 -0.113 0.22 .356* -0.168 0.262 1 -.362* -.347* -.342*
P 0.019 0.122 0.008 0.007 0.008 0.479 0.475 0.161 0.02 0.289 0.094 0 0.018 0.026 0.027

Italics - Parametric correlations (pearsons) otherwise non-parametric Spearman's Rho
**significant to <0.01
*significant to <0.05

Table 3.3. 12 month correlations between visual measures, macular layers and for comparason, correlations with pRNFL on OCT and GDx are also included. No
electrophysiological testing was done at 12 months as per protocol.

Total Macula mRNFL GCL IPL GCLIPL INL OPL ONL 1S/0S pRNFL -OCT pRNFL -ECC GDx pRNFL VCC GDx
LCVA 1.25% r 542 0.269 .549** .583* .594* -0.26 0.206 -.360" -0.207 573" 466 367
P 0 0.093 0 0 0 0.106 0.201 0.022 0.199 0 0.002 0.018
LCVA 2.5% r .503** 0.249 .560** .618** .640** -.380* 0.045 -0.255 -0.184 .563** 420** 347
P 0.001 0.121 0 0 0 0.016 0.781 0.112 0.255 0 0.007 0.026
HCVA r 484 0.29 .503** 518" .516* -.399* 0.007 -0.181 -0.089 .558** 398 0.288
P 0.002 0.069 0.001 0.001 0.001 0.011 0.966 0.263 0.585 0 0.011 0.068

Italics - Parametric correlations (pearsons) otherwise non-parametric Spearman's Rho
**significant to <0.01
*significant to <0.05

Table 3.4. 6 month correlations between macular layers and electrophysiological testing.

6 months affected minus baseline unaffected (n=43) Total Macula mRNFL GCL IPL GCL/IPL INL OPL ONL 1S/08
VEPtimeto  |Spearman Coefficient -.362" -0.242 - 404 -408** -.403* 0.112 0.113 0.22 356"
peak p100 Sig. (2-tailed) 0.019 0.122 0.008 0.007 0.008 0.479 0.475 0.161 0.02
VEP p100 Spearman Coefficient 510 0.296 593+ 558+ 562+ -0.147 0.061 -413* -0.107
amplitude Sig. (2-tailed) 0 0.054 0 0 0 0.348 0.697 0.006 0.493
N95 amplitude | Spearman Coefficient~ 603" 471 640" 652 652+ -320* 0.235 -415* -0.279

Sig. (2-tailed) 0 0.002 0 0 0 0.039 0.134 0.006 0.074
**. Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).
~ for parametric correlations pearsons coefficient is given in italics



3.4.7 Correlations between macular layers and electrophysiological
measures

Correlations between the 6 months change in PVEP p100 time to peak and amplitude and
PERG n95 are shown in table 3.4

3.4.8 Correlations within macular layers

Correlations at 6 and 12 months between each macular layer are shown in tables 3.5A and

3.5B respectively
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Tables 3.5A and 3.5B. 6 month (A) and 12 month (B) difference in affected eye macular layers and
unaffected eye baseline measurement, correlation matrix showing the correlation between each

6 months affected minus baseline unaffected (n=43) Total Macula mRNFL GCL IPL GCL/IPL INL OPL ONL IS/0S
Total Macula Pearson Correlation 1 07+ 958%* 954%% 956%* - 448%* 372% -.586%* -311%
Sig. (2-tailed) 0 0 0 0 0.003 0.014 0 0.042
mRNFL Pearson Correlation 707 1 723%* 674%% 697 -519%* 0.176 S50 -0.19
Sig. (2-tailed) 0 0 0 0 0 0.259 0 0.223
GCL Spearman Correlation 958 723%x 1 977%% 996+ -556%* 333% -.642%% -315%
Sig. (2-tailed) 0 0 . 0 0 0 0.029 0 0.04
IPL Pearson Correlation 954+ 674%+ 977%* 1 991%* -510%* 354% -.630%* -348%
Sig. (2-tailed) 0 0 0 0 0 0.02 0 0.022
GCL/IPL combined Pearson Correlation 956%* L69T** .996%* 991 %x* 1 -.556%% 334* -.642%* -316%
Sig. (2-tailed) 0 0 0 0 0 0.028 0 0.039
INL Spearman Correlation - 448%* -519%% -.556%* -510%* -.556%* 1 02 359% 0.113
Sig. (2-tailed) 0.003 0 0 0 0 . 0.197 0.018 0.469
OPL Spearman Correlation 372% 0.176 333% 354% 334% 02 1 -732%% -0.037
Sig. (2-tailed) 0.014 0.259 0.029 0.02 0.028 0.197 0 0.814
ONL Spearman Correlation -.586%* SS11H* -.642%* -.630%* -.642%* 359% - 732%* 1 0.01
Sig. (2-tailed) 0 0 0 0 0 0.018 0 0.949
IS/08 Spearman Correlation -311% -0.19 -315% -348% -316% 0.113 -0.037 0.01 1
Sig. (2-tailed) 0.042 0.223 0.04 0.022 0.039 0.469 0.814 0.949 .
**_ Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
12 months affected minus baseline unaffected (n=40) Total Macula mRNFL GCL IPL GCL/IPL INL OPL ONL 1S/0S
Total Macula Pearson Correlation 1 T31%* 968*+ 944%* 949+ -453%% .528%* -.636** -0.09
Sig. (2-tailed) 0 0 0 0 0.003 0 0 0.579
mRNFL Pearson Correlation 31k 1 735%* 625%* L653%* -A88** 355% -.548% -0.02
Sig. (2-tailed) 0 0 0 0 0.001 0.024 0 0.904
GCL Spearman Correlation .968%* 735%% 1 .975%% 994#* -.492%% 432%% -.659%* -0.096
Sig. (2-tailed) 0 0 0 0 0.001 0.005 0 0.556
IPL Pearson Correlation 944 625%* 975%* 1 .988*% -473%% 455%% -.663%* -0.091
Sig. (2-tailed) 0 0 0 0 0.002 0.003 0 0.574
GCL/IPL combined Pearson Correlation 949%* 653%%* 994 988** 1 -.509%% A5T** -.675%* -0.09
Sig. (2-tailed) 0 0 0 0 0.001 0.003 0 0.583
INL Spearman Correlation -453%% -.488%* -.492%% - 473%% -.509%* 1 -367% 409%* -0.219
Sig. (2-tailed) 0.003 0.001 0.001 0.002 0.001 0.02 0.009 0.174
OPL Spearman Correlation 508 355% 430%% 455%% 45TH* -367* 1 -.692%% 0212
Sig. (2-tailed) 0 0.024 0.005 0.003 0.003 0.02 0 0.189
ONL Spearman Correlation -.636%* -.548%* -.659%* -.663%* -.675%* 409 -.692%* 1 -0.14
Sig. (2-tailed) 0 0 0 0 0 0.009 0 0.389
IS/08 Spearman Correlation -0.09 -0.02 -0.096 -0.091 -0.09 -0.219 0.212 -0.14 1
Sig. (2-tailed) 0.579 0.904 0.556 0.574 0.583 0.174 0.189 0.389 .

**_Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).




3.5 Discussion
3.5.1 Summary of findings

This data adds to the known literature of changes over time in retinal layers following

ON.

Reassuringly, in the inner retina our longitudinal data concurs with much of the
published field. This suggests that the anterior visual system data is a robust
foundation on which to move forward to assess correlations with posterior visual
pathways in later chapters. In keeping with the early swelling that is found in pRNFL,
significant swelling was found in affected eye mMRNFL compared to unaffected eyes
at baseline. However at 6 and 12 months mRNFL had followed the GCL and IPL and

become significantly thinner in the affected eye.

In addition, this data shows that the structural functional relationship between OCT
and visual function, is driven primarily by GCL thickness and has a less robust

relationship to 1S/OS thickening.

This is the first longitudinal dataset to correlate PERG n95 amplitude with retinal
layers, r values are higher than in a previously published cross-sectional data set

(112) and this data shows a correlation with the INL for the first time.

Correlations within retinal layers show considerable positive correlations between
changes in layers. These are particularly striking in the positive correlations found in
the change in the inner retinal (MRNFL, GCL and IPL) layers, but there are also
highly significant correlations between the drop in inner retinal thickness and the gain

in INL and ONL thickness. Notably, the IS/OS shows a weak but significant negative
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correlations at 6 months with the inner retinal layers, but these have disappeared by

12 months.

This data is the first to my knowledge to show the evolution over time in swelling in
the INL - which is significantly swollen at 12 months compared to baseline, but this
has not reached significance by 6 months. However, in comparison with the
unaffected fellow eye, the INL is significantly swollen by 6 months. This suggests a
unidirectional trend evolving over time of an increase in time in the INL, which is in
line with previous cross-sectional studies (86) but was not found to have reached
significance in other longitudinal studies. In one study from Gabilondo et al this could
relate to the fact the follow up period was limited to 6 months (127). In the other
study from Al-louzi et al, the INL was in fact segmented along with the OPL for
analysis, and this showed a dynamic change in this combined metric, with a rise at 4

months and a decline in thickness between 4 and 8 months (129).

Given a significant thickness observed in the INL in cross-sectional analysis over
large numbers of patients performed by other groups, this suggests that the dynamic
response observed in Al-louzi et al (129) in the INL may be as a result of less precise

segmentation used in their study.

In the ONL - which comprises the nuclei of the rod and cone photoreceptors, no
significant change is observed over time in the affected eye in this data. Conversely,
this was the only layer to show a significant change over time in the unaffected eye,
though it was of a very small magnitude (1.8%). However, of note, even at baseline
there is a significant thickening of this layer in the baseline affected eyes vs
unaffected eyes, and this difference is dynamic over time (4% at baseline, 5% at 6
months and 3% at 12 months) reflecting the dynamic pattern observed in the ANOVA

of the outer segments of the photoreceptors. Unlike the GCIPL in chapter 2, the
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difference between eyes at baseline in ONL and the time to OCT was not
significantly correlated (r.012 p 0.942). Nevertheless, the early and persistent
difference between the two eyes in ONL is suggestive of an early increase in
thickness of the ONL. The finding in the unaffected eyes is difficult to explain on a

pathophysiological basis, and may reflect a multiple comparisons effect.

This data also supports previous longitudinal studies which suggest a dynamic
response to ON in the outer retina, primarily composed of the inner and outer
segments of the photoreceptors, but also containing the thin layer of retinal pigment
epithelial cells. In this data, the peak is at 6 months with a drift back towards baseline
thickness at 12 months. This is also reflected in the change over time in the
correlation between these outer-retinal layers and functional visual measures -
correlations were present at 6 months but had waned by the 12 months timepoint.
Furthermore, this chapter has broken down the retina into more layers than the study
by Al-louzi et al (129) who combined GCL with IPL, INL with OPL, and ONL with
IS/OS. This allowed me to confirm the dynamic change in the outer-retina more
specifically related to the photoreceptor bodies, in data which has been shown to be
robust from calculating ICC. The data from Gabilondo et al (127), which used the
same degree of segementation as the study in this thesis, would suggest that this
had in fact peaked at 2 months post optic neuritis, and returned to normal at 6
months, however, Gabilondo et al had a considerably smaller sample size than this
data (n=27 vs n=43 at 6 months, n=40 at 12 months) therefore potentially reducing
their power to detect trends present in our larger dataset. In addition, both studies
also chose to examine a larger ETDRS area, which covers a wider area, but also
means that they may be less sensitive to peri-foveal changes than in our analysis.
Gabilondo et al used Spectralis OCT. Whilst the authors comment on their ART
(mean 45) they do not comment on whether they used a high speed or high

resolution acquisition.
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3.5.2 Pathophysiological mechanisms for OCT changes

What remains unclear, are the underlying pathophysiological mechanisms effecting
the changes observed in this longitudinal data and the similar findings observed in

the literature.

As discussed in chapter 2, the recent finding of early neurodegeneration in the GCL
and combined GCIPL in ON raised questions as to whether this process is entirely
mediated by wallerian degeneration from an optic nerve lesion in ON. We have seen
that in basic science, recent analysis of animal models of MS have shown that retinal
ganglion cell loss predates optic nerve axon transection in mice (119). Consistent
with this are the finding from Kupersmith et al (75) who examined both optic nerve
MRI and OCT and found no correlation between optic nerve lesion proximity to the

globe and early GCL+IPL thinning.

In this context, it is worth noting again the direct infiltration of the retina with microglia
and macrophages (120) found in post mortem MS eyes. These early changes in GCL
point to a potential cell body mediated neurodegeneration, or that early functional
changes in the optic nerve axons may cause GCL cell damage, even before true

axonal loss has occurred in the RNFL.
The potential for a primary retinal pathology in ON, adds complexity to the

interpretation of the thickening changes found in the INL, OPL, ONL and IS/OS

layers in the outer retina.
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Balk et al(86) in the Amsterdam group contend in their cross-sectional study that the
thickened INL acts as a “dam” of plasticity protecting the outer retinal layers from any
neurodegeneration. One could interpret our longitudinal data slightly differently. It is
notable that the thickening of the IS/OS layer correlates with inner retinal layers at 6
months, but not by 12 months. Potentially, this means that these outer segments are
initially somehow induced to reactively enlarge by the neurodegeneration in the inner
retinal layers, and subsequently re-organise to conform back to their pre-
inflammatory thickening. In this scenario, the progressive thickening observed in the
INL would be in turn reactive to this re-organisation, rather than a ‘dam’ preventing

any change in the outer retina.

It is possible that the changes in the outer retina are not inflammatory, and are a
mechanical expansion in response to increased vitreomacular traction pulling the
newly thinned inner retina, towards the centre of the eye. This is supported by the
fact that whilst the segmented outer retinal layers change configuration from 6 to 12
months (INL expanding, IS/OS contracting) the total macular thickness is fairly static.
Further support can be pulled from the finding that the IS/OS segment has a
significant negative correlation with GCL at 6 months which is lost by 12 months. It
could be inferred that the gap left by a thinning GCL is initially filled by an expanded
IS/OS that subsequently secedes and the INL mechanically expands to fill the space
created. However, detailed analysis of OCT in patients with microcystic macular
oedema in the INL following inflammatory ON has shown no evidence of
vitreomacular traction contributing (133). Furthermore, the strength of the INL

correlation with GCL does not appear to change from 6 to 12 months.

A further possibility is that the dynamic outer retinal changes are driven either as a
consequence of inflammatory mediated cell death in the GCL layer, or by direct

inflammation in these outer retinal layers. In post mortem MS eyes, intra-retinal
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inflammatory cells did not reach beyond the INL (120), however uveal and
perivenous inflammation with breakdown of the blood-retinal barrier is a known
clinical and pathological manifestation of MS (48). The IS/OS segment, which
contains the retinal pigment epithelium, is the most anatomically and physiologically
connected retinal layer to the uveal tract, it is possible that a direct reaction to this is
responsible for the dynamic findings observed. Furthermore, experimental models of
ON have shown evidence of apoptosis in the ONL. It may be that our in vivo findings
in OCT represent reactive oedema in response to cell death of photoreceptors
following ON, or a reactive oedema to the neurodegeneration in the inner retina
mediated by activated microglial cells which have been found in experimental models

(119).

3.5.3 Limitations

Attempting to secure a pathophysiological explanation for the changes noted on OCT
highlights one of the key limitations of OCT studies including this chapter. With OCT
we are studying changes in thickness of layers of cell types based on our apriori
knowledge of the cellular arrangement of the retina rather than studying cell types
directly. One challenge for example is defining the role of Muller cells (the retinal glial
cells) in our dynamic changes, as these cells are positioned from the external limiting
membrane to the internal limiting membrane, Thus they could influence the changes
found in any of the retinal layers from the mRFNL to the ONL or indeed also in the

IS/OS layer due to their adjacent anatomical position.

Moreover, it is possible that diseased retina has a dynamic change in reflectivity of

near infra red light, thus affecting OCT - derived thickness that is not necessarily a

change in true layer thickness or a change in cell number.
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Whilst the data has been shown through study of our repeatability measurements to
be robust, clearly as with any imaging modality there is the potential for

measurement error to affect results.

3.5.4 Conclusion

This chapter confirms that there is neurodegeration in the inner retinal layers in our
cohort in line with widely reported findings from other cohorts. It also shows that most
of the variability in LCVA that is explained by OCT is driven by neurodegeneration in
the GCL. This data shows that significant INL swelling occurs over a one year
timecourse, and that the IS/OS layer shows a dynamic change over the course of a

year following optic neuritis.

In the next chapter we go on to assess whether the identified neurodegeneration in
the inner retina can account for downstream neurodegeneration in the posterior

visual pathways.
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4 Chapter 4. Using diffusion tensor imaging to
assess transsynaptic neurodegeration in the
visual system following ON

In the previous chapter we explored neurodegeneration at a retinal level following
ON and also showed that further analysis of the retinal layers did not reveal any

effect of amiloride.

However, a key finding in early clinical evidence of amiloride was its effect in
arresting rate of decline in diffusion measures of white matter integrity (29).
Therefore, in the ACTION trial MRI imaging was collected at each timepoint to
evaluate the effect of amiloride on white matter in the brain. Despite failing to find an
effect on retinal measures following ON, it remains of interest to determine whether a

difference between groups can be found in measures of white matter integrity.

Moreover, collecting longitudinal data on both the white matter of the brain, and
detailed retina data in OCT, allowed longitudinal assessment of anterograde
transsynaptic neurodegeneration in the optic radiations (OR) in response to

presynaptic neurodegeneration in the retinal ganglion cells.

4.1.1 Diffusion MRI and white matter integrity

Intrinsically the diffusion of water molecules is isotropic. In tissue, diffusion is
restricted by tissue structures, ie white and grey matter cell membranes. In the
absence of diffusion, the signal following a 180 degree spin echo pulse (SOe) would

be the same as the initial signal (S0). However, in the presence of diffusion, due to
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the multi-directionality of water molecules, there is some signal loss between SO and
SOe. We can label this signal loss the diffusion coefficient (D) which is also
determined by the “b” value which related to our encode and decode (diffusion)
gradient strength and gradient duration during our spin echo, thus S=S0e-bD. The S0
can be calculated from acquiring signal with b=0 image (ie no gradients). By applying
diffusion gradients in different directions, we can encode information on the different
amount of diffusion in different orientations. This allows us to calculate a diffusion
tensor for each voxel, composed of eigen vectors describing diffusion orientation and

and eigenvalues describing the amount of diffusion along the eigenvalue.

From the diffusion tensor we can derive the value of diffusion in the principal diffusion
direction (the first eigenvalue) in a voxel - the axial diffusivity (AD). We can also
ascertain the average of the diffusion transverse to the principal diffusion direction,
by calculating the mean of eigenvalues the second and third eigen vectors, this is
termed radial diffusivity (RD). With these values we can also calculate the fractional
anisotropy of a voxel, that is, the degree of variance between the three eigenvalues.
A high FA means that diffusion of water molecules is highly restricted along one
direction - as found in unidirectional white matter tracts. In the context of MS, a fall in
FA can be interpreted as being due to axonal loss, but may also be influenced by a
loss of myelin in fibre bundles (134). Indeed the relationship between reduced
myelination and reduced FA has been found in combined post mortem DTl and
pathology studies (135, 136). Moreover, in the second study, it was found that the
association between reduced myelin and axonal loss, rather than axonal loss itself, in

fact explained an initial association between reduction in FA and axonal loss (136).

Separate analysis of AD and RD can inform on which metrics are contributing to a
change in FA. Based on animal models of mice with congenitally poor CNS

myelination, RD increases have been demonstrated to be sensitive to pathologically
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confirmed poor myelination (137), with AD being unaffected. Thus, it has been
reasonably inferred that AD reductions reflect axon loss and not myelin loss. In
human MS populations RD increases and FA decreases are a consistent finding
(138), however AD reductions are often not found. One notable exception is a study
of paediatric MS (139) (mean age 15 years), which found both increased RD and
decreased FA and AD in comparison with healthy, controls in non-lesioned white
matter. Lack of change in AD in later, chronic MS patients can be explained by the
extensive cytopathological changes occuring not just in the damaged and repairing
neuro-axonal unit in such populations, but also in supporting cells, notably microglia.
Indeed, one post mortem DTl /pathology study found that diffusivity scalar
correlations in non-lesioned white matter correlated with activated microglia, and not

axonal count or myelin count.

Thus, from DTl we can derive diffusivity scalars, FA, AD and RD. Whilst the precise
cellular changes underpinning changes in these scalars cannot be precisely
delineated invivo, it can be reasonably inferred that they inform on tissue white
matter integrity. Moreover, in an early CIS population such as that of the ACTION
trial, we have an opportunity to asses such scalars without the potential confounds of
long term complex changes in neuro-axonal remyelination and repair mechanisms
that have been postulated contribute to, and confound the interpretation of, these
values in chronic disease cohorts (140). In the context of the visual system following
ON, these values can be used as surrogate biomarkers of white matter integrity and

thus transsynaptic neurodegeneration across the LGN.

4.1.2 Anterograde transsynaptic neurodegeneration

Neurodegeneration is a key pathological process leading to disability in MS(141).

However, the downstream contribution of discrete relapses to remote
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neurodegeneration via transsynaptic processes remains unclear. Pathologically, the
visual pathways have been studied in the optic nerves, tracts and LGN in post
mortem MS brains, and evidence of selective post-syntaptic loss of parvocellular
layers in the LGN (58). Pathological studies correlating beyond the LGN to the OR
are lacking. Animal models however are supportive of transsynaptic
neurodegeneration along the visual pathways following ON transection (142).
Electron microscopy in animal models of the synapse between the optic tract and
LGN following ON transection has shown alterations of post-synaptic dendrites, and
potentially toxic “seepage” of material from the degenerating pre-synaptic ON axon
(143, 144). Given this post mortem and experimental evidence of transsynaptic
neurodegeneration following injury to the visual system, OCT and DTI are useful

ways to assess whether transsynaptic neurodegeneraiton can be captured in vivo.

4.1.3 Existing DTI evidence for transsynaptic neurodegeneration
following ON

Cross-sectional evidence for transsynaptic neurodegeneration comparing patients
with a previous history of ON and controls has been found to be mixed. One group,
studying patients at 1.5 Tesla have found reduced FA in ON patients compared to
controls, though this was mainly shown to be dependent on lesions in the OR (145,
146)- however, this is the only group to report such a relationship between lesion
volume and white matter integrity in the OR in ON patients. This group found an
isolated association with nasal pRNFL and contralateral AD, but no correlation with
FA or RD. Another 1.5T study did find differences in curvature of the OR in
tractography, but not differences in FA (147). A more recent study of 15 patients with
a history of ON compared to controls did show a reduction in FA tractography
derived mean FA measures at 3 Tesla (148). However, this was not related to pre-

synaptic neurodegeneration as measured by multifocal PVEP in this study.
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Two longitudinal assessments of the OR following ON have been published, both
performed at 1.5 Tesla. One data set, recently published, found that FA was
significantly reduced over time in a longitudinal follow up of 28 ON patients over one
year using probabilistic tractography (149). There was found to be a correlation
between optic nerve atrophy on MRI and the FA changes in the OR. However, in the
supplementary data, the authors showed that the there was in fact no significant
difference in the rate of change in FA between the ON group and the control group. A
further study of 38 patients scanned at 0, 6 and 12 months showed that the rate of
reduction in FA in the OR was significantly more in ON patients compared to
controls. However, compared to their own baseline FA values there was no
significant change in FA or other diffusivity scalar over time in the ON patients (150).
A borderline significant correlation with pRNFL reduction was found for AD reduction
in the non-lesioned sub-group of patients. Both of these studies found no correlation

with lesion volume and OR diffusivity scalar changes.

4.2 Aims

Given the differing findings and lack of previous correlation with OCT data in the
existing literature on transsynaptic neurodegeneration, In this chapter my aims were

to;

* Assess for an effect of amiloride in whole brain diffusion measures and in a
region of interest analysis in the OR

* Assess for an effect over time in whole brain diffusion measures and in a
region of interest analysis in the OR

* Assess for correlations between pre-synaptic neurodegeneration in the retina
- as measured by OCT derived macular GCL volume, and post-synaptic

measures of white matter integrity in the OR, over time.
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4.3 Methods

4.3.1 Scan acquisition - OCT

OCT data was collected and analysed as described in chapter 2

4.3.2 Scan acquisition — MRI

All scans were collected on a Siemens Verio 3 tesla MRI scanner with a 32 channel

head coil.

DTI: 60 diffusion directions with B-value 1500 and 5 volumes with no diffusion
weighting, TR 8900ms, TE 91.2 ms, FOV 192 x 192mm, voxel-size 2.0x2.0x2.0mm,
64 slices, 1 average. Acquisition time = 9min 56 secs. Additional no diffusion
weighting imaging single EPI with the same dimensions acquired in the opposite

(PA) direction for scan pre-processing. (acquisition time = 0:36) .

Structural Imaging: 3 dimensional MPRAG sequence with voxel size 1x1x1mm, TR

2040ms, TE 4.7ms, 1 average. (acquisition time = 5m 56s)

Sequences for lesion detection PD: 2 dimensional spin echo, 90 slices, slice
thickness 1.1mm, voxel size 0.9 x 0.9 mm, FOV 220 x 99mm, TR 10960ms, TE

11ms, 1 average. (acquisition time = 5 mins 08 secs)

Flair: 2 dimensional turbo spin echo 48 slices, slice thickness 3mm, TE 73.0ms, TR
9000ms, voxel size 0.9x0.9. 1 average. PD: 2 dimensional turbo spin echo, 48 slices,
slice thickness 3mm, voxel size 0.5x0.5mm, FOV 220x220mm, TR 3000ms, TE

18ms, 1 average. (acquisition time = 4mins 14 secs)
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4.3.3 Image processing - whole brain analysis

First, whole brain diffusion measures were used to assess differences between
amiloride and placebo groups. Voxelwise statistical analysis of the FA data was
carried out using Tract-Based Spatial Statistics (TBSS) (151), part of the FMRIB
software library (FSL) (152). First, FA images were created by fitting a tensor model
to the raw diffusion data using the FRMIB diffusion toolbox (FDT), and then brain-
extracted using BET (153). An example subject FA map is shown in figure 4.1 All
subjects' FA data were then aligned into a common space using the non linear
registration tool FMRIB non linear registraton tool (FNIRT) (154), which uses a b-
spline representation of the registration warp field (155). Next, the mean FA image
was created and thinned to create a mean FA skeleton which represents the centres
of all tracts common to the group. Each subject's aligned FA data was then projected
onto this skeleton and the resulting data fed into voxelwise cross-subject statistics.
For some analyses, lesion maps were created for patients with white matter lesions,
and entered as a nuisance regressor into the final model so that lesioned voxels

would be disregarded in the statistical comparisons over time.

AD is automatically produced as a tensor map by FDT in native subject diffusion
space. Thus, for groupwise analysis of AD using TBSS, the same transformations
into standard diffusion space used for FA were applied to AD images, and the same
mean FA skeleton mask was used to apply voxelwise statistic on AD at the centre of

the white matter tracts.

RD maps were produced using FSL maths by calculating the mean of the second
and third eigenvalues for each voxel. These native subject space 3D scans were
then transformed into the standard space TBSS map as for AD and voxelwise

statistics applied.
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Figure 4.1. Example brain extracted FA map
from a single subject produced by FDT

4.3.4 Scanner change

During the course of the study, the original Siemens 3T Verio scanner in the FMRIB
centre was upgraded, however the same model of scanner with the same head coil
was available in the AVIC centre and the study was continued on it. Nevertheless an
assessment was made of the two scanners by assessing an unrelated samples T-
test between the AVIC and FMRIB centre scanners at the 6 month timepoint which

had the most even spread of scans between the two scanners.

4.3.5 Crossing fibres analysis

In order to increase the interpretability of the diffusivity scalar measures obtained

with TBSS in crossing-fibre regions, TBSS was performed also on scalars associated
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with a specific direction of fibres in each voxel. The model applied assumed that two

fibre populations existed for each voxel.

After the pre-processing steps, common to the previous TBSS analyses, partial
volume estimates for fibre orientations 1 and 2 (F1 and F2 respectively) were
calculated in each voxel for each subject using the FSL tool bedpost X (156, 157). F1
and F2 were reassigned within subject at each voxel in order to ensure consistency
across voxels, such that adjacent voxels had the same label assigned to the same
fibre population. Then, F1 and F2 were reassigned again in order to ensure that
orientations were consistent across subjects. Both these steps were accomplished

using the “tbss_x" software, part of FSL (158).

4.3.6 Horizontal Flipping

Approximately 50% of optic nerve fibres cross at the chiasm from each optic nerve
(159), meaning that whilst we are studying unilateral disease in the eye, the effects in
the posterior visual pathways should be equally bilateral . Nevertheless, in order to
fully exclude the possibility of a unilateral effect in the posterior visual pathways
dependent on the laterality of the affected eye, analyses were performed with brain
scans flipped horizontally using the fsl command fslswapdim, so that all affected
eyes were aligned on the right hand side (22 patients were flipped from left to right).
This was done after FDT was applied and diffusion tensor images created. A
separate mean FA skeleton was created for the flipped scans and the same design
matrices were applied for statistical analysis. Analyses using the horizontally flipped
data are referred to as “flipped”, the original unflipped data is referred to as the

“native” analyses hereafter.
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4.3.7 Lesion masking

Given the large number of scans with lesions, a semi-automated method was used
with a beta version of FSL brain intensity abnormality classification algorithm
(BIANCA) (160). A training set was created using the baseline scans of all patients
with lesions (n= 24), the training set consisted of a manual mask created in PD
space, the T1 and FLAIR images were then registered to this space. When
calculating the automated masks the BIANCA tool took into account information from
all 3 structural images when subsequently deciding on lesioned and non-lesioned
voxels for the automated mask using a k-nearest neighbour algorithm. Each scan’s

own manual mask was not used for training in creating an automated mask.

BIANCA is beta software, thus final edits were made to each mask, and all three
timepoints were reviewed together in order to ensure that lesions were consistently
masked at each timepoint if present, to ensure that changes in lesion detection
sensitivity did not influence the result of the effect over time. In particular, all areas of
“‘caps and bands” at the anterior and posterior horns of the lateral ventricles were

removed (161).

Lesion masks were then transformed into standard space using FNIRT, (154)and
binarised at a threshold of 0.3 using FSL maths. For non-lesioned patients, a blank

standard space mask was used.

4.3.8 Lesioned and non-lesioned patients analysis

One of the key limitations of lesion masking is that it only masks the part of the white
matter tract that is lesioned, and does not take into account any downstream effects

of lesion on the white matter tracts (162). In this data set around half of the patients
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had no white matter lesions. Therefore patients with and without lesions were
analysed as separate groups to assess if the presence of lesions affected the results.
All pre-processing was identical in sub group analysis as in the whole group.
Separate mean FA maps and mean FA skeletons were produced for both the

lesioned and non-lesioned groups.

4.3.9 Assessing the effect of Amiloride in TBSS

Voxelwise differences between the amiloride and placebo group were assessed
using an unrelated samples t-test design matrix and the permutation tool Randomise
in FSL (163). This was performed for the cross-sectional data at each timepoint for 6
and 12 months, with both native and flipped space. Each cross-sectional timepoint
analysis had a separate mean FA map and FA skeleton composed of only those

scans involved in each analysis.

In addition, each patient's FA skeleton aligned to the standard space template in
TBSS at baseline was subtracted from both the 6 month scans, and the difference in
FA between the two timepoints was spatially represented using FSLmaths. The
resulting “difference” maps for each subject were then merged into a 4 dimensional
group file, and an unrelated samples t-test could be run on this data, thus assessing
whether treatment with amiloride had an effect on the change in FA over time. The
same analysis was performed for 12 month data. These analyses were also run both
with native and flipped diffusion data. For these longitudinal analyses, a TBSS mean

FA and mean FA skeleton derived from all scans at all timepoints was used.
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All analyses were run with age and sex as nuisance regressors, and analyses were
performed separately with and without lesion masks as additional nuisance

regressors.

4.3.10 Longitudinal statistics for whole brain diffusion scalar
statistics (FA, AD, RD, F1, F2)

Voxelwise differences over time were assessed in a repeated measures ANOVA
design matrix using the permutation tool Randomise in FSL (163). An
exchangeability block was used to ensure permutation testing only occurred within
subject, respecting the repeated measures structure of the data. The statistics were
corrected for multiple comparisons across voxels (family wise error) and spatial
clustering support was used to verify areas of significance using threshold-free
cluster enhancement (TFCE) in FSL (164). Age, sex and treatment group (amiloride
or placebo) were included in the design matrix as nuisance regressors. F-tests were
initially inspected with a significant p value of 0.05. Each ANOVA had 6 individual t-
tests (base > 6 months, 6 months > base, base > 12 months, 12 months > base, 6 >
12 months, 12 > 6 months), therefore for t-tests only voxels with a p value of < 0.01

were considered significant.

4.3.11 Region of interest (ROI) analysis - the optic radiations.

43111 Data processing

Optic radiations (OR) were identified based on the method recently published by
Kolbe et al (150). Using the standard space FA skeleton produced with this data, |
manually identified the same regions of the OR that were analysed in their
publication (figure 4.2). Use of the TBSS skeleton meant we continued to analyse the
centre of the tracts in this ROI analysis - the areas with the highest FA where

changes over time and across group were likely to be most robust.
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Figure 4.2. OR ROI marked out for use in this chapter (top panel, in red,
superimposed on green mean FA skeleton thresholded at 0.2). In the bottom
panel, the OR ROI used in Kolbe et al are shown. Z slices refer to MNI co-

ordinates of the standard space mean FA maps shown for both studies.

ROI masks were then transformed into the native diffusion space using FNIRT, and

mean FA, AD and RD values were extracted from the masked area using FSLmaths.
These values were then applied in IBM SPSS version 22 for all of the statistical tests

described below.

4.3.11.2 Amiloride vs Placebo

To compare between amiloride and placebo groups independent samples t-tests

were used cross-sectionally for 6 and 12 months, for all diffusivity scalars (FA, AD,
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RD). If the data was non-parametric an Independent Samples Mann-Whitney U test

was used.

In addition, the value of 6 month minus baseline was calculated for each subject’'s FA
skeleton using FSL maths, and the difference between amiloride and placebo groups
was calculated with the appropriate test unrelated samples t-test as above. This was
repeated for AD and RD. The same was done for 12 months minus baseline for all

three diffusivity scalars.

Analyses were performed for whole group, and for lesioned and non lesioned
patients, and performed for the combined mean FA of both optic radiations and

separately for right and left. This led to a total of 108 separate comparisons.

4.3.11.3 Longitudinal change

Longitudinal change over time in FA values was assessed using either an ANOVA or
in the case of non-parametric data with a related samples Friedman’s analysis of
variance by ranks. Again analyses were performed for whole group, and for lesioned
and non lesioned patients, and performed for the combined mean of both optic

radiations and separately for right and left for each diffusivity scalar.

43114 Correlation with OCT

The value of 6 months minus baseline GCL volume was calculated and this was
correlated separately with 6 months minus baseline FA, AD and RD values. The
same analysis was done for 12 months minus baseline values. If both variables were
parametric, a Pearson's correlation coefficient was calculated, if either variable’s
distribution was non-parametric a Spearman’s rho correlation was calculated. For 12

month’s data, analyses were performed for whole group, and for lesioned and non
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lesioned sub-groups. The combined mean of both optic radiations and separate
means for right and left OR were correlated with GCL for each diffusivity scalar.
Although this did result in multiple comparisons (27 correlations in total), there is
considerable covariance due to the derivation of FA from AD and RD and from the
anatomical relation of the constituent optic radiations, therefore p values were not

corrected for multiple comparisons.

4.4 Results

4 4.1 Effect of Scanner

No significant difference was found between the AVIC group (n=13) and the FMRIB
group (n=30) at the 6 month timepoint on an unrelated samples t-test of whole brain

TBSS results (p0.425)

4 .4.2 Effect of Amiloride

None of the whole brain TBSS analyses showed any significant differences between

the amiloride and placebo groups. (figure 4.3 and table 4.1)
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Figure 4.3. Schematic showing total number of whole brain TBSS FA
comparisons made to assess for a drug effect of Amiloride (12 separate t-tests,
A-L).

Amiloride vs Placebo whole Brain TBSS

Unrelated samples t-test corrected for age and sex, cross
sectional -6months (n=43, 20 amiloride, 23 placebo)

| |
C ) © b

Unrelated samples t-test corrected for age and sex, on the change in TBSS
skeleton at 6 months minus baseline (n=43, 20 amiloride, 23 placebo)

| ]
PR E——

Unrelated samples t-test corrected for age and sex, on the change in TBSS

skeleton at 12 months minus baseline (n=40, 19 amiloride, 21 placebo)

|

Table 4.1. Unrelated samples t-test of the comparisons in figure 1, corrected

for age and sex

p p
A 0.203797 G 0.168249
B 0.25813 H 0.190265
C 0.246617 I 0.152292
D 0.210866 J 0.134114
E 0.37666 K 0.657241
F 0.183397 L 0.421531

In the OR ROI analysis of differences between amiloride and placebo groups, of the

108 comparisons performed, 2 results showed a signficant difference
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between amiloride and placebo groups. The raw value for mean AD in the right optic
radiation in cross-sectional analysis of the 6 and 12 month timepoints in the non-
lesioned sub-group analysis (n=18), the amiloride group having a 5% smaller AD
than the placebo group at both timepoints (p 0.014 for both). However, when
assessing for differences in the change in AD in this subgroup of patients in the Right
OR, there was no significant difference found between amiloride and placebo groups.
Given the number of comparisons being made and the lack of support from the
corresponding analyses, it seems likely that this is a result of multiple comparisons

being made and does not represent a significant difference between groups.

Thus, it was concluded there was no effect from amiloride in the data, and when

assessing for differences over time the whole group was analysed.

4.4.3 Whole brain TBSS analysis

The initial analysis of whole brain FA was performed separately for the native data

with masks and without masks and the flipped data with and without masks.

F-tests from a repeated measures ANOVA assessing the effects of time in all 4 types
of analysis are shown in figure 4.4, and the minimum p values are shown in table 4.2.
The results of these analyses showed that the addition of lesion masks and flipping
of the data did not significantly alter the pattern of results on the F-test, with all 4

types of analysis showing areas of significant change in relation to timepoint.
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Figure 4.4 The effect of flipping the data
and lesion masking the FA data on
significant clusters in TBSS repeated
measures ANOVA of the effect of timepoin
on FA. In each panel the overall effect of
time (the F-test on the ANOVA) is shown,
thresholded at p <0.05 on TFCE
corrected outputs. A = native data with n:
lesion masking. B= Native data with lesior
masking. C=Flipped data with no lesion
masking, D= flipped data with lesion
masking.

101



Native, with Flipped, with Lesions only No lesions Flipped, Lesions Flipped,no
Native lesion masks Flipped lesion masks (n=22) (n=18) only (n=22) lesions (n=18)

F-test - any affect of time (p) 0.000201 0.000201 0.002019 0.002019 0.007877 0.284185 0.051505 0.146637
6 months > baseline (p) 0.373864 0.297516 0.386992 0.329832 0.547768 0.135528 0.706322 0.158756
Baseline > 6 months (p) 0.218542 0.251868 0.220157 0.258534 0.162795 0.304585 0.181377 0.195314
12 months > baseline (p) 0.005857 0.004241 0.012725 0.007069 0.09594 0.092911 0.099576 0.133307
Baseline > 12 months (p) 0.008685 0.006665 0.013129 0.018582 0.105837 0.025853 0.102 0.026055
12 months > 6months (p) 0.15714 0.107453 0.327207 0.253484 0.116138 0.776813 0.111695 0.611594
6 months > 12 months (p) 0.367401 0.192486 0.516865 0.514846 0.592204  0.22965 0.68572 0.406383

Table 4.2, Repeated measures ANOVA assessing the effect of time on FA between the 0, 6 and 12 month

timepoints (n=40), and the constituent pairwise analyses. The smallest p value is shown for each and significant
values of p < 0.05 are highlighted in bold. The pattern remains the same regardless of which input is used in all
patients. (flipped, unflipped, with or without lesion masking) However splitting into lesioned and non-lesioned

patients reduces the power to detect change.
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Analysis was also performed on the lesioned and non-lesioned subgroups (table 4.2),
however neither of these analyses showed any interpretable significant result - the F-test
was significant with no significant t-tests in the non-lesioned patients, and in the lesioned
patients the F-test was not significant, rendering the borderline significant pairwise test non-

robust (12 months greater FA than baseline p 0.03).

Given the extensive computational demands of adding lesion masks to such a large dataset
with long analysis times (several days) and the inherent problems with lesion masking
discussed above, subsequent analysis of AD and RD and crossing fibres analysis was

performed in native space without lesion masks on the whole group of patients.

4.4.4 Changes in Diffusivity scalars over time

Clusters significant on F-test at the 0.05 level corrected for multiple comparisons across
voxels from an ANOVA over time corrected for age and sex are shown for FA, AD and RD.
All three scalars showed significant differences over time across multiple brain regions,

including in the optic radiations (figure 4.5).
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Figure 4.5. Repeated measures ANOVA of
the effect of timepoint on FA, AD, and RD in
native orientation with no lesion masking. In
each panel the overall effect of time (the F-
test on the ANOVA) is shown, thresholded at
p0.05 on TFCE family wise error corrected
outputs.

Pairwise analysis, with the significance threshold raised to p < 0.01, showed significant
clusters in areas where 12 months FA, AD and RD were significantly higher than at baseline
as displayed in figure 4.6. The surviving area for FA was a small cluster at the crossover
between the superior longitudinal fasciculus and the corticospinal tract. AD showed more
widespread areas of increase over time (including the corpus callosum, left cortico-spinal

tract and superior longitudinal fascicle), but these were accompanied by increases in the
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corpus callosum in RD, resulting in no significant increase in FA over 12 months in this

region.

Figure 4.6 Pairwise analysis from ANOVA of effect of time (corrected for age, sex and
treatment group), displaying areas where values at 12 months were higher than baseline. In
view of multiple comparisons, significance value of p < 0.01 was set on TFCE family wise
error corrected outputs. Only a small cluster in an area of crossed fibers survived in FA

(cross over between superior longitudinal fasciculus and cortico-spinal tract). More
widespread changes are observed in AD and RD.
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In the pairwise analysis of areas with lower diffusivity scalars at 12 months compared to
baseline, both FA and AD had small significant clusters. (Figure 4.7) In FA this was in the
right corpus callosum, and in AD there were some small clusters around the right occipito
frontal fascicle and the corpus callosum. There were no significant changes in this pairwise

analysis in RD, however the areas of RD that increased over time in the corpus callosum are

consistent with the fall over time in FA.

Figure 4.7 Pairwise analysis from ANOVA of effect of time (corrected for age, sex and
treatment group), displaying areas where values at 12 months were lower than baseline. In
view of multiple comparisons, significance value of p < 0.01 on TFCE family wise error
corrected outputs. In FA a reduction in FA was shown in the corpus callosum, in AD
reduction was shown in the right superior occipito-frontal fascicle and subcortical frontal
white matter. No clusters in RD survived to this level of significance.
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AD had a small cluster in the left corpus callosum that increased from 6 months to 12
months (not shown) but otherwise the pairwise analyses did not show any significant

changes between baseline and 6 months or between 6 and 12 months.

4.4.5 Crossing Fibres analysis

Crossing fibres analysis did not reach significance in any voxel in the F-test ANOVA over
time in either the first or second diffusion direction (p 0.117 and p 0.503 respectively, not

shown).

4.4.6 Region of Interest (ROI) analysis in the optic radiations (OR)
4.4.7 Changes over time

A repeated measures ANOVA of FA, AD and RD over time did not show a significant change
over time in any of the whole group analyses. In the sub group analysis of the lesioned
patients there were no significant changes over time. In the sub group analysis of the non-
lesioned patients, there was one significant F-test in analysis of AD in the left optic radiation
(p 0.033) driven by a pairwise analysis showing that there was a significant drop in AD
between 0 and 6 months, but no other differences between 0 and 12 and 6 and 12 months

(Figure 4.8).
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Figure 4.8 Change
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scalars over time
in OR ROI
analysis. Error
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95% confidence
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4.4.8 Correlations

Change in diffusivity scalars over time had several significant correlations with change in
GCL volume on OCT. The whole group correlations at 6 months are shown in table 3a and
for 12 months in table 3b. Correlations strengthened at 12 months compared to 6 months. In
the whole group, FA correlations were found bilaterally, right and left (figure 4.9) and a
corresponding negative correlation was found in bilateral and right RD (figure 4.10). In the
sub group analysis of lesioned and non lesioned patients 1 out of 9 correlations were
significant to the p <0.05 level in each - right FA in lesioned patients and bilateral RD in non-

lesioned patients (Figures 4.11 and 4.12).
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Figure 4.10. Correlations for whole group at 12 months beween GCL on OCT and change in remaining diffusivity scalars (AD
and RD). Significant correlations are shown boxed above the respective scatter plot. Straight lines represent the best fit
linear correlation, and the curved lines represent the 95% confidence interval of the linear correlation
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Figure 4.11. Correlations for non lesioned only sub group (n=18) at 12 months beween GCL on OCT and change in diffusivity
scalars (AD and RD). Significant correlations are shown boxed above the respective scatter plot. Straight lines represent the
best fit linear correlation, and the curved lines represent the 95% confidence interval of the linear correlation
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Figure 4.12. Correlations for lesioned only sub group (n=22) at 12 months beween GCL on OCT and change in diffusivity
scalars (AD and RD). Significant correlations are shown boxed above the respective scatter plot. Straight lines represent the
best fit linear correlation, and the curved lines represent the 95% confidence interval of the linear correlation
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4.5 Discussion

This is the first longitudinal study of optic radiation DTI and GCL volume on OCT. It
shows strong correlation between damage over time in the anterior visual pathway
following optic neuritis, and change over time in the postsynaptic optic radiations in
metrics of white matter integrity. These correlations strengthened between the 6 and
12 month timepoints, suggesting an evolving relationship of transsynaptic
neurodegeneration. In isolation, this result suggests that transsynaptic
neurodegeneration occurs in anatomically relevant areas of the posterior visual

pathways following optic neuritis.

However, the data as a whole reveals a somewhat less clear picture.

The results of the whole brain analysis are less succinct. Whilst the overall
comparison did show an effect of time on the whole brain diffusivity scalars, the
direction and anatomical location of the changes were not as expected apriori - they

did not show reduced white matter integrity in the OR.

One unexpected finding was that the ANOVA over time was driven in part by
numerous regions appearing to show increased FA, and therefore an increase in
white matter integrity over time, between 0 and 12 months following optic neuritis.
However these changes fell in regions where white matter fibres of different
orientation crossed over — crossing fibre regions. For example, there was a
significant increase in FA in the region where the corticospinal tract crosses the
superior longitudinal fasciculus in the right hemisphere. The model of a single tensor

for a voxel which contains multiple fibre orientations is problematic in interpretation,
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thus the initial TBSS results are difficult to interpret in these regions. This was further
explored by applying a model with two fibre orientations to the whole brain data,
however this analysis failed to show significance in the ANOVA over time in either

fibre orientation.

It is possible that beyond the technical explanation of crossed fibre areas giving
results that are hard to interpret, that the increase in FA could be driven by a
biological mechanism. In particular the superior longitudinal fasciculus is an area that
is integral to the ventral stream and has been found to be linked to motion perception
(165). Motion perception, though not tested in the ACTION trial, has been shown to
be a domain of vision that has a sustained deficit after other visual domains have
improved (166). There is some evidence that the ventral stream, which includes the
superior longitudinal fasciculus, is not fully mature until the fourth decade of life
(167). Thus, while by no means conclusive, the possibility that our FA findings relate
to some degree of adaptive structural plasticity in response to ON remains, and that

in the superior longitudinal fasciculus there is an increase in white matter integrity.

A clear finding from the whole brain analysis however, is that contrary to the pre-
analysis hypothesis, no significant change over time was found in the optic
radiations. Furthermore, whilst there was a trend for a reduction in FA over time in
the OR, this did not reach significance in this dataset. This may reflect a powering
effect, however it is interesting to note that other regions - chiefly the corpus

callosum, did show a reduction in FA over time in this study.

The reduction in corpus callosum could be explained by the fact that it is the largest
white matter tract in the brain, with good fibre coherence, making it highly amenable
to study with the single tensor model in DTI. Given we were studying mainly CIS

patients who were at risk of developing MS, a fall in white matter integrity in this
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region could be representative of the global neurodegenerative process in such a
cohort (168), reflected in an area of high sensitivity. Moreover CIS patients have
been shown to have identifiable atrophy of the corpus callosum as early as one year

in longitudinal studies (169).

Another potential reason for the paucity of change in diffusivity scalars in the OR
over the 12 month follow up period, could be the contribution of cortico geniculate
fibres that provide efferent connections from the cortex to LGN. Such fibres are
thought to have a role in enhancing receptive field properties of LGN cells, and
increasing the gain of reticulogeniculate transmission and synchronising network
activity in a stimulus specific manner (170). Such fibres are thought to account for a
large proportion of OR fibres between the cortex and LGN, and may affect the rate at

which transsynaptic neurodegeneration would be evident in an analysis such as this.

4.5.1 Limitations

The contribution of white matter lesions to these findings is not certain. Sub-group
analysis of non-lesioned patients was likely to be underpowered to detect these
findings, as subgroup analysis of both groups, lesioned and non-lesioned patients,
resulted in a non-significant ANOVA in the former, and no significant pairwise tests in
the latter. The addition of white matter lesion masking did not appear to alter the
results of the whole brain analysis for FA. It may be that the limited change from
lesion masking in this longitudinal dataset is due to a limited contribution to
groupwise trends from individual subjects heterogenously located lesions with
differing degrees of change in diffusivity scalars over one year. However, due to the
computational cost and uncertain benefit of the lesion masking technique it was not

pursued for further analysis.
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Whilst TBSS is the leading method of analysing diffusion data which is highly
automated and therefore reduces user bias and increased reproducibility, there are
limitations inherent to its use. The major limitation relates to areas where more than
one tract with different fibre orientations intersect, as discussed above (171).
However it is important to remember that both the TBSS and ROI analysis in this
chapter depend on registrations to standard space, derived from control data, that
can be imprecise for individual subject anatomy. In the ROI analysis this was limited
by choosing the TBSS defined central (peak FA) fibres from OR tract, in an area in
standard space known to be dominated by OR. However, this did mean | ignored
sections of OR proximal to the LGN that curve postero-medially and are hard to
separate from other fibres. User intensive seed and target based probabilistic
tractography may have increased the area of OR that could be analysed. However,
even with such techniques, the anterior curved portion of the OR is often not
analysed in reported studies due to unreliability, and for group analysis, registration
steps are still required (145). Nevertheless, the previous study that did find a
significant change over time in FA in a linear mixed effects model over 12 months

following ON (without OCT data) used a seed and target approach (149).

In addition, whilst a 12 month follow up period of longitudinal data is useful,
transsynynaptic neurodegeneration is likely to be an ongoing phenomenon over
several years, as has been shown for retrograde degeneration in RNFL from lesions
in the visual cortex (172). Cross-sectional studies of the OR in ON patients have
concluded that whilst diffusivity scalars show reduced white matter integrity in
patients with a previous history of ON, the changes correlate with volume OR white
matter lesions, rather than OCT metrics - suggesting that wallerian degeneration
from white matter lesions in MS can mask transsynaptic neurodegeneration. In NMO
patients, who albeit are likely to have severe optic neuritis, the confounds of lesions

and global neurodegeneration are less prominent. Such patients have been found to
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have marked reductions in FA cross-sectionally across whole brain FA measures,
compared to controls (173). The data in this chapter shows some evidence of a trend
in reduction of OR FA within one year, and a correlation with neurodegeneration in
the visual system in a longitudinal dataset. However more prolonged longitudinal
follow up would be useful in determining the long term contribution and outcome from

transsynaptic neurodegeneration.

4.6 Conclusions

In this study, for the first time, the longitudinal degree of loss of DTI-measures of
white matter integrity in the OR correlate with OCT measures of longitudinal
neurodegeneration following optic neuritis, which suggests process transsynaptic
neurodegeneration following ON. Whole brain DTl measures of white matter integrity
show more complex longitudinal changes following ON, with cautious evidence of
secondary visual areas showing an increase in white matter integrity following ON,
which is a potential sign of adaptive plasticity following optic neuritis. Further work is
required to assess the role of white matter lesions in these changes, the long term
change in the OR beyond 12 months, and to confirm the relation of the secondary

visual changes to visual function following optic neuritis.
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5 Chapter 5. Longitudinal Changes in Resting

State FMRI following optic neuritis

In this chapter we explore how resting functional connectivity (FC) changes over in
the visual system, and assess if this relates to the degree of retinal neurodegeration

and visual recovery.

5.1.1 Functional MRI (fMRI) - the blood oxygen level dependent

(BOLD) response.

Functional MRI (fMRI) is an integral tool in neuroscience to probe brain activity in
experimental and pathological conditions (174). FMRI is based on detecting the
blood oxygen level dependent (BOLD) response in the brain (175) in response to
stimuli.To assess the BOLD response whole brain, T2* weighted images are
collected sequentially forming 4 dimensional datasets, and changes in signal
intensity during a task or stimulus are compared with those collected at rest. When
an area of the brain is metabolically active, vasodilation occurs, initially increasing
the flow of deoxygentated blood. This contains paramagnetic deoxyhaemoglobin,
which results in reduced MRI signal, thereafter, an influx of oxygenated blood
containing diamagnetic oxyhaemoglobin, resulting in an increased MR signal.

Measured fluctuations in this T2* weighted signal are then analysed across the brain.

5.1.2 Resting state fMRI

In addition to task related changes in BOLD signal, fluctuation in the BOLD signal
whilst subjects are studied at rest have consistently been identified in fMRI data
(176). These networks of activation in the “resting state” have been shown to

anatomically correspond to activation networks in task-based fMRI (177).
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Activation in the medial parietal , bilateral inferolateral parietal and ventromedial
frontal cortices are some of the most consistent and strongest networks identified in
the resting state and they are termed the “default mode network™ (178). Peri-
calcarine, medial occipital and lateral occipital cortex activation, are also readily
identifiable networks in the resting state. These correspond both to areas known to
be related to vision and that respond to visual stimulation on fMRI (56, 177) and are
termed visual resting state networks. Thus, resting state functional MRI (RSfMRI),
can be used as an alternative to task-based fMRI in order to assess changes in FC in

domains of function, such as vision, under experimental and pathological conditions.

This strategy of studying FC at rest has several advantages over a task-based
paradigm. On a practical level, it does not involve additional instructions or
equipment for patients, which makes it less complicated to perform for patients
undergoing an acute and distressing event. It also speeds up acquisition which
allows us to maximise the use of time in the scanner. Furthermore, performance of
tasks is variable across subjects, particularly in patient groups who may be at risk of

cognitive impairment, and this can confound the results of task-based MRI.

5.1.3 Functional plasticity in ON and previous RSfMRI studies in

ON.

A number of studies have demonstrated that patterns of activation differ in MS and
ON patients compared to controls in stimulus and task-based fMRI, suggesting that
such patients undergo functional plasticity. This is particularly evident in higher and
extra striate visual areas (179-181) . Early functional plasticity in the lateral occipital
complex has been shown to convey an improved visual recovery (182), but

otherwise, the adaptive advantage of increased FC appears uncertain.
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Moreover, FC changes within resting state brain networks, and whether they are
adaptive or maladaptive following optic neuritis, are less fully elaborated, and do not
have longitudinal studies reported. Whilst all published studies have identified
abnormalities in resting state networks compared to controls, all are cross-sectional,
using different analysis techniques, and the nature of the abnormalities has differed -
some studies have shown increased FC in visual networks whilst others have shown
reduced FC following ON. Furthermore, studies assessing correlations between OCT
changes in the pRNFL have failed to show a clear relationship between the degree of

damage in the retina and the degree of variance in FC within study groups.

Whilst in one study (183) OCT pRNFL correlated with the degree of reduced intra-
hemispheric connection between the right and left visual cortices, these were early
patients (mean 50 days post ON) and thus, these results may have been confounded
by pRNFL swelling. Using a seed-based approach analysing areas of connectivity
with V1 in the striate cortex, this data also showed reduced FC in the ON group
compared to healthy controls (183). In a separate cross-sectional analysis of MS
patients with a history of ON compared to those without, increased FC was found in
the peristriate visual cortex in the former, however no correlation with OCT pRNFL
was found (184). Other studies have found differences in the medial visual
component in MS patients (a quarter of whom had a history of ON) and controls, and
correlations in this area cross-sectionally between RSfMRI FC in the same network
and visual processing speed in the MS group (185). Another group studied ON
patients in whole brain RSfMRI parameters and found widespread differences

between ON and healthy controls (77, 186).
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5.2 Aims

In the previous chapter, whole brain analysis of diffusion measures showed some
evidence of increased white matter integrity in secondary visual areas, and reduction
in white matter integrity in the OR dependent upon neurodegeneration in the retina
following ON. In chapter 3, 2.5% LCVA was shown to be highly correlated with GCL
volume on OCT, but GCL volume did not explain the entire variance in LCVA (R2
0.33). Moreover, adding other retinal layers to a multiple linear regression model
failed to increase the explained variance in LCVA. Given the longitudinal resting state
data collected in this study afforded not only the opportunity to look for functional
neuroplasticity in RSfMRI, but also to examine the adaptive or maladaptive nature of
those changes in the context of clinical and OCT data in the same patients, my aims

in this study were;

* To assess for an effect of amiloride in resting state FC

* To assess for change over time in FC in visual resting state networks, default
mode networks, and a control network (sensory/auditory network)

* To assess whether changes in FC correlated with visual function as assessed
by 2.5% LCVA

* To assess whether changes in FC correlated with neurodegeneration as
assessed by GCL volume on OCT

* To assess whether the variance in correlation between GCL volume on OCT

and 2.5% LCVA, could be explained by changes in FC in RSfMRI.
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5.3 Methods

5.3.1 OCT acquisition and processing and visual testing

OCT and 2.5% LCVA data was acquired and processed as described in chapter 2

5.3.2 MRI scan acquisition

All scans were collected on a Siemens Verio 3 tesla MRI scanner with a 32 channel

head coil.

Structural Imaging. The same 3 dimensional described in chapter 4 (MPRAG
sequence with voxel size 1x1x1mm, TR 2040ms, TE 4.7ms, 1 average, acquisition

time = 5m 56s) was used.

Functional MRI - BOLD signal detection for resting state data. During resting state
acquisition, participants were in the the MRI scanner and asked to “close your eyes
and think of nothing”. We acquired an axial 2 dimensional echo planar imaging (EPI)
sequence in an AP orientation, with 3mm slices and a voxel size of 3.0x3.0x3.0mm.
Repetition time was 2410ms and echo time was 30ms. 44 slices were acquired, 1
average FOV 192x192x192mm. Acquisition time was 5 mins 16 seconds resulting in
128 EPI scans being acquired. In addition a fieldmap scan was acquired with two
echo times (TR 477ms TE1 5.19ms TE2 7.65ms). An example 3D file from the 4D

EPI acquisition from a single subject is given in figure 5.1
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Figure 5.1 example EPI data from a single subject
post fieldmap unwarping

5.3.3 Functional MRI pre-processing and group level analysis

All scans were processed using the FSL tool MELODIC (Multivariate Exploratory
Linear Optimized Decomposition into Independent Components) (176, 187). The
analysis seeks to identify independent components in the resting state data. Initially,
at a single subject level, each FMRI time series is decomposed into independent
components. The sum of each of these components are equal to the original data.
Some of these components will be derived from noise - eg subject head motion or
motion and field disturbance from cardiac and respiratory cycles, alongside signal
from resting state activity. Fortunately, most of the components driven by noise follow

a gaussian distribution in their frequencies - ie are normally distributed, random and

unstructured. By contrast most of the true signal components are non-
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gaussian in the distribution of their frequency — ie do not follow the normal
distribution, are structured and create signal due to a biological process.
Therefore in independent component (IC) analysis, we can separate the
signal into potential components, and those that are most non-gaussian are
most likely to represent the underlying data (188). At the single subject level

the number of independent components was unrestricted.

Prior to performing group analysis we used the FSL FIX tool which removes noise
components from each subject's FMRI time series before entering into the group
level analysis (189, 190). This required training data that is best derived from manual
review of subjects in the dataset rather than using standard training sets which are
vulnerable to artefact from use of different scanners and different scan settings. The
aim of this is to reduce the contribution of noise to the pre-processed fMRI data and

therefore use more signal for analysis.

| created a data-specific training set by manually reviewing the independent
components from 10 randomly selected subjects (2 at baseline, 4 at 6 months and 3
at 12 months) and labelled components as either true resting state signal or as noise
eg motion artefact, or physiological (cardiac and respiratory, white matter, CSF)
noise. | assigned these labels on the basis of reviewing the time series, temporal
power map and spatial map for each component in the training sets. This was then
fed into FIX. Following this, each subject then had a new 4D echo planar imaging file
which had been “cleaned” of noise and was registered to the standard space MNI

template.

Following the first level analysis, the subjects were then temporally concatenated -

(meaning that each FMRI timeseries was placed after the other). In order to achieve
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this, subjects FMRI data was registered into standard 2mm MNI space using FNIRT
(154), after the post-FIX structural data had been registered to the subjects own
structural T1 image using FLIRT (191, 192). Following this concatenation the entire
multi-subject data set was deconstructed to 25 components, a similar dimensionality
reported in key resting state papers (176, 177). At the group level, | also tested
increasing the number of components to 35 components, however this resulted in a
number of components being split, and the networks were not as recognisable as
those at 25. Of the networks produced, those that were included in analysis are

shown in figures 5.2 and 5.3
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Figure 5.2. The three visual components identified from a 25
component group ICA, derived from 125 scans (39 patients at 0, 6 at
12 months, and additional 4 patients at 0 and 6 months only).
Component A, medial visual network. Component B, lateral visual
network. Component C, occipital pole visual network. MNI x, y and z
co-ordinates are displayed.
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Figure 5.3. Non visual
components from the 125
scan group ICA. A
Executive control network.
| B Right frontoparietal. C
Default mode network. D
Mixed sensory and
auditory network. E Left
frontoparietal network. MNI
X, y and z co-ordinates are
displayed.

128



For all further analyses, networks created by using all scans at all timepoints were
taken as the reference networks for group statistics when assessing differences
between amiloride and placebo groups, and when assessing for correlations

between the resting state data and visual, and retinal imaging parameters.

The FSL statistical tool dual regression was then used. The set of spatial maps from
the group-average analysis was used to generate subject-specific versions of the
spatial maps, and associated timeseries, using dual regression (193, 194). First, for
each subject, the group-average set of spatial maps is regressed (as spatial
regressors in a multiple regression) into the subject's 4D space-time dataset. This
results in a set of subject-specific timeseries, one per group-level spatial map. Next,
those timeseries are regressed (as temporal regressors, again in a multiple
regression) into the same 4D dataset, resulting in a set of subject-specific spatial
maps, one per group-level spatial map. Each subject’s resulting spatial map has
slightly different areas of activation to the group map, reflecting the degree of
connectivity in that individual. Thus we can then test for differences in groups, and
look for correlations between RSN data and clinical and OCT data using FSL's

randomise permutation-testing tool.

5.3.3.1 Comparing amiloride and placebo groups

An unrelated samples t-test was performed separately for 6 months and 12 months
between the placebo and amiloride groups using dual regression technique,
incorporating randomise with 5000 permutations, corrected for age and sex. For this
and all analyses described in this chapter using dual regression and randomise, the
statistics were corrected for multiple comparisons across voxels (family wise error)
and spatial clustering support was used to verify areas of significance using

threshold-free cluster enhancement (TFCE) in FSL (164).
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In addition, for each subject, running dual regression meant that for each IC of
interest, there was a subject and timepoint specific map of activation (stage 2 of dual
regression), each registered to standard space. Using FSL maths, the longitudinal
change in connectivity between timepoints could be calculated by subtracting these
maps at 6 or 12 month map from the baseline map. This calculated statistical map is
hereafter referred to as the “difference” map, and it represented the change in areas
of activation between the two timepoints, and allowed me to compare the change in
the two groups over time in the GLM, using randomise with 5000 permutations,

corrected for age and sex.

5.3.3.2 Assessing change over time

Dual regression with randomise was again used to assess for change over time in
selected ICs, and family wise error corrcted TFCE was again used to correct for
multiple comparasons across voxels. A design matrix for an ANOVA was composed
which included exchangeability block as in chapter 4, to ensure permutation testing

only occurred within subject, respecting the repeated measures structure of the data.

As per chapter 4, F-tests on ANOVA were initially inspected with a significant p value
of 0.05. Each ANOVA had 6 individual t-tests (base > 6 months, 6 months > base,
base > 12 months, 12 months > base, 6 > 12 months, 12 > 6 months), therefore for t-

tests only voxels with a p value of < 0.01 were considered significant.

5.3.3.3 Correlating resting state data with LCVA, OCT data and residual of
correlation between OCT and GCL

The retinal measure chosen for correlation was again OCT derived GCL volume,

consistent with the previous chapter. The visual measure chosen for correlation with
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RSN change was 2.5% LCVA, given that it was found to have a strong correlation
with GCL volume in chapter 3. For each, the input into correlation with difference
maps were the difference between the unaffected fellow eye at baseline and the
visual or OCT measure at 6 or 12 months. Then, | attempted to assess if the
“additional” variability in vision, not explained by GCL volume, could be explained by
changes in RSN FC. For this, the standardised residual was extracted for each
subject from the best fit in a linear regression of the change at 6 or 12 months
affected eye, minus unaffected eye at baseline between 2.5% LCVA, and GCL
volume on OCT. This residual value was then used as the input for a further
regression with change from in RSN FC. This variable is referred to hereafter as the

“residual”.

OCT, visual and residual variables were correlated with the difference maps using

randomise, and spatial maps of correlation between the variable and the IC were
produced. Correlations were initially run uncorrected, but later corrected for age and
sex. Only the visual networks were selected for these analyses, however, due to the
number of comparisons being made (3 variables, 3 visual ICs, two timepoints), a

significance threshold for clusters was set at p < 0.01.

5.3.3.4 Assessing for motion artefact

One concern regarding longitudinal change in RSfMRI networks is that motion
artefact is not spread evenly across timepoints. At the baseline timepoint when
patients are having their first MRI not long after a new diagnosis of ON, more subject
movement in the scanner due to anxiety could be provoked than at follow up

timepoints where the subject is more familiar with trial procedures.
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Motion artefact was identified and corrected in pre-processing by two methods.
Inherent to the MELODIC pipeline is the FSL MCFLIRT (192) motion correction tool
which corrects for subject motion between slices using FLIRT. Furthermore, as part
of the FIX de-noising of data (189, 190) further motion artefact was removed. The
likely presence of motion artefact affecting BOLD signal can be assessed by the
DVAR value (195). VAR refers to the variance in the root mean squared (RMS)
signal change across the brain, and the D refers to the temporal derivative of this
value in the 4D data set. Thus, the DVAR calculates the change in variance in signal
intensity across the whole brain between timepoints. Uncorrected head motion

between volumes would contribute to a high DVAR value.

Following FIX and MELODIC de-noising of the data, using a pre-prepared matlab
script, DVAR values were averaged for the whole time series for each subject at
each timepoint. DVAR values for each timepoint were then reported to assess the
amount of motion artefact left in the data. Values of greater than 20 in DVAR are
suggested to reflect a high degree of motion artefact (196). To assess for significant
change over time in this indicative statistic of motion artefact, values were fed into a
related samples Friedman’s analysis of variance due to the non parametric
distribution of the 6 month DVAR values on Shapiro Wilk testing of distribution. This

was performed in IBM SPSS v 22.0

5.4 Results

5.4.1 Motion parameters

Mean DVAR results from each timepoint were less than 20 (regarded as a threshold

for a “high” DVAR (196) for all groups and were fairly consistent (15.77, baseline,
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16.84, 6 months, 16.67, 12 months). Contrary to the apriori expectation there was a
higher DVAR at 12 months, suggesting a slight increase in motion artefact at 12
months. A subsequent Friedman’s ANOVA analysis did show that there was a
significant effect of time on DVAR (p 0.018) and this was driven by the difference

between baseline and 12 months on pairwise analysis (p 0.005).

5.4.2 Effect of Amiloride

The medial visual network did show a cluster that had significantly less connectivity
in the amiloride group at 6 months, this was significant at the 0.05 level (p = 0.0201),
however, this was not in a grey matter area (posterior corpus callosum).
Furthermore, an unrelated samples t-test of the change from 0 to 6 months showed
no significant differences between groups (peak voxel p value =0.461), suggesting
there was no significant difference in the change in FC in this visual network between
groups. No other 12 or 6 month comparisons in the visual networks showed any

difference between the amiloride or placebo groups.

Therefore the data were analysed as a whole group. For further analyses however,

treatment group, along with sex and age was added as a nuisance regressor

5.4.3 Effect of time

Initially, ANOVA over time was run on the visual networks (3 networks), the default
mode networks (4 networks) and the sensory/auditory network (total of 8 networks).
On F test only the 3 visual networks had highly significant changes over time, and

none of the non-visual networks had significant changes over time.
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Table 5.1 Peak p value in a repeated measures ANOVA assessing the effect of

time on FC in 8 selected networks

Network |Peak p value on F-test of ANOVA (Significant at 0.05)

Medial visual
Executive control
Lateral visual

Right frontoparietal

Occipital visual

Main default mode network |
Mixed sensory and auditory network |

Left frontoparietal

0.000807
0.068673
0.000201
0.689962
0.238336
0.000201
0.178348
0.123611

Significant clusters over time in F-test are shown in Figure 5.4 (medial visual

network) , 5.5 (lateral visual network) and 5.6 (occipital pole visual network). For the

medial and occipital pole visual networks the only pairwise t-test that was significant

was that examining areas of greater FC at 12 months than baseline. In the lateral

visual network, there was also a large cluster of increased FC between 0 and 12

months, but also a small cluster that showed increased FC from 6 to 12 months.
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Figure 5.4. Output from
ANOVA of affect of time on
the medial visual resting
state network, corrected for
age, sex and treatment
group.

A — Medial visual component
from group ICA for
reference.

B - F test showing any effect
of time on medial visual
resting state network
combining all three
timepoints (0,6 and 12
months), thresholded at p
<0.05 on TFCE family wise
error corrected output.

C — Increase in functional
connectivity from 0 to 12
months. This was the only
pairwise analysis that
remained significant at a
threshold of p <0.01 on
TFCE family wise error
corrected output, raised in
view of multiple pairwise
comparisons.
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Figure 5.5. Output from
ANOVA of affect of time on
the lateral visual resting
state network, corrected for
age, sex and treatment

group.

A - Lateral visual
component from group ICA
for reference.

B - F test showing any effect
of time on medial visual
resting state network
combining all three
timepoints (0,6 and 12
months), thresholded at p
<0.05 on TFCE family wise
error corrected output

C — Increase in functional
connectivity from 0 to 12
months.

D - Increase in functional
connectivity from 6 to 12
months. C &D thresholded
for significance at p <0.01 on
TFCE family wise error
corrected output, raised in
view of multiple pairwise
comparisons.



Figure 5.6. Output from
ANOVA of affect of time on
the occipital pole visual
resting state network,
corrected for age, sex and
treatment group.

A - Lateral visual
component from group ICA
for reference.

B - F test showing any effect
of time on medial visual
resting state network
combining all three
timepoints (0,6 and 12
months), thresholded at p
<0.05 on TFCE family wise
error corrected output

C - Increase in functional
connectivity from 0 to 12
months. This was the only
pairwise analysis that
remained significant at a
threshold of p <0.01 on
TFCE family wise error
corrected output, raised in
view of multiple pairwise
comparisons.
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5.4 .4 Correlations with GCL volume and 2.5% LCVA

There were no significant correlations between the change in 2.5% LCVA and the

change in visual network FC at either the 6 or 12 month timepoint

5.4.5 Correlations with residuals

None of the correlations between the change in visual network FC correlated with the
residual between the best fit line of a regression between GCL difference and LCVA
difference. At the 6 months timepoint however, the occipital pole network was just
below threshold for significance, and prior to correction for age and sex, there were

some areas of significant correlation. These are shown in figure 5.7
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Figure 5.7, results of the
correlation between the
standardized residuals of
a linear regresson
between LCVA and GCL
volume, and the occipital
pole network before
correction for age and
sex. Functional
connectivity correlated in
right V1 (thresholded at
(A) p<0.01, (B) p<0.02.
Correlation in right V2 (C)
p <0.01, (D) p<0.020n
TFCE family wise error
corrected output.

When corrected for age
and sex the peak
significance voxel
reduced to p 0.021 on
TFCE family wise error
corrected output, which
was in V1
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5.5 Discussion

This is the first longitudinal study of RSfMRI in acute ON with an extended follow up
period. It has shown marked increase in FC in all three visual resting state networks
identified, particularly between baseline and 12 months. By contrast, no significant
change was found in any of the constituent networks in the DMN or the sensory
network. Thus, there is clear evidence that FC in RSfMRI visual networks is
significantly altered over time following ON, and that this is driven by an increase in

FC at 12 months compared to baseline.

However, the implications of these changes in RSfMRI in relation to the clinical
severity of ON and visual function post ON remain elusive. Contrary to the apriori
hypothesis, there was no correlation between change in GCL volume and change in
visual network FC. Furthermore, there was no correlation between 2.5% LCVA and
change in visual network FC. An additional hypothesis tested was that the variability
in 2.5% LCVA not explained by GCL volume may be explained by changes in
RSfMRI. This analysis approached significance at 6 months in the occipiatal pole
(peri-calcarine) network as displayed in figure 5.7. However, this lost significance
with correction for age and sex, and lacked any correlation at 12 months, the point at
which there was greatest change FC over time. It is possible this reflects a non-linear
relationship in the dynamc processes involved in cortical functional plasticity in
response to de-afferentation. However, it remains difficult based on this data to

confidently conclude whether these changes are adaptive or maladaptive.

One reason for a lack of correlation with visual function could be the choice of 2.5%
LCVA as the input for correlation analysis. Whilst LCVA is a clinically relevant
measure of vision, and sensitive to retinal neurodegeneration following optic neuritis,

it is not a complete measure of visual function and visual recovery following optic
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neuritis. In stimulus based fMRI, reductions in BOLD signal response have correlated
with visual acuity following ON for monocular stimulation. However, this is readily
explained by a reduced neuronal input in stimulating a more severely damaged eye,
and does not necessarily inform about cortical plasticity (197). fMRI response to
stimulus in extra-striate regions has correlated with the degree of optic nerve injury
and visual acuity in baseline fMRI following ON, but not with follow up MRI
scans(180). Aside from visual acuity and contrast sensitivity, deficits in motion
perception have been found to be particularly affected following ON even when
recovery of VA and LCVA has occurred, and is accompanied by ongoing reduction in
fMRI response, even at one year following optic neuritis(166). Whether changes in
RSfMRI FC are an adaptive response in higher visual functioning such as in motion

perception following ON remains to be assessed.

Corrections were made in pre-processing for motion artefact using the FSL tools FIX
and MCFLIRT, however, the residual role of motion in the data is worth reflecting on.
Whilst there was a significant change in DVAR scores between 0 and 6 months,
reassurance can be drawn from the low mean DVAR in each timepoint (all <20).
Furthermore, initially 8 networks were tested for change over time in ANOVA, and
only the visual networks had significant F tests. Motion artefact is known to
preferentially affect voxels further from the central pivot at which head motion occurs,
maximally at the anterior frontal cortex (198). This area matches with the executive
control network (A in figure 5.2) and if head motion accounted for the change over
time in the visual networks, a change in this network would be expected also. The
lack of effect over time in that network, further suggests that the increase in FC in the

visual networks is related to a true signal change.

The exclusivity of the findings to the visual networks and not to the DMN is of

interest. A previous cross-sectional study found that a CIS population (2 of 14 of
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whom were ON) had found increased FC in all the DMN networks we explored, but
not in the visual resting state network (199) compared to RRMS and healthy controls.
The differing findings in our study with a uniformly ON and primarily CIS population
(only 2 /40 patients had an MS diagnosis at entry to our study) suggest that the
changes found in the visual networks demonstrate cortical adaption specific to the

de-afferentation experienced from ON.

Elucidation of the significance of the changes in RSfMRI would be enhanced by the
addition of a healthy control group, in particular in exploring with more certainty
whether the DMN differs longitudinally in ON patients versus controls. However the
data presented here was set up initially to assess the effect of amiloride on RSfMRI
following ON. Again, whilst there was a small cluster at 6 months that showed
difference in the amiloride group in one visual network, subsequent analysis of
difference of the change over time between groups showed no significant findings.
Combined with the finding that the difference was in a white matter area, this is likely
to be a chance result, and the data was analysed as a whole group on the basis

there was no significant effect from amiloride.

5.5.1 Conclusion and future directions

This data has demonstrated longitudinal change from baseline to recovery in optic
neuritis exclusively in visual networks and not in the default mode networks. Whilst
this does demonstrate neuro plasticity following an insult to the anterior visual
system, the functional consequences and adaptive nature of this change in
connectivity could not be concluded in this work, from assessing either retinal
neurodegeneration or low contrast visual acuity. Future work would relate such

resting state changes to a healthy control group, and also assess whether the
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variations in other visual domains, such as motion perception, are related to degree

of change in FC in the visual resting state networks .
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6 Chapter 6. Conclusions and future directions

This thesis has evaluated neuroprotection through a clinical trial of amiloride in ON,
and subsequently given a detailed analysis of retinal changes following ON. From
there, transsynaptic neurodegeneration was assessed through DTI in the OR, and
neuroplasticity was explored through RSfMRI. The key findings are summarised
below. Thereafter, these are interpreted in light of the research questions posed in
chapter 1, and future directions for the research presented in this thesis are then

explored.

6.1 Key Findings

In chapter 2, a phase Il randomised controlled trial of amiloride 10mg vs placebo in

acute ON was conducted and the findings were as follows;

- There was no neuroprotective benefit found from amiloride in the primary
outcome measure of pPRNFL on GDx, or on any of the secondary outcome

measures.

- In one secondary outcome measure, PVEP P100 time to peak, there was a

significant prolongation (worsening) in the amiloride treated group.

- Detailed analysis revealed early neurodegeneration in the GCIPL of affected
eyes, which correlated with the time of OCT from onset of symptoms. Thus,
one contributor to the lack of effect of amiloride on neuroprotection on ON in
this trial, could be that the window of time where neuroprotective therapies

will be effective is shorter than was anticipated when the trial was set up.
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In chapter 3 the longitudinal change in macular retinal layers over one year following

ON were explored in detail, and the findings were as follows;

- Analysing the peri-foveal macular volumes in retinal layers was shown to
have a high reliability on testing of repeated measures. This data in this thesis

compared favourably to published data.

- This was this first longitudinal study to show that significant swelling in the
INL following ON develops over 12 months, and is not significantly thickened
by 6 months compared to baseline, though it is swollen compared to the

unaffected fellow eye.

- In the IS/OS segments of photoreceptors, there was a dynamic swelling in the
retina, which in our data peaks at the 6 months timepoint, and regressed back
to baseline at the 12 month timepoint. This confirms the findings of other
groups, however, this is the largest cohort to find such a dynamic change to
this degree of segmentation, and the temporal evolution of this change
differed somewhat from a previous study, in which this finding had lost

significance at 6 months.

- In line with previous studies, the macular total retinal thickness, GCL, RNFL,
IPL and OPL, all show thinning from baseline to 6 months, with no significant

change between 6 and 12 months.

- The longitudinal change in thickness in total macular thickness and mRNFL,
GCL and IPL layers significantly correlated with the change in HCVA and

LCVA both at 1.25% and 2.5% at 6 and 12 months. At 6 months there was a
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significant correlation between these visual measures and ONL and IS/OS,
however, this was not present at 12 months, reflecting the dynamic change in
these layers. By 12 months the INL correlated with LCVA. In a multiple
regression model, most of the variability in LCVA could be explained by GCL
volume, and addition of other retinal layers did not appear to strongly

influence the variability explained by the model.

This is the first longitudinal dataset to correlate PERG N95 amplitude with
retinal layers, r values are higher than in a previously published cross-
sectional dataset and we show a correlation with the INL and PERG for the

first time.

Analysis of retinal layers show strong correlations between changes in layers.
These are particularly striking in the positive correlations found in the change
in the inner retinal (MRNFL, GCL and IPL) layers, but there are also highly
significant negative correlations between the drop in inner retinal thickness
and the gain in INL and ONL thickness. Notably, the IS/OS shows weak,
though significant, negative correlations at 6 months with the inner retinal
layers, but these have disappeared by 12 months, reflecting the dynamic

changes in this outer layer.

Amiloride was not found to have affected longitudinal change in any retinal

layers

In chapter 4, changes in whole brain diffusion measures of white matter integrity

were assessed over time following ON. In addition, for the first time, macular OCT

GCL layer was correlated longitudinally with changes in the OR, to assess for

transsynaptic neurodegeneration. The findings were as follows:
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A correlation was found between damage over time in the anterior visual
pathway following optic neuritis (measured by OCT GCL volume), and
change over time in the postsynaptic OR in metrics of white matter integrity
(FA, and RD). These correlations increased between the 6 and 12 month
timepoints, suggesting an evolving relationship of transsynaptic

neurodegeneration.

Whilst there was a trend in an ANOVA over time for a reduction in the mean

FA in the OR, this did not reach significance.

Whole brain analysis did not show a change in the OR over time. Instead
increases over time in FA were shown in the superior longitudinal fasciculus
and reductions in FA were shown in the corpus callosum and the frontal white
matter. However, the whole brain changes notable in the superior longitudinal
fasciculus are in areas of crossed white matter fibers, complicating the

interpretability of diffusivity scalars derived from a single tensor model.

These whole brain changes were further explored with crossed fibers analysis
assessing for changes in the principal and secondary diffusion direction in an
attempt to assess the effect of crossed fibers contributing to this finding.
However, this analysis failed to reach significance. Thus, it remains possible
that the increases in FA in the superior longitudinal fasciculus reflect

neuroplasticity in secondary visual areas.

Amiloride was not found to have an effect on any whole brain or OR diffusion

scalars.
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In Chapter 5, neuroplasticity was assessed by utilising longitudinal RSfMRI to assess
FC in visual networks and in the default mode networks. The findings were as

follows:

- There were widespread changes over time in all three visual networks (the
medial visual network, the lateral visual network, and the occipital pole visual
network) and no significant changes in any other networks that were
assessed (4 default mode networks and one sensory network included as a

control)

- In all three networks these changes were primarily driven by an increase in
FC from baseline to 12 months following ON. In the lateral visual network
there was also a significant increase in functional connectivity over time

between 6 and 12 months.

- The adaptive implications for this increase in FC were assessed by looking at
correlations between the change in FC in visual networks from 0 to 6 months
and 0 to 12 months and the corresponding change in GCL volume and 2.5%

LCVA. However these correlations did not reach significance.

- A further assessment was to test whether variability in LCVA not explained by

GCL (the residual variance), could be explained by changes in FC in visual

resting state networks. This correlation was of borderline significance at 6

months in a small cluster around V1, but was not significant at 12 months.

- Amiloride was concluded not to have an effect on RSfMRI FC.
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6.2 Interpretation of Key findings

The key findings can be interpreted in light of the research questions posed in

chapter 1.

Is ASIC channel blockade via amiloride neuroprotective in ON?

In this thesis, ASIC channel blockade via amiloride was not found to be
neuroprotective in ON. However, as we have seen above, the ACTION trial showed
that neurodegeneration is an early phenomenon in ON and thus it may be that our

long window of recruitment (up to 28 days) affected our ability to assess this.

Can our understanding of the temporal evolution of retinal changes following ON be
enhanced by assessing OCT longitudinally, how do these changes influence visual

outcomes, and this ameliorated by amiloride?

This thesis has shown a comparatively large dataset and explored the temporal
evolution of changes in retinal layers in ON. It has supported the recent finding of
dynamic changes in the IS/OS segment following ON and enhanced our
understanding of the temporal evolution of this change. Furthermore it has provided
the missing link between existing cross-sectional data showing INL swelling following
ON, and the lack of INL swelling in longitudinal studies that have previously run to 6
months in smaller sample sizes. Amongst the retinal layers, most of the variability in
visual function, as measured by LCVA, is explained by GCL volume. The retinal

changes following ON do not appear to be influenced by amiloride.

Is transynaptic neurodegeneration present in the posterior visual pathways following

ON and this ameliorated by amiloride?
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The findings in chapter 4 support the presence of anterograde transsynatpic
neurodegeration to a degree. The relationship between pre-synaptic
neurodegeneration in the form of GCL volume change and OR diffusivity scalars, FA

and RD were robust, and strengthened from 6 to 12 months.

However, change in the OR on whole brain TBSS analysis was lacking. This could
be due to reduced sensitivity to OR change at a whole brain level, likely to be
dominated by large and unidirectional white matter tracts such as the corpus
callosum, or due to compensatory change in white matter integrity in retrograde

efferent corticogenuclate fibers.

In addition, unexpectedly there was an increase in FA in some areas relevant to
higher visual processing. This finding highlights that white matter integrity can reflect
neuroplasticity in the white matter tracts in addition to neurodegeneration. It may be
that neuroplastic responses in white matter connections to higher visual areas are
also initiated in response to the primary insult. However, on a whole brain level, the
issue of crossed fibers confounding these results should encourage caution in these
findings, as extensively discussed in chapter 4. Amiloride was not found to affect any

change in measures of white matter integrity.

Is there evidence of neuroplasticity in the visual cortex following ON, and is this

influenced by amiloride?

Chapter 5 does show marked increases in FC over time in the visual networks on

RSfMRI. As explored in the chapter, the adaptive nature of these changes could not

be conclusively elucidated.
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The cluster of voxels in V1 in the occipital pole network that were of borderline
significance when assessing for the residual variance in LCVA not explained by OCT
was a tantalising finding at 6 months. Whilst not conclusive of FC in RSfMRI being an
adaptive response, it could be explained by increased in FC being related to visual

recovery, but that that relationship could be non-linear over time.

Whilst the implications of this increase in FC to clinical and visual recovery were not
clearly extracted in this data, the increase in FC is nevertheless a robust and novel
finding in this thesis. A biological mechanism for this change is strongly supported by
the finding that increases in FC were highly significant in the visual networks and not
significant in other networks tested. The clusters of significance were large and were

located in cortical areas highly relevant to vision.

6.3 Future directions

6.3.1 Amiloride in MS and clinical trial design in ON

As we have seen, this trial failed to show an effect of amiloride. Whilst this is
suggestive of a lack of effect of amiloride, one key reason for a lack of effect could be
the prolonged recruitment time in our trial. Thus, a key recommendation from this
data is that future therapeutic trials should have as short a window between
symptoms and inclusion as possible. Of great interest therefore is that a further trial
of amiloride in ON is in progress (200) and aims to recruit within 10 days of ON. An

ongoing phase lll trial of erythropoietin also aims to recruit within 10 days (201).
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In addition to trials in ON, the phase IIb MS-SMART trial in SPMS is ongoing (202)
and this includes an amiloride arm. Should the results of the MS-SMART trial conflict
with the lack of effect in the trial described in this thesis, this will give further insight
into how clnical trials in ON translate into MS. It may be that acute inflammatory
events such as ON have an adequately divergent pathophysiology from progressive

MS, to require different therapeutic targets.

There was a signal from the secondary outcome measures in the ACTION trial
described in this thesis, that amiloride may have had a detrimental effect on recovery
of the P100 time to peak, which could be a reflection of amiloride impeding
remyelination following ON. This was an unexpected result given laboratory evidence
that amiloride preserved myelination through blockade of the ASIC. Further basic
science research evaluating the role of ASIC and its effects on myelin and

oligodendrocytes in CNS inflammatory disease, could help interpret these findings.

Furthermore, with regard to trial design in ON, | would recommend that future
researchers are selective in visual outcomes in clinical trials. Outcomes such as
visual field and colour vision, whilst long established investigations in clinical trials,
suffer from being time consuming, and highly affected by patient fatigue.
Researchers planning future clinical trials should consider limiting the number of
investigations to those that are most high yield such as LCVA, to improve trial

efficiency.

6.3.2 Retinal layer change following ON

In our data IS/OS thickening peaked at 6 months and regressed back to baseline at

12 months. Whilst this dynamic change in the IS/OS segment has been found by
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other groups to some extent, as we have seen, these have had either a less precise
segmentation (129) or a smaller sample size with shorter follow up (127) than our
study. A longer study, with more frequent OCT scanning, perhaps even every week
or two in the early stages of ON, would be optimal to refine our understanding of the
trajectory of retinal changes following ON. However, ensuring consistent follow up in

such a trial would be a challenge in achieving an adequate sample size.

6.3.3 Transsynaptic neurodegeneration

Current longitudinal studies on transsynaptic neurodegeration in the OR following
ON, including this data, are limited to 12 months following ON (149, 150). However,
transsynaptic neurodegeneration may take longer to evolve than within that
timescale. Therefore, if possible, further longitudinal follow up with re-scanning at 2
and even 3 years would add further information on the temporal evolution of changes
in diffusivity scalars in the OR following ON, and whether they continue to relate to

OCT findings.

Differing analysis techniques have been applied by multiple groups to diffusion MRI
in the OR following ON. A collaborative approach, with data sharing and unified
technique would be of benefit. This could enhance our understanding of how
significant a contribution transsynaptic neurodegeneration from a discrete relapse
such as ON makes to the global neurodegenerative trend seen in MS. The technique
used in this thesis, based on TBSS, is highly automated, and thus lends itself to
reduced bias and handling large datasets (in this thesis, the analysis included 120

scans).
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Data sharing and increased sample size would also allow a more meaningful
comparison of lesioned and non-lesioned ON patients The sub group analysis of
these patients in this thesis in chapter 4 appeared to suffer from a lack of power.
Such an analysis may be a preferable way to assess and counter the effect of
lesions on diffusivity scalars, over the alternative of lesion masking techniques. As
we have explored in chapter 4, such techniques do not necessarily take into account
the downstream effect of lesions in normal appearing white matter remote to a lesion

from wallerian degeneration.

6.3.4 Neuroplasticity

Concurrent with the above, the findings in chapter 4 of increases in FA over time in
white matter tracts relevant to higher visual processing in the dorsal stream (the
superior longitudinal fasciculus) may represent neuroplasticity in response to ON.
Further analysis with tractography of the superior longitudinal fasciculus may help to
refine the registration based technique in this thesis. Furthermore, data sharing or
replication of this technique in a different dataset may also help refine this result and
more firmly establish whether white matter integrity increases in white matter relevant

to higher visual processing following ON.

Whilst the findings in chapter 5 show marked increases in FC over time, the question
of whether the adaptive significance of these changes remains difficult to extrapolate
from this data. Whilst the trend for a correlation in a relevant visual area (the occipital
pole network, located at V1) at 6 months with the amount the variance in the
correlation between 2.5% LCVA and GCL suggested this was an adaptive response,
other analyses at 6 and 12 months did not substantiate this. Addition of additional

visual parameters which have been shown to be preferentially affected in ON, such
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as motion perception, may help resolve the uncertainty over the adaptive nature of

this change.

Furthermore, the lack of finding any change in the networks identified as part of the
default mode network in chapter 5 is of interest, and counter to previous findings in
cross-sectional studies. It may be that the addition of a healthy control group to a
longitudinal analysis of RSfMRI following ON shows further changes in FC in resting

state networks other than the visual networks.

6.4 General Conclusions

The work described in this thesis was designed to test the effect of ASIC blockade
via amiloride as a neuroprotective agent in ON. Whilst this apriori hypothesis was not
supported by the data in this thesis, it has provided a number of important insights

into clinical trails design and ON.

This thesis has shown that going forward, early timing of intervention is critical to
assessing neuroprotective therapies in ON. Against a background of ongoing trials of
amiloride in ON and MS, this the work described in this thesis takes an important role

in the ongoing translational journey of this CNS therapeutic target.
Alongside these insights into neuroprotection, the work in this thesis has enhanced
our broader understanding of clinical trial design in ON and of the changes in the

visual system following ON.

The visual system is a structurally eloquent CNS system suited to multimodal

techniques to explore the relationship between presynaptic anterior visual system
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and the postsynaptic posterior visual system. The work contained in this thesis has
capitalised on this. A detailed analysis of the changes over time in the retina
following ON has been shown with novel findings of the temporal evolution of these
changes and how they relate to existing cross-sectional data. Following on from this
it has shown that these relate to changes in the postsynaptic white matter, supporting

the concept that transsynaptic neurodegeneration contributes to neuronal loss in MS.

In addition this work has shown neuroplasticity in the visual cortex over time following
ON. This was not shown to directly relate to retinal neurodegeneration or clinical
recovery. However, the striking changes in resting FC following ON give a strong
launchpad for further exploration of the adaptive role of cortical plasticity following

ON for future researchers, and patients.
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7 Publications arising from this thesis

7.1 In Press

Mckee, J.B., Elston, J., Evangelou, N., Gerry, S., Fugger, L., Kennard, C., Kong, Y.,
Palace, J. And Craner, M., 2015. Amiloride Clinical Trial In Optic Neuritis (ACTION)
protocol: a randomised, double blind, placebo controlled trial. BMJ open, 5(11), pp.
€009200-2015-009200.

7.2 Under Review

Mckee, J.B., Cottrial CL., Epps S., Elston, J., Evangelou, N., Gerry, S., Kennard, C.,
Kong, Y., Koelewyn , A., Kueker, W., Palace, J. And Craner, M Amiloride does not
protect retinal nerve fibre layer thickness in optic neuritis in a phase 2 randomised
controlled trial.

7.3 Conference Proceedings

7.3.1 Oral Presentations

European Committee for treatment and research in Multiple Sclerosis (ECTRIMS),
London. McKee JB, CL Cottrial, Elston J, Gerry S, Evangelou N, Fugger L, Kennard
C, Koelewyn A, Kong Y, Palace J, Craner M Amiloride does not protect retinal nerve
fibre layer thickness following acute optic neuritis; result from a phase Il, double
blind, randomised controlled trial September 2016

Scottish Ophthalmological Club, Glasgow. McKee JB, CL Cottrial, Elston J, Epps S,
Evangelou N, Fugger L, Kennard C, Palace J, Craner M Retinal ganglion cell volume
correlates with pattern electroretinogram in acute optic neuritis. September 2015

Oxford Ophthalmological Congress, Oxford. McKee JB, CL Cottrial, Elston J, Epps S,
Evangelou N, Fugger L, Kennard C, Palace J, Craner M Retinal ganglion cell volume
correlates with pattern electroretinogram in acute optic neuritis. July 2015

Medical Ophthalmology Society UK, Birmingham. 2015 McKee JB , Elston J,
Evangelou N, Fugger L, Kennard C, Palace J, Craner M Assessment of ganglion cell
layer volume in acute optic neuritis shows early neurodegeneration March 2015

Medical Ophthalmology Society UK, London. McKee JB , Elston J, Evangelou N,

Fugger L, Kennard C, Palace J, Craner M The Amiloride Clinical Trial in Optic
neuritis (ACTION trial): Trial paradigm and baseline data March 2014

7.3.2 Poster Presentations

British Society for Clinical Electrophysiology of Vision (BRISCEV), Oxford. Retinal
ganglion cell volume correlates with pattern electroretinogram in acute optic neuritis.
September 2015
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European Neuro-Ophthalmology Society (EUNOS) Meeting, Ljubljana, Slovenia.
McKee JB, CL Cottrial, Elston J, Evangelou N, Fugger L, Kennard C, Palace J,
Craner M Retinal ganglion cell volume correlates with pattern electroretinogram in
acute optic neuritis. June 2015

European Committee for treatment and research in Multiple Sclerosis (ECTRIMS)
Boston, USA. McKee JB, Elston J, Evangelou N, Fugger L, Kennard C, Palace J,
Craner M (joint meeting with American Society) Multimodal clinical trial paradigm to
assess neuroprotection in optic neuritis: baseline data October 2014
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