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General Abstract

Purpose: Multiple sclerosis (MS) is a chronic disease of the central nervous
system involving inflammation, demyelination and neurodegeneration. Optic
neuritis (ON) is acute inflammatory, demyelination of the optic nerve. The
anterior visual pathway serves as a good model to track MS related disease
changes. Multifocal visual evoked potential (mfVEP) is an objective, non-invasive
technique that provides spatially localized, topographic information on visual
function. MfVEP response amplitude and latency reflects integrity of axons and
myelin, respectively. Optical coherence tomography (OCT), provides high-
resolution, cross-sectional images of the retina and is a sensitive technique for
assessing neurodegeneration. The purpose of this dissertation was to assess
functional and structural changes over time in the visual system of relapsing-

remitting MS (RRMS) patients.

Methods: 1) In the first experiment, to assess reproducibility, mfVEP was
recorded twice within a month in 40 normals and 40 RRMS patients (25 eyes
with last ON = 6 months (mo), 34 non-ON). Global and 9 regional mfVEP
amplitudes (logSNR) and latency (ms) were calculated. Traditional pattern VEP
(TVEP) was recorded (15’, 60°, 120’ checks) in subsets of 34 normals and 30
RRMS patients. Reproducibility was evaluated using intraclass correlation
coefficient (ICC) and test-retest variability (TRV) to establish 95% tolerance

limits. 2) In the second experiment to evaluate longitudinal changes in visual
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function, mfVEP, contrast sensitivity (CS) and Humphrey visual fields (HVF) were
obtained at two different visits (mean follow-up: 1.5 =+ 0.9 years) in 57 RRMS
patients (53 eyes with optic neuritis (ON): 14 with ON within 6 months (mo) of
first visit (ON < 6mo), 39 with ON = 6mo, 57 non-ON). Longitudinal changes were
assessed using mfVEP amplitude, latency, log CS and HVF mean deviation (MD)
based on 95% tolerance limits of TRV established in experiment 1. 3) In the third
experiment, to assess neurodegenerative changes over time in MS eyes, retinal
nerve fiver layer thickness (RNFLT) and ganglion cell-inner plexiform layer
thickness (GCIPT) were measured using Cirrus OCT in 133 RRMS patients (149
non-ON, 97 ON = 6 mo eyes). 93 patients were scanned at two visits. Percents
of abnormal GCIPT vs RNFLT (< 5% of machine norms) in cross-sectional data
were compared. Relations between RNFLT/GCIPT and MS duration (cross-

sectional) and follow-up time (longitudinal) were assessed.

Results: 1) ICCs for global and regional mfVEP amplitude and latency were all
> 0.80 indicating good intervisit agreement. ICCs for tVEP ranged from 0.52 to
0.86, being lowest for ON latency (0.52 to 0.68). TRV for amplitude (mfVEP and
tVEP) was similar across groups. TRV for latency, greater for tVEP than mfVEP
in all groups, was larger in ON (5.3/9.2 ms for mfVEP global/60’ tVEP) compared
to non-ON (3.1/5.6, p = 0.003/p = 0.02) and normals (2.3/4.1, p = 0.0001/p <
0.01). 2) A significant percentage of ON < 6mo eyes exceeded 95% tolerance
limits for mfVEP amplitude (21%, p < 0.05), latency (35%, p < 0.01) and for CS

(31% p < 0.001); more improved than worsened. MfVEP latency shortened in
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11% non-ON, 10% ON = 6mo, lengthened in 21%, and 10%, respectively (p <
0.01 for all). Latency changes correlated negatively with baseline latency (r =
- 0.43, - 0.45 for non-ON, ON = 6mo; p = 0.0008). Although an insignificant
number of non-ON and ON = 6mo eyes exceeded tolerance limits for amplitude,
CS or HVF; amplitude and latency changes were correlated, and both measures
correlated with changes in CS (r = 0.47 to 0.79, p < 0.01). 3) GCIPT was
abnormal in more eyes than RNFLT (27% vs 16% p = 0.004 in non-ON, 82% vs
72% p = 0.007 in ON =2 6 mo). RNFLT and GCIPT decreased with MS duration
by - 0.49 pum/yr (p = 0.0001) and - 0.36 (p = 0.005) for non-ON; - 0.52 (p = 0.003)
and - 0.41 (p = 0.007) for ON = 6 mo. RNFLT and GCIPT decreased with follow-
up time by - 1.49 um/yr (p < 0.0001) and - 0.53 (p = 0.004) for non-ON, - 1.27 (p

= 0.002) and - 0.49 (p = 0.04) for ON = 6 mo.

Conclusions: MfVEP showed better reproducibility than tVEP in normals and
RRMS patients. MfVEP, and particularly latency, can be used to track visual
functional changes in individual RRMS eyes. Progressive loss of RNFLT and
GCIPT occurs even in the absence of clinically-evident inflammation in RRMS.
MfVEP and OCT are potentially useful for assessing therapeutic effects of novel

remyelinating and neuroprotective strategies in RRMS.
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Chapter 1 : General Introduction

Multiple Sclerosis

Multiple sclerosis (MS), a chronic disease of the central nervous system
(CNS), is the most common cause of permanent neurological disability in young
adults. (Tremlett et al. 2010; Koch-Henriksen and Sorensen 2010) MS affects
approximately 400,000 people in the United States and about 2.5 million
worldwide. (Tullman 2013; Scalfari et al. 2010) Diagnosis is typically made
between 20 to 40 years of age with three times higher incidence in females than
in males. (Compston and Coles 2008; Kremenchutzky et al. 2006; Weinshenker
et al. 1991) The average life expectancy in MS patients is about 5 to 10 years
lower than unaffected population. (Compston and Coles 2008) Risk factors for
MS include environmental triggers and genetic susceptibility. Incidence and
prevalence of MS varies geographically and is high in regions that are far from
the equator. Sunlight exposure and vitamin D status is believed to be important
environmental factors, with risk of MS being high in people with vitamin D
deficiency. (Ramagopalan et al. 2010) The recurrence risk for multiple sclerosis
in families increases from less than 5% in siblings to 30 to 35% in monozygotic
twins. (Compston and Coles 2008) Genetical changes in the HLA (Human
Leukocyte Antigen) region on chromosome 6, that encodes for major
histocompatability complex (MHC), has been linked with increased risk of MS.

(Compston and Coles 2008)
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Traditionally, it is believed that MS is auto-immune in origin, in which
inflammatory T-cells, primarily Thl and Thl7, are abnormally activated in the
periphery and migrate across the blood brain barrier. Here, a cascade of
immunopathogenic events is initiated targeting the CNS nerve fibers, thereby
causing demyelination and axonal degeneration. (Compston and Coles 2008;
Lopez-Diego and Weiner 2008) Recent studies have raised inconsistencies in
this primary auto-immune theory and have alternatively proposed
cytodegeneration of CNS nerve fibers as the primary event, eliciting secondary
immune response. (Stys et al. 2012; Stys 2013) Thus, etiology of MS is currently
debatable (Trapp and Nave 2008) (refer to chapter 5 for a discussion on the two
theories of MS). Regardless, there is a general consensus that pathological
outcome of the disease process is formation of multiple sclerotic plaques as a
result of inflammation, demyelination and axonal degeneration. (Henderson et al.

2009; Lassmann 2010; Trapp et al. 1998; Bjartmar and Trapp 2003)

About 80 to 90 % of MS patients initially begin with a relapsing-remitting
course (RRMS), characterized by alternating episodes of neurological deficits
(relapses) and asymptomatic periods of remission. (Ebers et al. 2000;
Confavreux et al. 2003) The natural history of MS suggests that 15 to 25 years
after the disease onset, 50% to 90% of RRMS patients convert to a secondary-
progressive phase (SPMS), with the percentage being higher in studies with
longer follow-up time. (Amato and Ponziani 2000; Tremlett et al. 2008;
Kremenchutzky et al. 1999; Kurtzke et al. 1977) The SPMS phase is

characterized by infrequent relapses, steady decline in neurological function and
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accumulation of disability. (Tremlett et al. 2010; Rovaris et al. 2006) About 10%
of MS patients are of the primary progressive form (PPMS), in whom the disease
progresses from the onset with no distinct relapses. (Vukusic and Confavreux
2003) The Expanded Disability Status Scale (EDSS) is commonly used to assess
the extent of disability and disease progression in MS patients. (Kurtzke 1983)
EDSS is graded by assessing neurological impairment in eight functional
systems (FS) including pyramidal, cerebellar, brain stem, sensory, bowel and
bladder, visual, cerebral (mental) functions, and other MS-related neurological
findings; and assigning a score from 0 to 10 in 0.5 increments. A score of O
indicates normal neurological status and 10 indicates death due to MS (Meyer-
Moock et al. 2014). Disability is defined as irreversible when a given EDSS score
has persisted for at least six months. (Confavreux and Vukusic 2006) The
majority of RRMS patients have an EDSS score of less than 3. EDSS of 3
indicates the patient is fully ambulatory with moderate disability in one FS
(severe nystagmus is an example of moderate disability of brain stem function) or
mild disability in 3 or 4 FS (mild urinary urgency is an example of mild disability of
bowel and bladder function). (Kurtzke 1983) It is estimated that patients with an
initial RRMS course will reach an EDSS score of 6 (i.e. require intermittent or
constant assistance of a cane or crutch to walk 100 meters) after 23 years and a
score of 7 (essentially restricted to a wheelchair) after 33 years of onset.
Currently there are ten FDA approved drugs for MS. Nine of them,
including four interferon beta preparations (Avonex, Betaseron, Extavia, Rebif),

glatiramer acetate (Copaxone), natalizumab (Tysabri), fingolimod (Gilenya),
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teriflunomide (Aubagio), dimethyl fumarate (Tecfidera) are indicated for RRMS.
Mitoxantrone (Novantrone) is indicated for progressive MS. (K Costello 2013)
Although the exact mode of actions for individual drugs is not clear, most of them
work by immuno-modulation such as exerting anti-proliferative activity on
lymphocytes. For example, it is believed that drug natalizumab exerts immune-
modulatory effects by impairing the VLA4 adhesion complex, an integrin critical
for T cells to cross the blood brain barrier. (Lopez-Diego and Weiner 2008)
Mitoxantrone is an immune suppressor that exerts a broad range of actions by
suppressing proliferation of T cells, B cells and macrophages and can also
induce apoptosis in lymphocytes. (K Costello 2013; Fox 2004; Neuhaus et al.
2004; Wingerchuk and Carter 2014). The PRISMS (Prevention of Relapses and
disability by Interferon beta-1a Subcutaneously in Multiple Sclerosis) study was a
two year, double-blinded placebo-controlled clinical trial to assess therapeutic
effects of interferon B-1a in RRMS patients. (PRISMS study group 1998) The
results of this trial showed that the interferon group (44 pug dose) showed a time
delay of 5 months to first relapse and had 33% fewer relapses when compared to
the placebo group. Similarly, the time to sustained disease progression, which
was defined as increase in EDSS of at least one point that sustained for at least
3 months, was also significantly longer in the interferon group (21.3 months)
when compared to the placebo group (11.9 months). Despite showing robust
treatment effects in RRMS, the efficacy of current DMTs in SPMS patients has
been less promising. A three year clinical trial that assessed effects of interferon

B-la in SPMS patients showed that although the patients in the interferon group
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had significantly fewer relapses than the placebo group, the time to sustained
disability remained the same in both the groups. (SPECTRIMS study group
2001) A recent study to assess long term effects of DMT showed that despite
being continuously treated with glatiramer acetate for 15 years, 35% of RRMS
patients still transitioned into SPMS. (Ford et al. 2010) These results highlight
that although current DMTs are effective in reducing relapses, inflammation,
formation of new lesions on magnetic resonance imaging, (Castro-Borrero et al.
2012; Cree 2014; Luessi et al. 2012) they are still unable to completely halt
disease progression. (Ford et al. 2010). Disease progression and permanent
disability in MS is believed to result from irreversible neurodegeneration. (Trapp
et al. 1999; Trapp and Stys 2009) Thus, in addition to current immuno-
modulatory DMTSs, there is a need for novel neuroprotective therapies in MS.

(Stys et al. 2012; Maghzi et al. 2013)

Visual system in multiple sclerosis

The visual system can serve as a good model to study MS. Visual deficits
are typically symptomatic, promoting patients to seek immediate medical
attention. Further, there are several clinically available functional and structural
tests, such as visual evoked potential (VEP), contrast sensitivity (CS), Humphrey
visual fields (HVF) and optical coherence tomography (OCT), that can be used to
evaluate visual defects. (Frohman et al. 2008a; F Costello 2013)

The optic nerve is a small compartment within the CNS that is a frequent

site of damage in MS. (Frohman et al. 2008a; F Costello 2013). Optic neuritis

8
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(ON), an acute inflammatory demyelination of the optic nerve, is the initial
manifestation of MS in 38% of patients and affects more than 50% of MS patients
at some point during the disease course. (Optic Neuritis Study Group 2008)
Typically, ON is characterized by acute loss of vision in the affected eye with
spontaneous recovery, hastened by the use of steroids, within several weeks to
months. (Optic Neuritis Study Group 1991) This initial recovery of visual function
is due to subsiding of inflammation, re-organization of ion-channels along the
demyelinated regions, and the reparative process of remyelination as well. Within
the first 3 to 6 months following acute ON, significant optic nerve atrophy
(Hickman et al. 2002a) and reduction in retinal nerve fiber thickness (RNFLT)
and ganglion cell-inner plexiform layer thickness (GCIPT) occurs, (Costello et al.
2008; Syc et al. 2012; Henderson et al. 2010a) resulting in permanent visual
deficits.

MS eyes without a history of optic neuritis (non-ON eyes) are not normal
either. Post-mortem analysis revealed optic nerve lesions in more than 90% of
MS patients, irrespective of ON history. (lkuta and Zimmerman 1976; Toussaint
et al. 1983) Further, non-ON eyes have significant abnormalities in visual
function (Brusa et al. 1999; Laron et al. 2009; Wang et al. 2012) and also exhibit
significant axonal loss. (Petzold et al. 2010; Laron et al. 2010; Quelly et al. 2010)
It is not clear if the pathological changes observed in non-ON eyes are due to
subclinical inflammatory episodes, primary degenerative process or transynaptic

degeneration from post-geniculate lesions.
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Functional and structural tests to evaluate visual system in multiple

sclerosis

This section provides a brief description of functional and structural tests

used in this dissertation.

Functional tests

Functional tests can be broadly classified as subjective or objective.
Subjective tests require an active response from the patient to perform the test
reliably. Objective tests can be performed with minimal response from the

patient.

Subjective functional tests

Pelli-Robson Contrast sensitivity

The Pelli-Robson contrast sensitivity (CS) is a letter chart in which letters
decrease in contrast but not in size. The letters are arranged in groups of three,
which decrease in contrast with successive groups. A subject’s CS is measured
as the lowest contrast for which at least two letters in a group are read correctly
(see methods in chapter 2 for details). Results from optic neuritis treatment trial
(ONTT) showed that among eyes with 20/20 or better visual acuity, 87% had

abnormal CS. (Optic Neuritis Study group 1991) Evidence from several studies
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suggests that CS is a sensitive measure of visual dysfunction in MS. (Balcer et

al. 2000)

Standard automated perimetry

Standard automated perimetry performed using Humphrey visual fields
(HVF) provide topographic information on visual sensitivity. In ONTT, at baseline,
100% affected eyes and 75% fellow eyes showed abnormality in HVF 30-2 test.
(Keltner et al. 2010) The frequency of abnormal visual field was around 50% in
affected eyes, and 40 to 36% in fellow eyes for years 1 through 15 after ON.
Diffuse and central loss was predominant (66%) in affected eyes at baseline,
which decreased to about 8 to 10% for years 1 through 15. In fellow eyes, field

defects were typically localized. (Keltner et al. 2010)

Objective functional tests

Visual evoked potential

Pattern-reversal visual evoked potential (VEP) is a non-invasive technique
to record electrical responses generated by the visual cortex in response to
visual stimulation. (Sokol 1976) The VEP reflects functional integrity of the entire

visual pathway. VEP amplitudes reflect the number of functional fibers and the
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degree of synaptic activity at the visual cortex. Conduction block due to
inflammation during acute ON episodes and/or loss of optic nerve fibers causes
reduction in VEP amplitudes. (Klistorner et al. 2010a) The VEP time response,
referred to as latency, reflects the integrity of myelin and is delayed when
travelling through demyelinated fibers. (Halliday et al. 1972). VEP amplitude and
latency provide objective measures of axonal and myelin integrity of the visual

pathway.

Traditional pattern-reversal visual evoked potential

The traditional pattern-reversal VEP (tVEP) is recorded using a black and
white checkerboard pattern that reverses in contrast, and is recorded for different
check sizes. Typically, a single channel recording is performed with placement of
a midline occipital active electrode, a reference electrode, and a ground
electrode. For a given check size, the response is a single waveform averaged
across multiple sweeps (at least 64 recommended (Odom et al. 2009)). A tVEP
waveform (Figure 1-1) comprises three prominent landmarks, N75, P100 and
N135; designated as negative ‘N’ or positive ‘P’ followed by the typical mean
latency in normal subjects. The P100 amplitude (AMP) is measured from the N75
trough to P100 peak; the P100 latency (LAT) from stimulus onset to P100 peak.

(Odom et al. 2009)

Figure 1-1 near here
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Demyelination causes delays in VEP signals. (Halliday et al. 1972) TVEP
P100 latency is widely used in the clinic to confirm previous history of
demyelinating ON (Hammond and Yiannikas 1986) or to demonstrate subclinical
demyelination in the visual system of MS patients or MS suspects. (Matthews et
al. 1977). A number of studies on MS patients have used tVEP latency as a
surrogate measure to estimate the extent of demyelination and to provide
evidence for remyelination. (Brusa et al. 1999; Brusa et al. 2001) Although the
P100 amplitude provides information on axonal integrity, its clinical usage has
been limited due to the high inter-subject variability of monocular amplitudes.
(Shahrokhi et al. 1978) Interocular comparisons are sensitive in detecting
unilateral loss of function, but can be reliably used only when the contralateral
eye remains unaffected. A limitation of tVEP is that it sums responses from a
number of normal and abnormal neurons over a large field and is heavily
dominated by response from macular region, hence can miss localized defects.

(Fortune and Hood 2003; Klistorner et al. 2008)

Multifocal visual evoked potential

The multifocal VEP (mfVEP) stimulus compromises a 60-sector dartboard
pattern (Figure 1-2 a). (Hood and Greenstein 2003) Each sector consists of 16
checks, 8 black and 8 white. The sectors and the checks are scaled to be of
equal effectiveness, based on cortical magnification factors. (Baseler et al. 1994).

Checks within each sector reverse in contrast based on a pseudo random m-
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sequence. For multi-channel recordings, three active electrodes, a reference
electrode and a ground electrode are used. Recordings are obtained from three
channels and three more are derived by software analysis post recording. Each
recording elicits 60 local VEPs simultaneously from a field of 22.2° radius (Figure
1-2 b). Using customized Matlab software, (Hood and Greenstein 2003; Hood et
al. 2004; Fortune et al. 2004) mfVEP amplitude and latency measures are
calculated from each location. The monocular amplitude measured as the signal
to noise ratio (SNR), is calculated as the root mean square (RMS) of the sector’s
waveform in the signal window (45-150 ms) divided by the mean RMS from the
noise windows (325-430 ms) of all 60 sectors (Hood and Greenstein 2003). The
monocular relative latency is calculated using cross correlation between the
waveform and a template derived from the Portland 100 normal controls (Devers
Eye Institute, Portland, OR) (Hood et al. 2004), and is the shift in milliseconds
(ms) needed to achieve the best cross correlation determined by the ‘xcorr’
function in MATLAB (The MathWorks Inc. Natick, MA). Thus, the monocular
latency that is derived based on this template method is a ‘relative latency’
measure. MfVEP measures showed high sensitivity (> 90%) in detecting visual
function abnormalities in MS (Laron et al. 2009) and glaucoma patients
(Balachandran et al. 2006) MfVEP detected 10 to 15% more abnormalities when
compared to tVEP in ON/MS. (Klistorner et al. 2008; Grover et al. 2008) In
addition, mfVEP amplitude (Klistorner et al. 2010a; Hood et al. 2000) and latency
(Yang et al. 2007; Klistorner et al. 2010b) measures showed promise in

assessing visual function in longitudinal studies.
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Figure 1-2 near here

Structural test

Optical coherence tomography

Optical coherence tomography (OCT) is a non-invasive technique that can
be used to obtain high resolution, cross-sectional images of the retina. (Huang et
al. 1991). The retina is a unique structure of the CNS, in which measurements of
axonal and neuronal integrity could be made, in the absence of myelin. Following
an ON episode, retrograde degeneration leads to loss of retinal ganglion cell
axons and their cell bodies, which can be detected as thinning of the retinal
nerve fiber layer (RNFL) and ganglion cell layer-inner plexiform layer (GCIP) in

OCT.

In a meta-analysis of 27 MS studies that used time domain Stratus OCT,
(Petzold et al. 2010) it was observed that RNFL thickness (RNFLT) in ON eyes
was about 20 pm thinner than that in normals. Significant loss of RNFLT was
also observed in non-ON MS eyes (about 7 pum thinner than normals). It is also
widely accepted that a reduction in RNFLT due to axonal loss is apparent within
3 to 6 months following an acute ON attack. (Costello et al. 2008; Henderson et
al. 2010a; Klistorner et al. 2010a; Hickman et al. 2004) The literature on axonal
loss beyond the post-inflammatory period (6 months after onset of ON) is more

limited and less consistent. Some studies have shown stabilization of RNFLT by
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6 months after ON (Costello et al. 2008; Henderson et al. 2010a) while others
reported progressive RNFL thinning during the 12 months observed (Klistorner et
al. 2010a) and continuous optic nerve atrophy, detected by MRI, 2.5 years after
ON. (Hickman et al. 2002a) Even among recent OCT studies using spectral-
domain (SD) OCT), there are conflicting reports ranging from no changes in
RNFLT (Henderson et al. 2010b; Serbecic et al. 2011; Ratchford et al. 2013) to
progressive thinning of RNFL within two to three years of follow-up in MS eyes.
(Talman et al. 2010; Garcia-Martin et al. 2011; Herrero et al. 2012) It is also not
clear if continuous loss of RNFL occurs in non-ON eyes, as observed by some
(Talman et al. 2010; Garcia-Martin et al. 2011) but not by others. (Costello et al.
2008; Klistorner et al. 2010a). A recent autopsy study on MS lesions suggested
that compared to RNFL, the ganglion cell layer might be less confounded by
perivascular inflammation thus more suitable for assessing neurodegeneration.

(Green et al. 2010)

A brief over view of experiments described in chapters 2to 5

The objective of this dissertation was to establish methodologies that
could be used to longitudinally track functional and structural changes in the
visual system of MS patients. MS eyes were segregated into groups based on
previous history of ON (Hickman et al. 2002b): ON eyes for those with and non-
ON eyes for those without a history. ON eyes were further divided based on the

time since last ON episode: within 6 months of test date (ON < 6 months (mo))
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and ON = 6 mo eyes. The 6 months waiting time is to ensure resolution of edema
from acute ON and complete retrograde axonal degeneration in RNFL. (Costello

et al. 2008)

Chapter 2 describes experiment 1. The purpose of experiment 1 was to
establish reproducibility of functional tests such as mfVEP, tVEP and Pelli-
Robson CS using intra class correlation coefficients (ICC) and test retest
variability (TRV) in normal and non-ON and ON = 6 mo eyes. Reproducibility of a
technique needs to be known prior to its application in longitudinal analysis. The
tVEP is quick to perform, easy to interpret, but only offers summed information.
The mfVEP provides localized information but takes twice as much time to record
and requires sophisticated waveform analysis. Hence reproducibility of tVEP and
mfVEP was compared in this experiment. Based on the TRV values calculated,
95% tolerance limits was estimated for each measure and used in experiment 2

for longitudinal analysis.

Chapter 3 describes experiment 2. The purpose of experiment 2 was to
assess longitudinal changes in visual function for mfVEP amplitude, latency,
Pelli-Robson CS and HVF based on established 95% tolerance limits of TRV and
correlation among changes in various measures, in three groups of MS eyes (ON
< 6 mo, ON = 6 mo and non-ON). The majority of previous studies have used
sample averages at different times to report longitudinal changes over time. Our

preliminary data indicated that heterogeneous variation in functional measures
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could be expected in MS patients. Since the disease process in MS does not
follow a homogenous pattern in all patients, we hypothesized that tracking
individual patients might reveal changes that could be masked by group

averaging.

Chapter 4 describes experiment 3. The purpose of experiment 3 was to
determine whether progressive neuronal degeneration occurred over time in
RRMS eyes in the absence of clinically evident ON attacks. Results from current
literature are ambiguous if axonal/neuronal loss stabilizes or continuously
progresses after resolution of acute inflammation (i.e. 6 months after an ON
episode). Similarly, it is unclear if progressive neurodegeneration occurs over
time in non-ON eyes. For this experiment, SD-OCT measures of RNFL and GCIP
thicknesses were analyzed over time using both cross-sectional and longitudinal

analysis in non-ON and ON = 6 mo eyes.

Chapter 5 reported additional analysis not reported in previous chapters
including percentage of abnormalities detected by various structural and
functional tests, and correlation between functional and structural measures. The
implication of results from chapters 2 to 4, two most popular theories of primary

event in MS, and novel therapeutic strategies in MS are also discussed.
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Figures

Figure 1-1: TVEP waveform (normal)

The tVEP waveform from a normal subject with N75, P100 and N135 marked.

AMP is measured from the trough of N75 to the peak of P100. LAT is measured

from stimulus onset to P100 peak.
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Figure 1-2: MfVEP stimulus and waveform (normal)

The mfVEP 60 sectors dartboard stimulus with one of the sector marked in red
(a). MfVEP responses from two eyes of a normal subject. Blue and red traces
represent responses from the right and left eyes respectively, with responses

from one location enlarged in the inset (b).
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Chapter 2 : Reproducibility of Multifocal Visual Evoked Potential and

Traditional Visual Evoked Potential in Normal and Multiple Sclerosis Eyes

This chapter was submitted to Documenta Ophthalmologica on July 9™, 2014

and is currently under revision.
The authors who contributed to this work include:

Divya Narayanan, PhD, Han Cheng, OD, PhD, Rosa A. Tang, MD, Laura J.

Frishman, PhD
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Abstract

Background: Multifocal visual evoked potential (mfVEP) provides topographic

information on visual function.

Purpose: The purpose of this paper is to establish reproducibility of multifocal
visual evoked potential (mfVEP) amplitude/latency, and compare it to traditional
pattern-reversal VEP (tVEP) in normals and relapsing-remitting multiple sclerosis

(RRMS) patients.

Methods: MfVEP (60-sector dartboard stimuli) was recorded twice within a
month in 40 normals and 40 RRMS patients (25 eyes, last optic neuritis (ON) = 6
months, 34 non-ON). Global and 9 regional mfVEP amplitudes (logSNR) and
latency (ms) were calculated. TVEP was recorded (15, 60°, 120’ checks) in
subsets of 34 normals and 30 RRMS patients. Reproducibility was evaluated

using intraclass correlation coefficient (ICC) and test-retest variability (TRV).

Results: ICCs for global and regional mfVEP amplitude and latency were all
> 0.80 suggesting good intervisit agreement. ICCs for tVEP ranged from 0.52 to
0.86, being lowest for ON latency (0.52 to 0.68). TRV for amplitude (mfVEP and
tVEP) was similar among all groups. TRV for latency, greater for tVEP than
mfVEP in all groups, was larger in ON (5.3/9.2 ms for mfVEP global/60’ tVEP)
compared to non-ON (3.1/5.6, p = 0.003/p = 0.02) and normals (2.3/4.1, p =

0.0001/p < 0 .01).
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Conclusions: MfVEP showed better reproducibility than tVEP. TRV for mfVEP

latency was about half the respective values for tVEP in normal and RRMS eyes.
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Introduction

In multiple sclerosis (MS), irreversible axonal damage is a major substrate
for permanent disability. (Dutta and Trapp 2011) Remyelination of nerve fibers is
believed to play a protective role in preventing further axonal degeneration.
(Irvine and Blakemore 2008) Optic neuritis (ON), an acute inflammatory
demyelination of the optic nerve, occurs in more than 50% of MS patients,
leading to retrograde degeneration in the retinal nerve fiber layer (RNFL)/
ganglion cell-inner plexiform layer (GCIP) (Syc et al. 2012; Narayanan et al.
2014) and persistent visual dysfunction.

The visual evoked potential (VEP) provides an objective, non-invasive
measure of visual function. VEP amplitude reflects the number of functional
fibers reaching the visual cortex and is reduced due to transient conduction block
during acute ON and/or permanent axonal loss post-ON. (Klistorner et al. 2010a;
Jones and Brusa 2003) VEP latency is unique in that it reflects the integrity of
myelin and is potentially useful in measuring the extent of
demyelination/remyelination in the visual pathway. (Klistorner et al. 2010b; Jones
and Brusa 2003) The traditional pattern-reversal VEP (tVEP) is dominated by
responses from the macular region, and sums responses from normal and
abnormal neurons over a field of at least 15° diameter. It therefore can miss
localized defects in MS. (Klistorner et al. 2008; Hood and Greenstein 2003)

The multifocal visual evoked potential (mfVEP) includes multiple focal
VEPs simultaneously across the field tested, providing spatially localized

topographic information on response amplitude and latency. (Hood and
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Greenstein 2003) The mfVEP is highly sensitive in detecting visual defects in MS
eyes with or without a history of ON. (Laron et al. 2009; Klistorner et al. 2008;
Fraser et al. 2006) The mfVEP has been shown to detect more abnormality in
ON/MS compared to tVEP, (Klistorner et al. 2008; Grover et al. 2008) optical
coherence tomography (OCT) or Humphrey visual fields (HVF). (Laron et al.
2010) Further, mfVEP amplitude (Klistorner et al. 2010a; Hood et al. 2000) and
latency (Yang et al. 2007; Klistorner et al. 2010b) have shown promise in tracking
changes in local optic nerve function in MS.

For the mfVEP to detect and monitor MS-related changes, it is crucial to
define its reproducibility. Reproducibility refers to the variability in repeated
measurements when one or more factors such as observer or time is varied
while repeatability is the variability in measurements by one observer when all
other factors are constant. (McAlinden et al. 2011) Both terms have been used
interchangeably in different studies to determine the precision of a technique in
obtaining a measurement. Good reproducibility of mfVEP amplitude has been
demonstrated in normal (Fortune et al. 2006) and glaucomatous patients (Chen
et al. 2003) but limited literature is available on reproducibility of mfVEP latency.
(Sriram et al. 2012) Reproducibility of mfVEP in MS patients is unknown. In MS,
factors such as attention deficits, fatigue, (Compston and Coles 2008) transient
worsening of symptoms due to changes in core body temperature (Uhthoff’s
phenomenon) may potentially influence a test’s outcome. Disease severity may
impact reproducibility. For example, variability of HVF sensitivity was found to be

higher in ON than in normal eyes (Wall et al. 1998) and increased with severity in
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glaucoma. (Chauhan and Johnson 1999) In this study, we determined the
reproducibility of mfVEP amplitude and latency in normal eyes, MS eyes with the
last ON event at least 6 months prior (ON) and those without a history of ON
(non-ON). For comparison, reproducibility of tVEP was determined for the same
groups of eyes. Some of the findings in this study have been reported in abstract

form (Narayanan D, et al. IOVS 2013; 54: E-Abstract 5131).

Materials and Methods

Subjects

MfVEPs were recorded in two visits (intervisit time 1 to 35 days) for 40
RRMS (Polman et al. 2005a) and 40 age-matched normal subjects (Table 2-1).
MS patients recruited from the University of Houston MS Eye CARE clinic had
comprehensive eye exams by an experienced neuro-ophthalmologist. Patients
with ocular/systemic diseases other than ON/MS were not included. Eyes with an
ON attack within 6 months (acute ON) or between visits were excluded.
Monocular contrast sensitivity was assessed monocularly using the Pelli-Robson
CS chart at 1 m. The chart comprises 16 triplets of letters each subtending 2.8°.
Letters within a triplet have the same contrast and successive triplets decreases
in contrast from 0 to 2.25 log units in 0.15 steps. Each letter read correctly was
counted as 0.05 log unit and the test was terminated when a subject read 2

letters in the triplet incorrectly. (Arditi 2005) Normal subjects will have a score of
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about 1.6 out of a theoretically possible score of 2.40. When both eyes of a
subject belonged to the same group (i.e. non-ON or ON), one eye was randomly
selected. MfVEP analysis included 40 normal, 34 non-ON and 25 ON eyes.
TVEP analysis included subsets of 34 normal subjects and 30 MS patients with

34 normal, 24 non-ON and 20 ON eyes.

Table 2-1 near here

All procedures adhered to the tenets of Declaration of Helsinki. The
protocol was approved by the University of Houston Committee for the

Protection of Human Subjects. Informed consent was obtained from all subjects.

MfVEP procedures and analysis

MfVEP recordings and analysis were performed as previously described
(Laron et al. 2009) using a 22.2° 60-sector cortically scaled dartboard pattern
(VERIS 5.1, 66 cd/m? mean luminance, 95% contrast) (Hood and Greenstein
2003) (Figure 2-1 a and 2-1 b). Electrodes included a ground on the forehead,
reference at inion, and three active electrodes (one 4 cm above inion, two 1 cm
above and 4 cm on either side of the inion). Two 7-minute recordings from each

eye were obtained and averaged for analysis.
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For each sector, monocular amplitude, measured as log signal-to-noise
ratio (logSNR), and monocular latency (ms) were derived using a customized
MATLAB program. (Hood and Greenstein 2003; Hood et al. 2004, Fortune et al.
2004) Monocular latency was a relative latency (ms), calculated as the shift
needed to achieve the best cross correlation between the subject’'s waveform
and a normative template. (Hood et al. 2004) Individual sectors were grouped
into 9 regions (Figure 2-1 c). MfVEP amplitude and latency were calculated as
the mean logSNR and median latency from all 60 sectors (global), central 5.6°,
and 9 regions. The central 5.6° is potentially useful for future structural-
functional studies comparing mfVEP and thickness of cellular layers in the
macula, measured by OCT. Monocular amplitude (MAMP) and latency (MLAT)
probability plots were obtained by comparing each sector's response to the
normative data at corresponding locations and assigning a probability value
(Figure 2-1 d). (Hood and Greenstein 2003; Hood et al. 2004; Fortune et al.
2004) Adjacent abnormal points (i.e. p < 0.05) were defined as a cluster when
they met cluster criteria with 95% specificity: (Laron et al. 2009) = 5 points with p
< 0.05 for MAMP, = 4 points with p < 0.01 or a cluster > 7 for MLAT. For
guantifying abnormality, total number of abnormal points and the number of
abnormal points within a cluster (cluster size) were counted, then each divided
by the total number of measurable points (always 60 for MAMP) and expressed

as percentage.

Figure 2-1 near here

28



Dissertation for Ph.D. Divya Narayanan

TVEP procedures and analysis

TVEPs were recorded (Odom et al. 2009) using a 22° x 22° pattern-
reversal stimulus (51.2 cd/m? mean luminance, 95% contrast) (Espion;
Diagnosys LLC, Lowell, MA). We used 15’, 60’ checks as recommended by the
ISCEV standards (Odom et al. 2009) and additionally a 120’ check to elicit
responses from eyes with poor visual acuity. A ground electrode was placed on
the forehead, a reference at Fz, and an active electrode 4 cm above inion. Two
recordings were performed and averaged for each eye.

N75 was identified as the trough between 60 to 110 ms, P100, the peak
between 75 and 180 ms. (Grippo et al. 2006) TVEP amplitude was measured
from N75 to P100, and latency from stimulus onset to P100 (peak method). In
three ON eyes amplitudes were too small to discern trough/peak and were
excluded from analysis. To directly compare tVEP and mfVEP latency, tVEP
relative latency was calculated by cross-correlating a waveform and the tVEP
normative template (averaged normal response for each check size) using the
MATLAB ‘xcorr’ function (cross-correlation method). For both mfVEP and tVEP,

the distance between inion and nasion was kept constant for both visits.
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Statistical analysis

Statistical analyses were performed on SAS 9.2 (SAS Institute Inc., Cary,
NC, USA). Analysis of variance (ANOVA) and Tukey post-hoc analysis were
used to compare mean amplitude and latency among groups. Paired t-test was
used to compare measures between two visits. F-test was used to compare
variances.

Reproducibility was assessed using two different methods: intraclass
correlation coefficient (ICC) and test retest variability (TRV). ICC measures the
intervisit agreement, which is considered good for ICC = 0.75. (Lee et al. 1989)
TRV calculation followed Bland and Altman’s method as briefly described below.
(Bland and Altman 1996) Standard deviation (SD) of repeated measurements on
the same subject (called subject SD) represents measurement error. When
subject SD is unrelated to magnitude of the measurement (for example, Figure 2-
2, p > 0.05 for all groups), the common SD for all subjects (i.e. within-subject
standard deviation, s,), can be obtained by averaging variances (the squares of
subject SDs) across all subjects. In the case that a subject has two repeated

measurements:

Sw’ = —ﬂzdi2 Eq. 1

where n is the number of subjects, d; is the difference between the two repeated
measurements for the subject i. For 95% of observations, the difference
between a subject’'s measurement and the true value will be less than1.96*s,,.

TRV was calculated as 1.96*s,, (Budenz et al. 2008) Relation between subject
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SD and response magnitude was verified before calculating TRV in each

analysis.

TRV is also commonly reported in terms of limits of agreement (LoA) (i.e.
1.96*SD, where SD is Nfril and di is intervisit difference, assuming mean

difference of repeated measurements is zero). For comparison, LoA values from

other studies were converted to our TRV (1.96sy,) using the following equation

SDsyn—1
Sy=—"7 Eqg. 2

Yvin
Figure 2-2 near here

Additionally for mfVEP probability plots, intervisit agreement in classifying
an eye as normal or abnormal using cluster criteria was reported in percentage
and corrected for chance using AC1 statistic (Gwet et al. 2002). Compared to a
commonly used Kappa statistic, AC1 is less dependent on the prevalence of a

trait. AC1 = ?’f_—_:f where p,is the observed agreement and pe is the agreement
e

expected by chance (see Cheng et al for details). (Cheng et al. 2007)
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Results

MfVEP Results

Global mfVEP amplitude and relative latency

Mean mfVEP global amplitude (logSNR) and latency for three groups (40
normal, 34 non-ON and 25 ON eyes) are summarized in Table 2-2. Figure 2-3
shows a scatter plot of logSNR (a) and latency (b) for visit 1 and visit 2 in
normal, non-ON and ON eyes. Mean global logSNR was reduced for non-ON
and ON compared to normals (p < 0.001 for all, ANOVA, Tukey post-hoc).
LogSNR was slightly smaller in the second visit in all three groups but the
difference was not significant (p > 0.05 for all, paired t-test). Mean global latency
(ms) was delayed in non-ON (p < 0.01 for both visits) and ON (p < 0.0001,
ANOVA, Tukey post-hoc) compared to normal eyes. Latency was not different

between the two visits for all groups (p > 0.05 for all, paired t-test).

Table 2-2 near here

Figure 2-3 near here
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MfVEP intraclass correlation coefficient (ICC) and test retest variability (TRV)

ICC for global, regional amplitude and latency were all above 0.80 (Table
2-3), suggesting good intervisit agreement (Lee et al. 1989) of amplitude and

latency in normal, non-ON and ON eyes.

Table 2-3 near here

TRV (1.96*sy, for global amplitude was similar to normal (0.11) in non-ON
(0.11, p=0.14) and ON (0.10, p = 0.68, F-test). TRV for global latency (ms) was
higher in ON (5.3) than normal (2.3, p = 0.0001) and non-ON (3.1, p = 0.003),
the latter two not different from each other (p = 0.13, F-test) (Table 2-4). TRV for
regional amplitude was similar across all regions (Figure 2-4a) while for latency,
TRV was lowest in central 2.5° and about 50% higher in peripheral regions

(Figure 2-4b) in normal, non-ON and ON eyes.

Table 2-4 near here

Figure 2-4 near here
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MfVEP probability plots: abnormal points and cluster size

Abnormalities of individual sectors could be assessed using monocular
probability plots (Figure 1-1d) and each eye was classified as normal or
abnormal based on cluster criteria (see methods). There was very good
agreement between the two visits in classifying an eye as normal or abnormal
based on cluster criteria. For both amplitude and latency, agreement was 90%
or greater (AC1 values 0.81 to 0.97) for all three groups (Table 2-5). Figure 2-5
shows examples of ON eyes that showed good agreement and poor agreement
on intervisit probability plots, respectively. Further, we compared between the
two visits the total number of abnormal points (for eyes with at least one
abnormal point) and cluster size for those with a valid cluster in either visit, both
expressed as percentages of measurable points. In normals, only abnormal
points were calculated as valid clusters were present only in 1 eye for MAMP
and 3 eyes for MLAT. The means for visit 1 were about the same as those for
visit 2 (p > 0.05 for all, paired t-test, Table 2-2). TRV for total humber of
abnormal points (%) was 6, 11, 11 for MAMP and 6, 9, 14 for MLAT in normal,
non-ON, and ON, respectively. For cluster size (%), TRV was 12 for MAMP in

both groups and 12 and 18 for MLAT in non-ON and ON (Table 2-2).

Table 2-5 near here

Figure 2-5 near here
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Source of variability in mfVEP

To estimate contributions of factors such as electrode position, subclinical
disease change to the overall intervisit variability, we calculated intravisit TRV
based on the two 7 minute runs from visit 1, assuming changes in these factors
were minimal on a given day. For comparable measures for this analysis,
intervisit TRV was reanalyzed using only the first runs from visit 1 and visit 2.
For amplitude, more than 60% of intervisit TRV was reflected in intravisit for all
groups. For latency, more than 85% intervisit TRV was reflected in intravisit in
normal and non-ON but only about 50% in ON, indicating greater variability of
latency in ON eyes between the two visits (Table 2-6).

To determine whether latency variability was associated with magnitude of
response amplitude, an eye’'s SD of global latency from the two visits was
plotted against its mean global logSNR from the two visits. Larger SD in latency
was observed in eyes with smaller amplitudes (p = 0.006, Spearman’s

correlation). (Figure 2-6).

Figure 2-6 near here
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TVEP Results

TVEP amplitude and latency

TVEP was assessed in 34 normal, 24 non-ON and 19 ON eyes (Table 2-
2). Figure 2-3 shows a scatter plot of tVEP P100 amplitude (c) and latency (d)
for 60’°check size for visit 1 and visit 2 in normal, non-ON and ON eyes. TVEP
amplitudes were similar in non-ON and ON (p > 0.05 for all); both smaller than
normals for all check sizes in both visits (p < 0.05 for all, ANOVA, Tukey post-
hoc) except for non-ON visit 1 60’ (p = 0.09) and visit 1 120’ (p = 0.08). P100
latency was delayed in non-ON (except for 60’ in visit 1 and 120’ in both visits
for peak and cross-correlation methods) and ON compared to normals (p < 0.05
for all, ANOVA, Tukey post-hoc). No difference between the two visits was
found in amplitude or latency for all check sizes in all groups (P > 0.05, paired t-

test).

TVEP ICC and TRV

ICC for tVEP amplitude and latency ranged from 0.81 to 0.86 in normals,
suggesting good intervisit agreement. ICC ranged from 0.61 to 0.78 for non-ON

amplitude/latency and ON amplitude, and was lowest (0.52 to 0.57) for ON
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latency (peak method). ICC was slightly better for tVEP latency with cross-
correlation method (Table 2-3).

For all 3 check sizes, amplitude TRV was similar across all groups (P >
0.05 for all). Latency TRV (peak method) was higher in non-ON and ON than in
normal eyes for all checks (p < 0.01 for all except, p = 0.28 for 60’ non-ON vs
normal, F-test). With cross-correlation method, latency TRV in non-ON eyes
improved, becoming similar to normal (p > 0.05 for all checks), but TRV in ON

eyes remained larger than normal (p < 0.01 for all checks) (Table 2-4).

TRV of Pelli-Robson CS

For Pelli-Robson CS, TRV was not significantly different among normal

(0.13), non-ON (0.14) and ON eyes (0.16) (p > 0.05, F test).

Discussion

In this study we assessed reproducibility of mfVEP and tVEP amplitude
and latency in three groups (normal, non-ON and ON eyes), using ICC and
TRV.

The high ICC values for global and regional measures that we observed
for mfVEP amplitude indicate good reproducibility in all three groups. The TRV
for mfVEP amplitude in our normals is similar to that reported by Fortune et al

(Fortune et al. 2006) when adjusted for differences in methods (mean TRV for
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individual sectors was 1.9 dB in our study and 2.1 dB in Fortune’s). TRV for
MAMP abnormal points (11%) and cluster size (12%) in our study was also
similar to that reported for glaucoma eyes (6 sectors, i.e., 10%). (Wangsupadilok
et al. 2009; Bjerre et al. 2004) Reproducibility for mfVEP amplitude was similar
across all regions and groups, as indicated by similar ICC and TRV. This agrees
with a previous report of reproducibility being similar across eyes/locations with
different amplitudes in normals. (Fortune et al. 2006) This highlights that
reproducibility of mfVEP amplitude does not depend on magnitude of amplitude
unlike HVF in glaucoma for which variability is larger in eyes/locations with
greater damage. (Chauhan and Johnson 1999) However, due to the limited
dynamic range of mfVEP amplitude, HVF might be better for tracking
progression in those subjects with small amplitudes. (Fortune et al. 2006) For
tVEP amplitude, TRV was similar in all groups. However, lower ICCs in MS eyes
for all check sizes suggests that reproducibility for tVEP amplitude is decreased
in MS eyes compared to normals.

Good reproducibility of mfVEP latency was observed in our study with high
ICC values in all regions and groups. TRV for global mfVEP latency (ms) was
largest in ON eyes, about two times the value in normal eyes. In all groups,
TRV for regional mfVEP latency was smallest in central 2.5° and about 50%
larger in regions beyond 9.8° eccentricity. Our TRV of 2.3 ms in normals was
much lower than 6.4 ms reported by Sriram et al, (Sriram et al. 2012) but their
recording and data analysis methods differed from ours. Since publications

reporting mfVEP latency reproducibility in MS were not available, we could only
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compare our tVEP latency reproducibility to that previously reported. TRV for
tVEP latency (ms) in our normals was similar to that reported in normal
(Hammond et al. 1987) and MS eyes. (Thomae et al. 2010) Consistent with our
mfVEP results, tVEP latency showed worse reproducibility in MS than in normal
eyes. This was evident from lower ICC and larger TRV values (peak method) in
ON and non-ON eyes, compared to normal eyes. When a cross-correlation
method was used, TRV in non-ON improved but not in ON eyes. There was no
trend for variation in reproducibility across different check sizes for tVEP
amplitude and latency in any groups.

MfVEP measures generally showed better reproducibility than tVEP
measures. ICC was greater for mfVEP than tVEP amplitude in MS eyes. For
latency, both normal and MS eyes showed higher ICCs for mfVEP than tVEP.
Most importantly, latency TRVs for tVEP in normal, non-ON and ON eyes were
about twice the respective global values for mfVEP. This is not due to
magnitude of measurements being different (mfVEP ‘relative latency’ vs tVEP
‘peak latency’). For mfVEP, an individual waveform’s latency measured from
stimulus onset to the peak amplitude would be equal to a constant (based on
the sector's normative template) adding to the relative latency; and this
constant, being the same for both visits, would cancel out in TRV calculations.
Therefore, TRV based on relative latency would not differ fundamentally from
that measured from stimulus onset to peak. This is evident from the fact that

tVEP latency TRV was similar for peak and cross-correlation methods (relative

39



Dissertation for Ph.D. Divya Narayanan

latency). A main reason for lower TRV in mfVEP could be that our global mfVEP
latency was obtained by averaging individual sectors

When TRV of individual runs from the first visit was compared to TRV from
two visits, we found that intra-visit variability had a large contribution for normal
and non-ON eyes, similar to the findings of Chen et al. (Chen et al. 2003) In
other words, the majority of inter-visit variability is attributed to factors such as
neck muscle tension and/or a waves during recording. ON eyes however,
showed higher latency variability between visits. ON eyes could be more
vulnerable to subclinical inflammation, demyelination and remyelination than
non-ON eyes. Although reduced amplitudes and/or distorted waveforms might
contribute to increased latency variability in ON, the fact that intravisit latency
TRV in ON eyes was similar to that in normal and non-ON eyes supports
subclinical changes in ON eyes even within a short time interval, causing larger

intervisit variability.

Conclusions

Good reproducibility of mfVEP amplitude and latency was observed in
normal and MS eyes. For mfVEP amplitudes, TRV was similar in normal, non-ON
and ON eyes; while for latency, ON eyes showed larger variability than non-ON
and normal eyes. For all groups, TRV for mfVEP latency was only half the
respective values for tVEP, suggesting better detection of latency changes using

mfVEP. MfVEP is useful in detecting local functional changes related to axon and
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myelin of optic nerve in MS, and potentially can be used as an outcome

measurement for novel neuroprotective and remyelination strategies.
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Figures and Tables

Figure 2-1: MfVEP stimulus and response (MS)

The 60-sector mfVEP dartboard stimulus with one sector marked in red and 2.5°,
9.8°, 22.2° eccentricities marked in blue (a). MfVEP response traces from an ON
eye (red) and the normative template (black) (b). (Hood et al. 2004) Traces from
one sector are enlarged. Nine locations for regional analysis of mfVEP amplitude
and latency reproducibility (c). MLAT probability plot of the ON eye from (b).
Each sector is marked as ‘normal’ in black (p > 0.05), ‘abnormal’ in red
(desaturated for p < 0.05, saturated for p < 0.01) and un-measureable in gray (d).

(Hood et al. 2004)
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Subject SD (log SNR)

Figure 2-2: Subject mean vs subject SD

Individual subject’s SD is independent of the mean for mfVEP global amplitude

(a) and global relative latency (b) (p > 0.05).

0.12 ™ I
orma
0.10 - @%0 o
0.08 - O O
0.06 - e]@)]
0.04 -
D 00g
0.02 -
0.00 4 o)
-0.02 T r T :
0.0 02 04 06 08 1.0
10
Normal
8 =
6-
O
L} L L) L
410 0 10 20 30 40

Subject SD (relative latency, ms)

(a). MfVEP global amplitude

0.12

0.10 4
0.08 +
0.06 4
0.04
0.02
0.00 4

Non-ON o

Res

B
Cb%

-0.02

0%®

o

o}

o

00 02 04 06 0.8

1.0

Subject mean (log SNR)

(b). MfVEP global latency

10

Non-ON

-1

0 0 10

20

30

40

Subject mean (relative latency, ms)

44

0.12
ON
0.10 = P
0.08 + ®
0.06 o ,
°
0.04 =
°g3 ®
0.02 + ‘~
0.00 +
-0.02 T T T T
00 02 04 06 08 1.0
10
ON
8-
6' . .
. m
ng i,
"] M
m
04 ke = ™
L] ] ] L]
10 0 10 20 30 40



Dissertation for Ph.D. Divya Narayanan

Figure 2-3: Responses from visit 1 vs visit 2

Monocular VEP responses from visit 1 are plotted against those from visit 2 for
mfVEP global logSNR (a) mfVEP relative latency (b), tVEP 60’ P100 amplitude
(c) and tVEP 60’ P100 latency (d). The dashed line has a slope of 1. The inward
ticks (dotted for normal, gray for non-ON and black for ON eyes) indicate the

group means from each visit.
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Figure 2-4: Intervisit TRV for regional amplitude and latency

Intervisit TRV for mfVEP regional amplitude was similar for all groups and
regions (a). Intervisit TRV for regional latency was the best in the central 2.5° and

about 50% higher in peripheral regions for all groups (b).

(a) Regional amplitude

Normal Non-ON ON
0.12 0.12 0.12 0.13 0.11 0.13
0.14 0.13 0.13 0.13 0.12 0.13
2:5% 9.8°) 22.2° 2.5° 9.8° | 22.2° 2.5 9.8° | 22.2°
0.13 0.13 0.13
0.13 0.14 0.13 0.14 0.13 0.13
0.13 0.13 0.14 0.14 0.14 0.13
(b) Regional latency
Normal Non-ON
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Figure 2-5: Examples of probability plots

Monocular latency probability plots from ON = 6 mo eyes that showed good
intervisit agreement (a) (cluster size in visit 1: 86%, cluster size in visit 2: 85%)
and poor intervisit agreement (b) (cluster size in visit 1: 33%, cluster size in visit

2: 0%) in classifying an eye as abnormal based on cluster criteria. (Laron et al.

2009)
Visit 1 Visit 2
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Figure 2-6: Mean logSNR vs latency SD

Mean global logSNR plotted against SD of global latency from two visits. Larger
SD in latency was observed for eyes with smaller response amplitudes (p =

0.006, Spearman’s correlation).
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Table 2-1: Baseline demographic and clinical characteristics

Normal subjects MS subjects
(n=40) (n=40)
Age (years) 37.0+15.2 39.5+9.7
F:M 31 31
Intervisit time (days) 12.849.9 15.9+8.0
MS duration (years) NA 6.6£7.5
Normal eyes Non-ON eyes ON eyes
(n=40) (n=34) (n=25)
Time from last ON (years) NA NA 4.8+6.4
HVF MD (dB) NA -1.1+1.5 -2.812.8
VA 20/20 or better* (%) 40(100%) 32(94%) 17(68%)
VA range 20/20 to 20/15 20/30 to 20/15 20/60 to 20/20
Contrast sensitivity* 1.6£0.1 1.5+0.1 1.4+0.2
Contrast sensitivity range 1.50to 1.80 1.35t0 1.65 0.75t0 1.65

*Visual acuity and contrast sensitivity values were same for both visit
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Table 2-2: Amplitude and latency for mfVEP and tVEP

Normal Non-ON ON

Visit 1 Visit 2 Visit 1 Visit 2 Visit 1 Visit 2

mfVEP global logSNR 0.61+0.02 0.57+0.02 0.48+0.02 0.46+0.02 0.38+0.02 0.36+0.03
mfVEP global relative latency (ms) 0.7+0.5 0.9+0.5 3.5+0.8 2.8+0.8 9.1+2.2 8.5+2.1
MAMP abnormal points/cluster size (%) 3/NA 5/NA 14/18 15/19 33/48 32/46
MLAT abnormal points/cluster size (%) 8/NA 7INA 17/34 16/27 40/62 33/55
tVEP P100 amplitude (uV)
15’ 16.6+1.4 16.5+1.4 11.2+1.1 11.7¢1.1 10.0#1.3 10.0+1.2
60’ 13.5+1.3 14.4+1.0 10.4+1.0 10.6+1.0 9.8+1.2 9.2+1.0
120’ 14.3+1.1 14.3+1.1 10.9+1.0 11.5+1.0 9.8+1.2 10.4+1.1
tVEP latency, peak method (ms)
15’ 106.9+1.2 107.0+1.3 112.442.0 115.1+1.9 124.7+3.4 124.2+3.2
60’ 104.4+1.2 103.8+1.1 107.1+1.4 108.4+2.1 118.9+3.6 119.9+4.0
120’ 105.7+1.0 105.5+1.1 108.1+2.2 107.4+2.3 120.6+3.7 120.5+3.8
tVEP latency, cross-correlation method (ms)
15’ 0.7+1.1 1.1+0.9 3.8+0.8 4.7+09 16.7+3.8 14.9+34
60’ 0.9+1.1 0.8+1.2 3.3£0.7 3.6£0.7 11.84#2.7 15.3+3.5
120’ 0.9+0.9 1.240.9 2.5+0.5 4.0+0.8 14.5+3.3 15.7+3.6
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Table 2-3: ICC for mfVEP, tVEP amplitude and latency and Pelli-Robson CS

Normal Non-ON ON Normal Non-ON ON
MfVEP amplitude MfVEP latency
Global 0.85 0.88 0.95 0.96 0.94 0.97
Central 5.6° 0.90 0.91 0.93 0.95 0.95 0.96
Central 2.5° (region 1) 0.93 0.92 0.93 0.94 0.94 0.98
2.5°109.8° (region 2to 5) 0.85t0 0.89 0.82 to 0.90 0.90t00.95 0.93t00.94 0.82t0 0.92 0.90 to 0.96
9.8° t0 22.2° (region 6 to 9) 0.85t0 0.87 0.84 to 0.89 0.86t00.92 0.85t00.87 0.84t0 0.89 0.86 to 0.95

Check size tVEP amplitude
15’ 0.86 0.78 0.61
60’ 0.84 0.76 0.77
120’ 0.81 0.78 0.77

Pelli-Robson CS
0.92 0.92 0.91

tVEP latency

(peak/cross-correlation method)

0.85/0.84 0.77/0.81 0.52/0.67
0.84/0.81 0.75/0.84 0.57/0.68
0.85/0.85 0.75/0.83 0.56/0.63
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Table 2-4: Intervisit TRV for mfVEP, tVEP and CS

Non-
Normal ON ON

Normal Non-ON ON

Global
Central
5.6°

Check
size

15’
60’
120’

MfVEP amplitude (logSNR)
0.11 0.11 0.10

0.12 0.11 0.11

tVEP amplitude (uV)

6.3 5.3 6.4
5.7 5.2 5.4
4.8 5.3 5.3

Pelli-Robson CS

0.13 0.14 0.16

MfVEP relative latency (ms)
2.3 3.1 5.3

2.9 3.3 5.0

tVEP latency (ms)
(peak/cross-correlation method)

4.4/5.7 7.8/5.1 10.5/10.3
5.7/4.1 8.3/5.6 10.3/9.2
4.4/5.2 10.9/7.4 9.1/10.8

53



Dissertation for Ph.D. Divya Narayanan

Table 2-5: Percent of agreement (ACL1 statistic) in classifying an eye as

normal or abnormal

Normal Non-ON ON

Amplitude 98% (0.97) 90% (0.80) 96% (0.92)
Latency 98% (0.97) 90% (0.83) 90% (0.81)
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Table 2-6: Percentage of intervisit variability reflected in intravisit variability

(@) Normal Non-ON ON Normal Non-ON ON

Global amplitude Regional amplitude*
Intervisit TRV~ 0.11 0.11 0.12 0.12 0.13 0.14
Intravisit TRV~ 0.07 0.07 0.07 0.08 0.09 0.10

Percentage 61 60 59 78 77 71
(b) Normal Non-ON ON Normal Non-ON ON
Global latency Regional latency*
Intervisit TRV 2.6 3.5 6.1 5.3 7.2 13.8
Intravisit TRV 2.2 2.9 3.2 4.8 6.2 6.0
Percentage 87 85 52 88 85 42

* Median of 9 regional TRVs
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Chapter 3: Longitudinal Evaluation of Visual Function in Patients with

Multiple Sclerosis using Multifocal Visual Evoked Potential
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Abstract

Background: Multifocal visual evoked potential (mfVEP) amplitude and latency

reflect axonal and myelin health.

Objective: To evaluate longitudinal changes of visual function in relapsing-

remitting multiple sclerosis (RRMS).

Methods: MfVEP, contrast sensitivity (CS) and Humphrey visual fields (HVF)
were obtained at two visits (mean follow-up:1.5 + 0.9 years) in 57 RRMS patients
(53 eyes with optic neuritis (ON): 14 with ON within 6 months (mo) of first visit
(ON < 6 mo), 39 with ON = 6 mo, 57 non-ON). Longitudinal changes were
assessed using mfVEP amplitude, latency, CS and HVF mean deviation based

on established 95% tolerance limits of test-retest variability.

Results: A significant percentage of ON < 6 mo eyes exceeded the 95%
tolerance limits for mfVEP amplitude (21%, p < 0.05), latency (35%, p < 0.01)
and CS (31% p < 0.001); more improved than worsened. MfVEP latency
shortened in 11% non-ON, 10% ON = 6 mo, lengthened in 21%, and 10%,
respectively (p < 0.01 for all). Latency changes correlated negatively with
baseline latency (r = - 0.43, - 0.45 for non-ON, ON = 6 mo; p = 0.0008). Although
an insignificant number of non-ON and ON = 6 mo eyes exceeded tolerance
limits for amplitude, CS or HVF; amplitude and latency changes correlated, both

measures correlated with changes in CS (r = 0.47 t0 0.79, p < 0.01).
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Conclusions: MfVEP, and particularly the latency, is potentially useful for

assessing neuroprotective and remyelinating strategies in RRMS.
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Introduction

The pathological hallmark in multiple sclerosis (MS) is formation of
sclerotic plaques in the central nervous system (CNS) as a result of inflammatory
demyelination of the nerve fibers (Compston and Coles 2008) and degeneration
of the underlying axons. The strong inflammatory-immune character of the
disease, indicated by transient enhancement of gadolinium lesions on magnetic
resonance imaging (MRI), inflammatory infiltrates in lesions examined post-
mortem, lead to the development of several immune-modulators as disease
modifying therapies (DMT) for MS. (Menge et al. 2008) Current DMTs are
effective in reducing inflammation, clinical relapses, and new lesions detected by
MRI in relapsing-remitting MS (RRMS) (Castro-Borrero et al. 2012), but are not
completely effective in preventing disease progression.(Ford et al. 2010) It is
believed that progressive neurological disability in MS is a result of continuous
neuronal loss (Trapp and Stys 2009) that occurs even in the absence of clincally-
evident inflammation. (Narayanan et al. 2014)

Neuroprotective therapies such as anti-oxidative agents(Nikic et al. 2011),
sodium channel blockers (Bechtold et al. 2006) and remyelination strategies
(Bruce et al. 2010) are shown to reduce axonal degeneration in animal models of
MS. Remyelination, though limited and often incomplete in human CNS, can
improve neurological function by restoring conduction, (Smith et al. 1979;
Duncan et al. 2009) providing trophic support and preventing further axonal loss.
(Irvine and Blakemore 2008) Agents such as anti-lingo-1 antibody (Mi et al. 2009)

and human monoclonal IgM antibody 22 (Jolanda Munzel and Williams 2013)

59



Dissertation for Ph.D. Divya Narayanan

have shown promise in promoting remyelination in animal models of MS and are
currently in early stages of clinical trials. (Franklin et al. 2012)

The anterior visual pathway, an accessible site of MS damage, can
potentially serve as a good model for tracking neurodegenerative changes and/or
neuroprotective effects. (F Costello 2013; Frohman et al. 2008b) Optic neuritis
(ON) is an acute inflammatory demyelination of the optic nerve that affects more
than 50% of MS patients. Structural and functional visual deficits are observed in
MS eyes with and without ON history (non-ON). (F Costello 2013) Previous
studies reported that following an ON episode, visual function such as visual
evoked potential (VEP) latency (Brusa et al. 2001; Klistorner et al. 2010b) and
contrast sensitivity (CS) (Brusa et al. 1999) improves in the affected eyes, with
the majority of changes occurring within first 6 months. For the unaffected non-
ON eyes, lengthening of VEP latency was observed by some (Brusa et al. 1999;
Brusa et al. 2001) but not by others. (Klistorner et al. 2010b) Similarly,
contrasting results of no change in VEP amplitudes(Brusa et al. 1999; Brusa et
al. 2001) or progressive improvement between 6 and 12 months after ON
episode (Klistorner et al. 2010a) were reported. The discrepancies among
different studies may be partially due to differences in the study population (e.qg.
MS versus isolated ON). Further, Brusa et al used traditional pattern-reversal
VEP (tVEP) while Klistorner et al used multifocal VEP (mfVEP). In contrast to
tVEP that provides a summed response dominated by the macular region, the
mfVEP provides topographic information on local amplitude and latency. (Hood

and Greenstein 2003)
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In order to evaluate the efficacy of novel neuroprotective and
remyelination strategies, it is important to understand the extent of functional
change that occurs over time in MS eyes. Given the large individual variations in
the location/extent of lesions, recovery process, and response to treatment, using
group means as previous studies did, (Brusa et al. 1999; Klistorner et al. 2010a;
Klistorner et al. 2010b) to estimate changes overtime might mask changes in
individuals. Instead, evaluating changes in individual MS eyes (Yang et al. 2007)
might offer more valuable information. In the current study, we evaluated
changes in visual function over time in individual non-ON and ON eyes using the
test-retest variability (TRV) established in the previous chapter. Visual function
was assessed with mfVEP amplitude and latency, Pelli-Robson contrast
sensitivity (CS) and Humphrey visual fields (HVF). Some of the findings in this
study have been reported in abstract form (Narayanan D, et al. IOVS 2011; 52:

E-Abstract 6089).

Methods

Subjects

Visual function was evaluated on two visits in 57 RRMS patients (F : M =
4.7 : 1, mean age at follow-up: 42.4 + 10.5 years). Follow-up time ranged from 6
months to 4.2 years (mean 1.5 = 0.9 years). Mean MS duration at follow-up was
5.6 £ 7.0 years. Eighty-seven percent of patients were on DMT during both visits.

All patients underwent a comprehensive eye examination at the MS Eye CARE
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clinic, University of Houston. Patients with systemic conditions such as diabetes
or other ocular conditions such as glaucoma, retinal anomalies, or ON events
between the visits were not included in the study. Fifty-seven non-ON and 53 ON
eyes were included; ON eyes were subdivided into 14 eyes with last ON event
within 6 months (mo) of the first visit (ON<6 mo) and 39 eyes with ON = 6 mo.
Three eyes with other ocular anomalies and one eye with an ON attack between
visits were excluded. Time since last ON and visit 1 was 1.3 = 1.5 months for ON
< 6 mo and 6.7 £ 8.0 years for ON = 6 mo. All procedures adhered to the tenets
of Declaration of Helsinki, and the protocol was approved by the University of
Houston Committee for the Protection of Human Subjects. Informed consent was

obtained from all study subjects.

MfVEP procedures and analysis

MfVEP recordings and analysis were as previously described. (Laron et al.
2009) The mfVEP stimulus was a 60-sector cortically-scaled dartboard pattern
(VERIS 5.1, 66 cd/m? mean luminance, 95% contrast) (Hood and Greenstein
2003) (Figure 3-1 a & b). A ground electrode on forehead, a reference at inion,
and three active electrodes (one 4 cm above inion, two 1 cm above and 4 cm on
either side of the inion) were attached. Two 7-minute recordings from each eye
was obtained and averaged for analysis.

MfVEP amplitude, measured as log signal-to-noise ratio (logSNR), and
relative latency (ms) from each sector were derived using a customized

MATLAB program.(Hood and Greenstein 2003; Hood et al. 2004; Fortune et al.
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2004) Relative latency was calculated as the shift needed to achieve the best
cross correlation between the subject’'s waveform and a normative template for
each sector.(Hood et al. 2004) Mean logSNR and median latency for global and
9 regions were calculated (Figure 3-1 c). Monocular amplitude (MAMP) and
latency (MLAT) probability plots were generated in which response from each
sector was compared to the normative at corresponding locations and assigned
a probability value (Figure 3-1 d & e). (Hood and Greenstein 2003; Hood et al.
2004; Fortune et al. 2004) Adjacent abnormal points (i.e. p < 0.05) were defined
as a cluster when they met cluster criteria with 95% specificity (Laron et al.
2009): = 5 points with p < 0.05 for MAMP, = 4 points with p < 0.01 or a cluster >
7 for MLAT. Total number of abnormal points and cluster size (number of
abnormal points within a cluster) were counted then each divided by the total
number of measurable points (always 60 for MAMP) and expressed in

percentage.

Pelli-Robson CS

Monocular contrast sensitivity (CS) was measured using a Pelli-Robson
chart at 1m for all eyes during both visits as described in chapter 2. Briefly, the
Pelli-Robson chart measures contrast from 0 to 2.25 log units in 0.15 log unit
steps. Each letter read correctly was counted as 0.05 log unit. (Arditi 2005)
Normal subjects will have a score of about 1.6 out of a theoretically possible

score of 2.40.
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Table 3-1 near here

HVF

HVF (Carl Zeiss Meditec, Inc.) was performed using the SITA (Swedish
interactive threshold algorithm) 24-2 or 30-2 protocols. Unreliable tests i.e.
fixation losses, false positives or false negatives > 33% were excluded. The

mean deviation (MD) was recorded.

Statistical analysis

Analysis of variance (ANOVA) and Tukey post-hoc analysis were used to
compare mean amplitude and latency across groups. Paired t-test was used to
compare means between two visits. We previously established the test-retest
variability (TRV) for mfVEP and CS using 1.96*s,,. When two measurements are
compared, the 95% tolerance limit for detecting a change should be V2*1.96*s,,,
(Bland and Altman 1996) This is to account for, for instance, the possibility that
the baseline measurement may be randomly on the high side whereas the follow-
up measurement on the low side of the true value (for more details, see appendix
from Budenz et al (Budenz et al. 2008)). The 95% tolerance limits estimated for
each parameter for normal, non-ON and ON eyes are listed in Table 3-1. For
mfVEP logSNR and Pelli-Robson CS, TRV was not significantly different for
normal, non-ON and ON eyes; hence normal limits were used for non-ON and
ON eyes. For mfVEP global latency, TRV was significantly higher in ON eyes

than in normal and non-ON eyes, which were not different from each other;
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normal limits were used for non-ON, and ON limits for ON eyes. For MAMP and
MLAT probability plots, TRV for abnormal points was significantly higher in non-
ON and ON eyes than normal, and TRV for cluster size could not be estimated in
normals due to the low prevalence of valid clusters; thus for abnormal points and
cluster size, limits estimated from non-ON and ON eyes were used for the

respective groups.

Results

Comparing mean measurements among different groups and between the two

visits

Table 3-2 summarizes the group means for all visual parameters
measured. For both visits, all three groups (non-ON, ON = 6 mo and ON < 6 mo)
had significantly reduced mfVEP amplitude and delayed latency compared to
normals (p < 0.05), with both ON groups worse than non-ON (p < 0.05). Similarly,
HVF MD in non-ON and ON eyes were significantly lower than normative values
reported (p < 0.05), and the reduction was more in ON than non-ON (p < 0.05).
Pelli-Robson CS was reduced in ON = 6 mo and ON < 6 mo compared to normal
and non-ON (p < 0.05), but CS in non-ON was not different from that in normal (p
> 0.05). In non-ON and ON = 6 mo groups, on average, none of the measures
from visit 1 were different from those of visit 2 (p > 0.05, paired t-test). In
contrast, in ON < 6 mo eyes, all functional measures showed significant

improvement in visit 2 when compared to visit 1 (p < 0.05, paired t-test). This
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finding is consistent with the recovery from transient inflammation that is well

documented in other studies. (Beck and Cleary 1993)

Table 3-2 near here

Changes in individual MS eyes based on 95% tolerance limits of TRV

For mfVEP, changes in individual eyes were assessed for (1) global and
regional amplitude and latency, and (2) number of abnormal points and clusters

on probability plots (see Methods).

MfVEP amplitude As shown in Figure 3-2 a, changes were heterogeneous,
with some improving some worsening, but only four of 57 (4/57, 7%) non-ON and
3/39 (8%) ON = 6 mo eyes falling outside the 95% tolerance limits of TRV for
global logSNR, which was not statistically different from predicted false positive
rate of 5% for either group (p = 0.53 for non-ON, p = 0.64 for ON = 6 mo).
Consistent with the findings for global logSNR, neither group had significant
number of eyes exceeding tolerance limits based on MAMP abnormal points and
cluster sizes from probability plots (Figure 3-2 b & ¢) or the nine separate mfVEP
regions (Table 3-3 a & b). In contrast, in the ON < 6 mo group, a significant
number of eyes fell outside of tolerance limits in global logSNR 3/14 (21%) and
MAMP abnormal points/cluster size 5/14 (35%) (p < 0.05 for all), with more eyes

improved than worsened (Table 3-3 a).
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Figure 3-2 near here

Table 3-3 a & b near here

MfVEP latency For global latency, 18/57 (32%) non-ON, 8/39 (20%) ON = 6 mo
and 5/14 (35%) ON < 6 mo eyes fell outside of 95% tolerance limits, significantly
more than 5% (p < 0.01 for all) (Figure 3-2 d). As observed for amplitude,
changes in latency were also heterogeneous (Table 3-3 a). If tolerance limits
based on the normal subjects were used, more ON eyes would have exceeded
the limits (see discussion). Diverse changes in regional latency and probability
plots (Figure 3-2 e & f, Table 3-3 a & b) were also observed. Global latency
changes correlated significantly with baseline latency for non-ON (r = - 0.43) and
ON (r = - 0.45) (p = 0.0008 for both) (Figure 3-3 a & b). Although our results were
based on two visits, observed changes in the latency could not be attributed to
random variability of the measurement, as generally consistent trends for
individuals were seen in a small subset of 10 patients (13 non-ON and 7 ON

eyes) with more than two visits (Figure 3 ¢ & d).

Figure 3-3 and 3-4 illustrates examples of MS eyes that remained stable,
improved and worsened in MAMP and MLAT probability plot from the two visits,

respectively.

Figure 3-3 near here

Figure 3-4 near here
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Pelli-Robson CS and HVF MD For CS, only 6/51 (12%) non-ON and 6/33 (18%)
ON = 6 mo eyes exceeded 95% tolerance limits, not significantly different from
5% for both, and equal numbers improved and worsened. In ON < 6 mo, a
significant percentage (4/13, 31%) showed improvement in CS (p < 0.001)
(Figure 3-5 a). For HVF MD, none of the non-ON, and only 2/14 (11%) of ON < 6
mo and 1/27 (4%) of ON = 6 mo exceeded the limits, both in the direction of
improvement, but the percentages were not significantly different from 5% for

either group (Figure 3-5 b).

No relationship was observed between changes in functional measures

and follow-up time for all tests (p > 0.05).

Figure 3-5 near here

Correlation between the changes in mfVEP global logSNR, latency , Pelli-

Robson CS and HVF MD

Pearson correlation (r) was used to assess if changes in mfVEP global
logSNR and latency were associated with changes in other functional tests. To
avoid transient effects of acute inflammation, only non-ON and ON = 6 mo eyes
were included for this analysis. When both eyes of a patient belonged to the
same group, i.e., non-ON or ON = 6 mo, only one eye was randomly selected for
analysis, resulting in a total of 46 non-ON and 35 ON = 6 mo eyes. Changes in
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mfVEP global logSNR and global latency correlated significantly with changes in
CS in both non-ON and ON = 6 mo eyes (r = 0.47 to 0.79, p < 0.01) (Figure 3-6 a
and b). Global logSNR changes also showed significant correlation with global
latency in non-ON (r = 0.54, p = 0.001) and ON = 6 mo groups (r = 0.74, p <
0.0001) (Figure 3-6 e). About 71% to 78% of eyes fell within the gray shaded
regions indicating that changes were in the same direction (greater or less than
zero) for the two parameters compared (Figure 3-6 a, b, e). In fact, 70% non-ON
and 74% ON = 6 mo eyes showed changes in the same direction for all three
parameters Neither mfVEP logSNR or latency change showed correlation with

change in HVF MD (p > 0.05 for all) (Figure 3-6 ¢ and d).

Figure 3-6 near here

For all measures, results from unilateral non-ON eyes (i.e., unaffected
fellow eyes of ON) were similar to those from biltateral non-ON eyes, suggesting
that the changes observed in non-ON is not due to effects of ON in the fellow

eye.

Discussion

We evaluated longitudinal changes in visual function in RRMS patients

using mfVEP amplitude, latency, CS and HVF. Our study design was unique in
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that we were able to track changes in individual MS eyes. Several previous
studies reported longitudinal changes after averaging values across patients.
(Brusa et al. 1999; Klistorner et al. 2010a; Brusa et al. 2001) Given the diverse
nature of MS-related lesions, averaging may mask individual changes. This is
evident from our data, in which for non-ON and ON = 6 mo eyes, group means
from the two visits were not different but, changes in individual eyes were
revealed by the 95% tolerance limits of TRV for latency, and correlation among

mfVEP logSNR, latency and CS.

For mfVEP latency, about one-third of MS eyes fell outside of tolerance
limits with some shortening, and some lengthening. The changes were not
random variations between two visits because a consistent trend was observed
in a small subset of eyes with multiple visits. These findings are consistent with
earlier mfVEP studies in which diverse variations in latency changes were
observed across patients. (Yang et al. 2007; Klistorner et al. 2007) It is known
from post-mortem studies that the extent of demyelination and/or remyelination
can largely vary from lesion to lesion, and balance between the two processes
determines how a lesion evolves overtime in MS. (Prineas et al. 1984) In both
non-ON and ON eyes, latency changes were significantly and inversely
correlated with baseline latency (Figure 3-3 a & b), specifically, MS eyes that
recovered to shorter delays were those with prolonged baseline latency in the
first visit, whereas those for which delays became longer, had shorter latency in

the first visit.
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In our previous reproducibility study, we found that variability of mfVEP
latency was significantly higher in ON eyes compared to normal and non-ON
eyes, which were not different from each other. Thus, we used 95% tolerance
limits of TRV estimated from normal and ON groups to detect longitudinal latency
changes in non-ON and ON eyes, respectively. Small amplitudes in ON eyes
could attribute to high variability observed. However, comparison of intra-visit vs
inter-visit analysis suggested that subclinical disease changes might be occurring
in ON eyes even within a short time interval. Thus, it is debatable if longitudinal
studies should use normative or ON limits to estimate true changes over time.
Our conservative approach to use ON limits probably underestimated the true
change. For example, 22% of all ON eyes in our study exceeded ON limits while

46% exceeded normal limits for global latency.

For mfVEP amplitude, CS and HVF MD, there were not a significant
number of non-ON and ON = 6 mo eyes exceeding the 95% tolerance limits.
However, global logSNR changes correlated significantly with changes in global
latency. MfVEP amplitude and latency changes also significantly correlated with
changes in Pelli-Robson CS, a sensitive indicator of visual dysfunction in
MS/optic neuritis, used in clinical trials such as Optic Neuritis Treatment Trial.
(Beck and Cleary 1993) In more than 70% of eyes, the changes occurred in the
same direction for mfVEP logSNR, latency and CS. These findings suggest that
individual eyes that did not exceed the tolerance limits were probably changing

and methods to reduce variability of individual tests might enable better detection
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of disease progression. Correlation between latency and logSNR changes also

support that myelin and axonal health are related.

In future studies, individual MS eyes should be tracked at frequent
intervals for long follow-up time periods, using both functional and structural
measures. Our study suggests that mfVEP and Pelli-Robson CS are sensitive
measures to detect visual functional changes in MS. Recent spectral-domain
optical coherence tomography studies suggest that retinal nerve fiber layer
thickness and ganglion cell-inner plexiform layer thickness are both sensitive
structural measures useful for tracking neurodegeneration in MS eyes.
(Ratchford et al. 2013; Narayanan et al. 2014; Saidha et al. 2011) In the present
study time domain OCT was used from initial visits in many cases, so longitudinal

assessment was not possible.

Conclusions

In summary, among the functional tests that we studied, mfVEP latency
detected the greatest changes in MS eyes, with some worsening, some
improving and others being stable. Considering the heterogeneous nature of
latency changes and the variable extent of myelin loss/recovery in different
lesions, it is likely that treatment outcomes using novel therapeutics will show
considerable variations across patients. MfVEP can serve as an effective tool for

longitudinal assessment of visual function in individual patients and can

72



Dissertation for Ph.D. Divya Narayanan

potentially be used as an outcome measure to evaluate efficacy of novel

remyelinating therapies in RRMS.
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Figures and Tables

Figure 3-1: MfVEP stimulus, response and probability plots (MS)

The mfVEP 60-sector dartboard stimulus with one sector marked in red and 2.5°,
9.8°, 22.2° eccentricities marked in blue (a). MfVEP response traces from a non-
ON eye (red) and the normative template (black). (Hood et al. 2004) Traces from
one sector are enlarged (b). Nine locations for regional mfVEP analysis (c).
MLAT probability plots with each sector marked as ‘normal’ in black (p > 0.05),
‘abnormal’ in red (desaturated for p < 0.05, saturated for p < 0.01) and un-
measureable in gray (d & e). More sectors show abnormalities in visit 2 (e) when

compared to visit 1 (d).
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Figure 3-2: Intervisit difference for mfVEP amplitude and latency

Intervisit difference (visit 2 — visit 1) for mfVEP amplitude (a, b, c) and latency (d,
e, f) for individual MS eyes is plotted against the follow-up time. The solid and the
dashed lines represent the 95% tolerance limits of TRV estimated from normal

and ON eyes, respectively.
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Figure 3-3: Examples of intervisit change in MAMP probability plot

Examples of MS eyes that remained stable, improved, worsened in MAMP

probability plots in the second visit when compared to the first visit
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Figure 3-4: Examples of intervisit change in MLAT probability plot

Examples of MS eyes that remained stable, improved, worsened in MLAT

probability plots in the second visit when compared to the first visit
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Figure 3-5: Latency change vs baseline latency and latency from multiple

Visits

Change in global latency (visit 2 — visit 1) is significantly correlated with baseline
latency in non-ON (a) and ON (b) eyes. The solid lines in a & b are the fitted
linear regression lines. MfVEP global latency from multiple visits in a small
subset of non-ON (c) and ON eyes (d) depicts that latency changes in individual

eyes generally follow a consistent trend instead of random variations.
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Figure 3-6: Intervisit difference for Pelli-Robson CS and HVF MD

Intervisit difference (visit 2 — visit 1) for Pelli-Robson CS (a) and HVF MD (b) for
each MS eye is plotted against the follow-up time. The solid lines represent the

95% tolerance limits of TRV for each test.
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Figure 3-7: Correlation among functional measures

Changes in mfVEP global logSNR and latency correlated significantly with Pelli-
Robson CS (a & b), but not with HVF MD (c & d).Change in global logSNR also
correlated with change in global latency (e). The black solid and gray dashed
lines represent fitted regression lines for non-ON and ON eyes respectively.
Data points (71% to 78% eyes) within the gray shaded regions exhibited changes
in the same direction (greater or less than zero) for the two parameters

compared.

85



Dissertation for Ph.D.

Divya Narayanan

i ON
A r=0.47
- 0 p =0.007
A
- ®) A
A
TINon-ON CAOCA
r=0.47 A
p =0.002
-20 -10 0 10 20

Global latency change (ms)

Global latency change (ms)

O Non-ON
A ON
e Non-ON fit
ON fit

(a) (b)
0.6 = 0.6
ON
r=0.70 A
& 0.3 4P <0.0001 > 03
c =
© L)
S S
o 901 o 90
&) ()
=] o
9 -0.3- LD  Non-ON 9 -03
A =079
p < 0.0001
-0.6 Y r Y 1 -0.6
0.4 0.2 0.0 0.2 0.4
Global logSNR change
(c) (d)
?9 ON
r=0.007
o 6° o) p = 0.97 o
Z Z
@ @
o >
= c
© L]
- =
Q Q
] o
= =
L]
04 0.2 0.0 0.2 0.4
Global logSNR change
(e)
@ 20 -
£ ON
o r=074
g‘ 10 - p < 0.0001
©
=
Q
o 07 o)
=
3
= \
= -10 4 Non-ON A AN
S r=0.54
© p =0.001 A
(O] -20 v v v
0.4 -0.2 0.2 0.4

Global logSNR change

86



Dissertation for Ph.D. Divya Narayanan

Table 3-1: 95% tolerance limits of TRV for various tests

Normal Non-ON ON

MfVEP amplitude

Global logSNR +0.15 +0.15 0.14
MAMP abnormal points (%) 8 +15 +15
MAMP cluster size (%) N/A +15 +15

MfVEP latency

Global relative latency (ms) +3.3 4.4 7.4
MLAT abnormal points (%) +8 +12 +20

MLAT cluster size (%) N/A +17 +25

Pelli-Robson CS (log unit) +0.18 +0.19 +0.22
HVF 24-2 or 30-2 MD (dB)*  N/A 5.7 5.7

Sw: Within-subject standard deviation (Bland and Altman 1996)

* calculated from Wall et al 1998(Wall et al. 1998)
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Table 3-2: Group means for various measurements

Normals Non-ON (n=57) ON=6 mo (n=39) ON<6 mo (n=14)
Visit 1 Visit 2 Visit 1 Visit 2 Visit 1 Visit 2

MfVEP amplitude*
Global logSNR 0.6+0.02 0.5+0.01* 0.5+0.01* 0.4+0.03*" 0.4+0.03*" 0.3+0.03*" 0.4+0.02*"°¢
MAMP abnormal points (%) 2.8+0.4 10.1+1.8% 11.1+2.4% 33.0+4.1*" 30.8+4.2%" 39.2+4.4%° 29.1+4.8%P¢
MAMP cluster size (%) NA 11.0+4.0 16.6+#5.1 40.8+4.5° 37.2+4.9° 49.6+4.3° 39.5+4.3"¢
MfVEP latency*
Global relative latency (ms) 0.7+0.5 4.1+0.8% 4.9+0.7% 15.242.2%° 14.4+2.1®° 12.242.8*" 7.4+2.9%P¢
MLAT abnormal points (%)  7.1#1.4 17.1+#3.0° 19.1+2.6° 39.8+5.6*° 41.1+5.6*° 42.2+5.3*" 32.615.6%"¢
MLAT cluster size (%) NA 24.0+5.9 25.3+4.8 47.9+6.8"° 48.645.8° 50.5+4.8" 42.6+4.3°°
CS* 1.6+0.06 1.6+0.03 1.6+0.03 1.4+0.06*" 1.4+0.05*° 1.0+0.01*° 1.4+0.01*P°
HVF MD (dB)* 0.5#1.1 -1.8+0.3* -1.7+0.3* -5.1%1.0*° -4.4+0.9*° -6.2+1.1*" -3.3%+1.1%"¢

4p<0.05 compared to normal eyes

bp<0.05 compared to non-ON eyes

°p<0.05 comparison between visit 1 and visit 2
*Normative data from our lab

"Normative values reported by Wall et al(Wall et al. 1998)
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Table 3-3: Percentage of eyes that exceeded tolerance limits for various tests

Non-ON

ON26 mo only

ON<6 mo only

MfVEP global logSNR
MAMP abnormal points
MAMP cluster size
MfVEP global latency
MLAT abnormal points
MLAT cluster size

CSs

HVF MD

Improved Worsened

5%
5%
6%
11%
5%
4%
6%
0%

2%
4%
4%
21%
16%
15%
6%
0%

Improved Worsened

8%
8%
5%
10%
9%
10%
9%
4%

0%
10%
13%
10%

8%

8%

9%

0%

Improved Worsened

14%
21%
21%
21%
14%
14%
31%
11%

7%
14%
14%
14%

6%

7%

0%

0%
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Table 3-4: Percentage of eyes that exceeded tolerance limits in mfVEP

regions

LogSNR

Latency

1

© 00 N O 0o A W N

Improved/Worsened (%)
Regions Non-ON ON26 mo ON<6 mo Non-ON ON=26 mo ON<6 mo

7/11
5/4
7/9
0/4
5/7
0/0
2/2
2[7
0/2

3/0
5/0
5/0
3/0
3/0
3/0
0/0
3/0
0/0

21/7
21/7
14/7
14/0
14/0
7/0
7/0
7/0
7/0

Shortened/Lengthened (%)

5/16
5/18
4/23
11/13
18/14
12/11
12/11
13/3
7/16

16/14
13/15
18/16
9/12
11/14
8/11
8/13
16/16
16/16

31/14
15/8
1417
18/9
14/4
23/0
18/0
17/8
20/4

90



Dissertation for Ph.D. Divya Narayanan

Chapter 4 : Tracking Changes Over Time in Retinal Nerve Fiber Layer and

Ganglion Cell Inner Plexiform Layer Thickness in Multiple Sclerosis

This chapter was accepted for publication in the Multiple Sclerosis Journal (MSJ)
on January 19", 2014, and published online on March 17", 2014 (Epub ahead of
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contents for dissertation purpose.
The authors who contributed to this work include:

Divya Narayanan, PhD, Han Cheng, OD, PhD, Karlie N. Bonem, OD, Roberto

Saenz, BS, Rosa A. Tang, MD, Laura J. Frishman, PhD

91



Dissertation for Ph.D. Divya Narayanan

Abstract

Background: Neurodegeneration plays an important role in permanent disability

in multiple sclerosis (MS).

Objective: To determine whether progressive neurodegeneration occurs in MS

eyes without clinically-evident inflammation.

Methods: Retinal nerve fiver layer thickness (RNFLT) and ganglion cell-inner
plexiform layer thickness (GCIPT) were measured using Cirrus optical coherence
tomography (OCT) in 133 relapsing-remitting MS (RRMS) patients (149 non-ON,
97 ON eyes, last optic neuritis (ON) = 6 months). 93 patients were scanned at
two visits. Percents of abnormal GCIPT vs RNFLT (< 5% of machine norms) in
cross-sectional data were compared. Relations between RNFLT/GCIPT and MS

duration (cross-sectional) and follow-up time (longitudinal) were assessed.

Results: GCIPT was abnormal in more eyes than RNFLT (27% vs 16% p =
0.004 in non-ON, 82% vs 72% p = 0.007 in ON). RNFLT and GCIPT decreased
with MS duration by -0.49 um/yr (p = 0.0001) and - 0.36 um/yr (p = 0.005) for
non-ON; - 0.52 pm/yr (p = 0.003) and - 0.41 pm/yr (p = 0.007) for ON. RNFLT
and GCIPT decreased with follow-up time by - 1.49 um/yr (p < 0.0001) and - 0.53
pm/yr (p = 0.004) for non-ON, - 1.27 um/yr (p = 0.002) and - 0.49 pm/yr (p =

0.04) for ON.
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Conclusions: In RRMS eyes without clinically-evident inflammation, progressive
loss of RNFLT and GCIPT occurred, supporting the need for neuroprotection in

addition to suppression of auto-immune responses and inflammation.
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Introduction

Multiple sclerosis (MS), a chronic demyelinating and degenerative disease
of the central nervous system (CNS), is the leading cause of non-traumatic
neurological disability in young adults. The natural history of MS suggests that
about 85% of patients initially experience a relapsing-remitting course (RRMS)
and within 25 years of onset a high percentage transition into a secondary
progressive phase (SPMS) (Weinshenker et al. 1989; Noseworthy et al. 2000)
with continuous neurological decline leading to permanent disability. (Dutta and
Trapp 2011) Currently available immuno-modulatory disease modifying therapies
(DMT) have been successful in reducing inflammation, relapses (Castro-Borrero
et al. 2012) and in slowing disease progression in RRMS.(Rudick et al. 2005)
However, a recent study of MS patients with 15 years continuous use of an
immune-modulatory drug reduced, but did not eliminate progression to SPMS.
(Ford et al. 2010) While it is generally agreed that permanent disability in MS is
a consequence of irreversible axonal loss, (Dutta and Trapp 2011) the underlying
causes of MS and progression of the disease remain unclear.

MS eyes provide a unigue opportunity to study axonal degeneration. The
retinal ganglion cells (RGC) and their naturally unmyelinated axons in the eye
can be evaluated in vivo using spectral domain optical coherence tomography
(OCT), a highly reproducible imaging technigue. Inflammation of the optic nerve,
i.e., optic neuritis (ON), is typically detectable with signs and symptoms such as
eye pain, loss of vision, reduced color vision, swelling and presence of relative

afferent pupillary defects In this study, retinal nerve fiber layer thickness (RNFLT)
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and retinal ganglion cell-inner plexiform thickness (GCIPT) were measured in two
groups of “clinically-silent” RRMS eyes: eyes without a history of ON (non-ON
group) and those with a previous history of ON but the inflammatory event was at
least 6 months prior to the onset of the present study (ON group). Separating the
no-ON and ON groups allowed us to tease apart neurodegenerative effects that
could be due to previous overt inflammatory episodes in ON eyes from those in
non-ON eyes lacking a history of clinically-evident inflammation. The change of

RNFLT and GCIPT over time was analyzed cross-sectionally and longitudinally.

Methods

Subjects

One hundred thirty-one RRMS patients (Polman et al. 2005b) from the
University of Houston MS Eye CARE Clinic were included in the study. All
patients underwent comprehensive eye examination by an experienced neuro-
ophthalmologist. ON was diagnosed based on clinical signs and symptoms.
(Optic Neuritis Study Group 1991) To minimize the effect of edema and other
sequelae of acute inflammation, eyes with last ON attack within 6 months of the
OCT measurement or between the baseline and follow-up measurements were
excluded. Patients with ocular or systemic conditions other than ON/MS that
could potentially influence OCT measures were excluded.

Two hundred forty-seven eyes of 131 RRMS patients (85% on DMT) were

included for cross-sectional analysis (Table 4-1). Seven eyes with acute ON, 3
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with unclear ON history, 3 with other ocular abnormalities and 2 with OCT signal
strength < 7 were excluded. Twelve (7 non-ON and 5 ON) eyes did not have
GCIPT. Among the 247 eyes, 241 had spherical equivalent refractive error (RE)
less than - 6.0D, 13 worse than - 6.0D (range - 6 to - 15 D, median - 7.5 D) and 6
eyes with unknown RE. Excluding these 19 eyes did not change the results

reported below.

Table 4-1 near here

Ninety-two RRMS patients (164 eyes) from the cross-sectional cohort had OCT
at two different visits and were included for longitudinal analysis (Table 4-2). The
time interval between the baseline and the follow-up visit ranged from 2 months
to 3.8 years (median 1.0 years). For all eyes in the longitudinal cohort, OCT data
from the second visit was reported in the cross-sectional analysis in order to
include more eyes with longer duration of MS. Seven eyes with acute ON at the
baseline, 5 with ON attack between two visits, 4 eyes with unclear ON history, 1
with other ocular abnormalities and 3 eyes with signal strength < 7 in OCT in
either of the visits were excluded. Fourteen (9 non-ON and 5 ON) eyes did not

have GCIPT measured in one or both visits.

Table 4-2 near here
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Procedures adhered to the tenets of Declaration of Helsinki, and the
protocol was approved by the University of Houston Committee for the Protection

of Human Subjects.

Optical coherence tomography procedure

OCT was performed using Cirrus-HD OCT 4000 version 6.5 (Carl Zeiss
Meditec, Inc., Dublin, CA) by a trained ophthalmic technician. Peripapillary
RNFLT was acquired with the Optic Disc Cube 200 x 200 protocol that images
the optic disc in a 6 mm x 6 mm region. The mean RNFLT and those from
individual quadrants were obtained. Macular GCIPT was obtained using the
Macular Cube 512 x 128 protocol that images a 6 mm x 6 mm area centered at
the fovea. The GCIPT was derived automatically by the machine software over
an elliptical annulus (2 mm x 2.4 mm radius), excluding the central foveal region
(0.5 mm x 0.6 mm radius). In this paper, RNFLT and GCIPT refer to the overall
mean unless a quadrant is specified. Only images with signal strength = 7 and
good centration were included. No OCT outputs had erroneous segmentation

upon visual inspection.

Statistics

Statistical analyses were performed in SAS 9.2 (SAS Institute Inc., Cary,
NC, USA). For the cross-sectional data, RNFLT and GCIPT were each defined

as abnormal if the values were below 5% of their respective age-matched
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machine norms. The percent of eyes with abnormal RNFLT was compared to
that of GCIPT using McNemar test. The relation between RNFLT/GCIPT and MS
duration (cross-sectional data), RNFLT/GCIPT change and follow-up time
(longitudinal data) were analyzed using the GEMOND procedure with
generalized estimating equation (GEE) to account for age and intra-subject inter-
eye correlation. The probability of an abnormal RNFLT and GCIPT as a function
of MS duration was modeled using GEE logistic regression. P values less than

0.05 were considered statistically significant.

Results

Cross-sectional analysis: OCT

Reduced RNFLT and GCIPT in non-ON and ON eyes

One hundred thirty-one RRMS patients (149 non-ON, 98 ON eyes) with
MS duration ranging from < 1 month to 32 years were included for cross-
sectional analysis (Table 4-1). The mean (z SD, um) RNFLT (75.0 =+ 14.0) and
GCIPT (65.5 = 11.9) in ON were significantly thinner than in non-ON eyes
(RNFLT: 88.6 £ 11.5, GCIPT: 76.5 + 9.2, p < 0.0001 for both). Both non-ON and
ON eyes had significantly thinner measures compared to normative RNFLT (92.8
+ 9.4 um) and GCIPT (82.1 + 6.2 um) for Cirrus OCT (Mwanza et al. 2011a) (p <
0.0001 for all comparisons). Twenty-five percent of ON eyes (n = 25) had more
than one ON episode in the same eye (recurrent ON) and the mean RNFLT and

GCIPT (um) in these eyes were significantly thinner (67.1 £ 10.9 and 59.4 + 11.9)
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than in eyes with single ON attacks (77.3 = 14.1 and 67.3 + 11.2, p < 0.001for

both).

Linear regression between RNFLT/GCIPT and MS duration

To determine the effects of long term MS on neuronal loss, we performed
linear regression between RNFLT/GCIPT and MS duration using GEE model to
correct for age and intra-subject inter-eye correlation (Figure 4-1). RNFLT
decreased at a mean rate (um/yr) of - 0.49 (p = 0.0001, Figure 4-1a) in non-ON
and - 0.52 (p = 0.002, Figure 4-1b) in ON, and these two slopes were not
significantly different (p = 0.90). To examine whether RNFLT loss in non-ON
eyes was influenced by an ON history in the fellow eye, we analyzed bilateral
non-ON eyes (n = 95) separately; which showed a slope of - 0.37 um/yr, not
different from that for all non-ON eyes (p = 0.56). In ON eyes, thinner RNFLT
with longer MS might be partially attributed to more recurrent ON events over
time. Interestingly, eyes with only one episode of ON (n = 73) showed a slightly
steeper slope (- 0.88 uml/yr) than that of the whole ON group (- 0.52 um/yr)
although they were not significantly different (p = 0.17). RNFLT in individual
guadrants also decreased with MS duration in non-ON and ON eyes (Table 4-3,
cross-sectional data on the left). GCIPT decreased with MS duration at a mean
rate (um/yr) of - 0.36 (p = 0.005, Figure 4-1c) in non-ON and - 0.41 (p = 0.007,

Figure 4-1d) in ON, and these two slopes were not different (p = 0.81). GCIPT
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slope (um/yr) for bilateral non-ON eyes was - 0.33 (p = 0.02) and single ON eyes

was - 0.67 (p < 0.0001).

Figure 4-1 near here

Table 4-3 near here

Abnormalities in GCIPT/ RNFLT and logistic regression

It is of clinical interest to detect neuronal loss on an individual basis; and
to account for the effects of normal aging we examined RNFLT and GCIPT from
individual eyes and classified them as abnormal if the values were below 5% of
their respective age-matched machine norms. Notably, more eyes showed
abnormal GCIPT than RNFLT (Table 4-4). Percent of eyes showing abnormal
GCIPT vs RNFLT was 27% vs 16% (p = 0.004) in non-ON and 82% vs 72% (p =
0.007) in ON. GCIPT also was abnormal in more eyes than RNFLT when only
the temporal quadrant of RNFLT, the receiving region for the macular fibers, was
considered, 27% vs 15% (p = 0.008) in non-ON and 82% vs 66% (p = 0.003) in
ON eyes. To examine whether more abnormal RNFLT/GCIPT existed in eyes
with longer MS duration, we performed a logistic regression using MS duration as
a continuous independent variable and the status of RNFLT/GCIPT (normal or
abnormal) as a categorical dependent variable. In non-ON eyes, the probability
of abnormal GCIPT increased significantly with MS duration (p = 0.03, Figure 4-2
a), however, for RNFLT the relation failed to reach statistical significance (p =

0.56). In ON eyes, the probability of abnormal RNFLT (Figure 4-2 b) and GCIPT
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(Figure 4-2 c) both increased significantly with MS duration (p = 0.01 for RNFLT,

p = 0.02 for GCIPT).

Figure 4-2 near here

Table 4-4 near here

Longitudinal analysis: OCT

RNFLT and GCIPT change as a function of follow-up time

Ninety-two RRMS patients (96 non-ON, 68 ON eyes) had two OCT
measurements separated by a follow-up time up to 3.8 years (median 1 year)
(Table 4-2). The rate of change was obtained by performing linear regression
between the inter-visit change in RNFLT/GCIPT and follow-up time for non-ON
and ON groups. RNFLT decreased with increase in follow-up time at a rate
(um/yr) of - 1.49 (p < 0.001) in non-ON (Figure 4-3 a) and - 1.27 (p = 0.002) in
ON (Figure 4-3 b) and the slopes were not different (p = 0.64). To eliminate any
possible effect of having ON history in the fellow eye, we analyzed bilateral non-
ON eyes (n = 53) separately. The rate of RNFL loss was - 1.6, not different from
that (- 1.49) for all non-ON eyes (p = 0.83). RNFLT in individual quadrants also
decreased with follow-up time in non-ON or ON eyes (nasal and temporal
guadrant in ON did not reach statistical significance) (Table 4-3, longitudinal data
on the right). GCIPT decreased with follow-up time at a rate (um/yr) of - 0.53 (p =

0.004) in non-ON (Figure 4-3 c) and - 0.49 (p = 0.04) in ON (Figure 4-3 d) and
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the slopes were not different (p = 0.90). The rate of GCIPT loss in bilateral non-
ON eyes was - 0.69, not different from that (- 0.53) for all non-ON eyes (p =
0.56). The association between RNFLT/GCIPT reduction and follow-up time
remained significant for non-ON and ON eyes even after accounting for other co-
variables such as age, MS duration, baseline RNFLT and time from last ON

event (for ON eyes only) (Table 4-5).

Figure 4-3 near here

Table 4-5 near here

Humphrey visual field (HVF) in cross-sectional and longitudinal analyses

No association was found between HVF mean deviation (MD) and MS
duration in cross-sectional analysis (Figure 4-4 a and b: slope = - 0.05 dB/yr, p =
0.42 in non-ON; slope = - 0.004 dB/yr, p = 0.95 in ON), or inter-vist change in MD
and follow-up time in longitudinal analysis (Figure 4-4 ¢ and d: slope = - 0.25
dB/yr, p = 0.15 in non-ON; slope = -0.24 dB/yr, p = 0.62 in ON). In the
longitudinal cohort, the mean MD was similar during baseline and follow-up visits
for non-ON (- 1.3 dB vs - 1.0 dB, p = 0.26) and ON (- 29 dB vs - 2.7 dB, p =
0.97) (Table 4-2). When the slope of MD vs follow-up time was calculated for
individual eyes, the mean (xSE) of individual slopes was - 0.12 = 0.20 dB/yr for
non-ON and - 0.13 + 0.23 for ON. HVF MD probably did not show a significant

association with duration of disease or follow-up time because of the large inter-
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subject variability in our study (Figure 4-4 a and b) and the previously

documented poor repeatability in ON eyes. (Wall et al. 1998)

Figure 4-4 near here

Discussion

Our results clearly indicate that progressive loss of RNFLT and GCIPT
occurs in the absence of clinically-evident inflammation in RRMS eyes.
Progressive neuronal loss observed in non-ON eyes was not due to effects from
ON in the contralateral eye as indicated by similar results in bilateral non-ON
eyes. In the current study, the rates of change in RNFLT in cross-sectional
(around - 0.5 um/yr for both non-ON and ON eyes) and longitudinal data (- 1.49
pm/yr in non-ON and - 1.27 um/yr in ON eyes) are both greater that of the normal
age-related loss reported for Cirrus HD OCT: - 0.19 um/yr in one cross-sectional
study, (Knight et al. 2012) - 0.37 um/yr in another, (Celebi and Mirza 2013) and -
0.52 um/yr in a longitudinal study. (Leung et al. 2012) It is interesting to note that
the rate of change in RNFLT obtained from cross-sectional analysis is less than
that from longitudinal analysis for both normal and MS subjects. This emphasizes
that rate comparison is only reasonable among studies with similar designs. The
rate of change in RNFLT may not be a constant throughout the entire disease
course therefore caution should be exercised in extrapolating results from a short
time interval to long term effect. In our previous unpublished study using Stratus
OCT, we obtained similar findings.
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The rate of GCIPT loss in our cross-sectional data was about - 0.4 pum/yr
for both non-ON and ON eyes, about 2.8 times the rate of normal aging (- 0.14
um/yr) as reported in Mwanza's cross-sectional study of normal subjects
between 18 and 84 years of age, their Figure 6a. (Mwanza et al. 2011a) The rate
of GCIPT loss in our longitudinal analysis (- 0.49 pm/yr in non-ON and - 0.53
pm/yr in ON eyes), was about 60% greater than - 0.32 um/yr reported by Leung
et al (Leung et al. 2012) in normal subjects. Similarly Ratchford et al (Ratchford
et al. 2013) reported GCIPT loss of - 0.37 pum/yr in MS and - 0.20 um/yr in
normals. As previously reported, (Garcia-Martin et al. 2011) the rate of neuronal
loss was similar for non-ON and ON eyes, indicating that documented acute
inflammatory episodes had little impact on the rate of progression six months

beyond the event.

Consistent with linear regression, our logistic regression analysis showed
that proportion of abnormal eyes with respect to GCIPT significantly increased
with MS duration. By 30 years of MS, more than 50% of the no-ON eyes and
100% of the ON eyes would have significantly thinner GCIPT compared to age-
matched normal individuals.

MS is traditionally viewed as a primary autoimmune disease in which
inflammatory T cells cross the blood brain barrier and attack the central nervous
system (CNS), causing demyelination and axonal degeneration. (Compston and
Coles 2008) Recently, Stys et al (Stys et al. 2012) proposed that
cytodegeneration of oligodendrocyte-myelin complex and underlying axons could

be the primary event, and antigenic debris released as a consequence promotes
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a secondary inflammatory immune response in a susceptible host. (Stys et al.
2012) Our finding that in the absence of clinically-evident inflammation,
neurodegeneration progresses over time, supports the possibility of primary
neurodegenerative process in MS. However, we could also explain our results
based on the primary autoimmune model, considering that there might be
undetectable subclinical episodes of ON and/or chronic low-level inflammation in
optic nerve. Though there is evidence of subclinical demyelination as
demonstrated by delayed latency of visual evoked potentials in non-ON MS eyes,
(Laron et al. 2009) the presence of subclinical demyelination per se does not
prove that the initiating trigger is autoimmune in nature, as it could also be
interpreted as primary degeneration of myelin and underlying axons without
sufficient antigenic myelin debris to initiate a secondary inflammatory immune
response. (Stys et al. 2012) RGC axonal loss could also result from retrograde
degeneration from lesions in optic tract and/or posterior visual pathway. In our
study, none of the subjects showed homonymous visual field defects
characteristic of optic tract lesion, although optic tract lesions could also be
asymptomatic. (Davies et al. 1998) Lesions in the optic radiations could
potentially lead to loss of RGC axons/neurons via retrograde transynaptic
degeneration. Although there is some recent evidence of transynaptic
degeneration in patients with acquired occipital lobe/optic radiation damage due

to stroke, (Jindahra et al. 2012) this is yet to be demonstrated in MS.

In our study, more eyes showed abnormal GCIPT than mean or temporal

RNFLT. GCIPT is likely more sensitive for detecting abnormal eyes (values
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outside of the norms) because it has less normal variation than RNFLT. In the
normal population, the distribution of GCIPT had smaller coefficient of variation
(CoV) (7.6%) than mean RNFLT (10%) and temporal RNFLT (16%) (calculated
from Mwanza et al 2011 (Mwanza et al. 2011a) and Knight et al 2012 (Knight et
al. 2012)). Anatomically, the intersubject variability for RGC counts is lowest in
the parafoveal region, but highest at far superior and inferior retina, predicting
larger variability in peripapillary axons than central RGC counts. (Curcio and
Allen 1990) For OCT, differences in optic nerve head size, blood vessel patterns
and glial content across normal subjects may also contribute to higher variability
in RNFLT. In fact in MS eyes it has been shown that GCIPT is less confounded
by axonal edema and gliosis (Syc et al. 2012; Green et al. 2010) and therefore
correlates better with visual dysfunction, (Saidha et al. 2011) clinical and
radiological markers of disease activity (Ratchford et al. 2013) than RNFLT.
Another possibility is that RGC somas atrophy before the axons even though in
retrograde degeneration, axonal pathology/dysfunction precedes that of ganglion
cell body. Fairless et al (Fairless et al. 2012) demonstrated in a rat model of MS,
that at the time of significant RGC soma loss, the axons appeared to be intact in
numbers but showed ultrastructural signs of degeneration. Recent studies in
glaucoma demonstrated the value of measuring macular RGC. (Hood et al.
2013) Compared to temporal RNFLT, GCIPT measurements are more
reproducible (Mwanza et al. 2010; Mwanza et al. 2011b) and might be a better
measure to reflect macular damage. Therefore we believe that GCIPT is a great

addition to tests for detecting and tracking neuronal changes in MS eyes.
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(Ratchford et al. 2013; Saidha et al. 2011) In fact, in our longitudinal data, more
non-ON eyes showed worsening based on GCIPT than RNFLT (see data points

below the lower test-retest variability limits in Figure 4-3 a, c).

In summary our data showed increased loss of RNFLT and GCIPT with
increase in MS duration and follow-up time. There were significantly more
abnormal eyes in the GCIPT measurements than in the RNFLT measurements
for both no-ON and ON eyes. Progressive neuronal loss, in the absence of
clinically-evident inflammation, suggests a significant role for neurodegeneration
in RRMS, traditionally viewed as an autoimmune disease. New therapeutic
options should focus on remyelination and neuroprotection in addition to reducing

inflammation and relapses.
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Figures and Tables

Figure 4-1: RNFLT vs MS duration and GCIPT vs MS duration

Scatter plot showing RNFLT vs MS duration (a and b) and GCIPT vs MS duration
(c and d) for individual non-ON and ON eyes. Each symbol (circles for RNFLT
and squares for GCIPT) represents an individual eye of a patient. Open symbols
represent non-ON and filled symbols represent ON eyes. The solid lines are the
fitted linear regression lines (GEE models). The dashed lines are the average
reported normative values for a cohort between 18 and 84 years of age.

(Mwanza et al. 2011a)
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Figure 4-2: Probability of abnormal RNFLT and GCIPT vs MS duration

Logistic regression analysis showing increase in the probability of abnormalities
with MS duration for GCIPT non-ON (a), RNFLT ON (b) and GCIPT ON (c).
Circles represent the raw data (O for normal, 1 for abnormal). The line is the

fitted logistic regression curve (GEE model).
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Figure 4-3: RNFLT change vs follow-up time and GCIPT change vs follow-up
time

Scatter plot showing relationship between the RNFLT change (a and b) and
GCIPT change (c and d) with follow-up time for non-ON and ON eyes. Each
symbol (circles for RNFLT and squares for GCIPT) represents an individual eye
of a patient. Open symbols represent non-ON eyes and filled symbols represent
ON eyes. The solid lines are the fitted linear regression lines (GEE models). The
dashed lines are the test-retest variability limits reported for Cirrus OCT.

(Mwanza et al. 2010; Mwanza et al. 2011b)
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Figure 4-4: HVF MD vs MS duration and HVF MD vs follow-up time

Scatter plot of MD vs MS duration (a and b) and MD change vs follow-up time (c
and d) for no-ON and ON eyes. Each symbol represents an individual eye of a
patient. Open symbols represent no-ON eyes and filled symbols represent ON

eyes. The solid lines are the fitted linear regression lines (GEE models).
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Table 4-1: Demographic and clinical characteristics (cross-sectional

analysis)
Age (years, meanzSD, range) 43.4+11.1, 20.7 t0 69.9
F:M 4.3:1

MS duration(years, mean+SD,
8.5+8.0, <1 month to 32

range)

Non-ON eyes ON eyes

(n=149) (n=98)

VA 20/20 or better (%) 140 (94%) 62 (63%)
HVF MD=+SE (dB) -1.3+0.2 -3.2+0.5
Average RNFLT™ (um) 88.6+0.9 75.0+1.4
Superior RNFLT (um) 112.1+1.5 93.4+2.0
Nasal RNFLT " (um) 67.2+0.9 61.2+1.1
Inferior RNFLT ™ (um) 117.9+1.6 99.1+2.5
Temporal RNFLT™ (um) 56.9+1.1 A47.1+1.4
Average GCIPT (um) 76.5+0.8 65.5+1.2
1 ON attack (%) NA 73 (75%)
>1 ON attack (%) NA 25 (25%)
Time since last ON (years, +SD) NA 8.5+£8.0

* HVF refers to Humphery visual field 30-2 or 24-2 SITA standard or SITA fast
threshold tests with fixation loss, false positives and false negatives <33%.

** mean+SE
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Table 4-2: Demographic and clinical characteristics (longitudinal analysis)

Baseline Follow-up
Age (years, £SD) 42.5+11.8 43.9+11.9
F:M 4.4:1 4.4:1
MS duration(years, +SD) 7.2+7.6 8.6+7.7

Non-ON eyes (n=96) ON eyes (n=68)

Baseline Follow-up Baseline Follow-up

VA 20/20 or better (%) 94 (98%) 94 (98%) 49 (72%) 49 (72%)
HVF MD=+SE (dB) -1.3x0.2  -1.0£0.2 -2.9+0.4 -2.7+0.5
Average RNFLT™ (um) 90.741.2 89.4+#1.2 75.1%2.3 74.4+1.8
Superior RNFLT™ (um) 115.2#1.9 112.3+1.8 94.3+2.7 92.0+2.6
Nasal RNFLT™ (um) 69.9+1.4 68.7+1.3 62.8+1.6 61.8+1.5
Inferior RNFLT ™ (um) 120.54¢2.1 119.3+2.1 99.2+3.0 97.7+3.0
Temporal RNFLT™ (um) 57.3+1.3 56.1#1.3 46.7+1.6 46.1+1.7
Average GCIPT " (um) 775+1.0 76.8#1.0 65.1%1.6 64.9+1.4
1 ON attack (%) NA NA 54 (79%) 54 (79%)
>1 ON attack (%) NA NA 14 (21%) 14 (21%)
Time since last ON (years, +SD) NA NA 7.4+7.7 8.91£7.9

* HVF refers to Humphery visual field 30-2 or 24-2 SITA standard or SITA fast

threshold tests with fixation loss, false positives and false negatives <33%.

** meantSE
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Table 4-3: Slope and p values from linear regression for RNFLT and GCIPT

Cross-sectional Longitudinal
Slope, um/yr* (p value) Slope, um/yr** (p value)
Non-ON ON Non-ON ON

Average RNFLT  -0.49 (0.001) -0.52 (0.002) -1.49 (<0.001) -1.27 (0.002)
Superior RNFLT ~ -0.62(0.01)  -0.63 (0.01) -2.18 (<0.001) -2.47 (0.0006)
Nasal RNFLT -0.24 (0.02)  -0.29(0.01)  -1.58 (0.007)  -0.83 (0.23)
Inferior RNFLT -0.54 (0.05)  -0.58(0.05)  -1.41(0.01) -1.36(0.01)
Temporal RNFLT -0.58 (0.0001) -0.54 (0.0008) -1.54 (0.03)  -0.59 (0.15)
Average GCIPT  -0.36 (0.005)  -0.41(0.007) -0.53 (0.004)  -0.49 (0.04)

*analysis of RNFLT vs MS duration

**analysis of RNFLT vs Follow-up time
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Table 4-4: Percents of eyes with abnormal GCIPT and RNFLT

Average Average Temporal
GCIPT RNFLT (p value) RNFLT (p value)

Non-ON  27% 16% (0.004) 15% (0.008)
ON 82% 72% (0.007) 66% (0.003)
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Table 4-5: Multivariate linear regression between RNFLT/GCIPT change and co-variables

RNFLT GCIPT
Slope, um/yr (p value) Slope, um/yr (p value)
Co-variables Non-ON ON Non-ON ON

Follow-up time -1.42 (<0.001) -1.0(0.02) -0.59(0.01) -0.57 (0.004)

Age at follow-up 0.02 (0.45) 0.03(0.49) 0.02(0.30) 0.05(0.02)
MS duration at follow-up -0.003 (0.93) 0.07 (0.12) -0.02 (0.42) -0.06 (0.20)

Baseline RNFLT -0.03 (0.04) -0.06 (0.06) -0.03 (0.04) 0.001 (0.98)
Time from last ON event NA -0.08 (0.11) NA 0.02 (0.712)
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Chapter 5 : General Discussion

The purpose of this dissertation was longitudinal assessment of functional
and structural changes in the anterior visual pathway of MS patients, using

clinical tests such as mfVEP, tVEP, CS, HVF and Cirrus OCT.

The introductory chapter provided a general overview of MS disease,
visual system involvement in MS patients and various functional and structural
tests to evaluate changes in the visual system in MS. This was followed by
chapters 2, 3 and 4 in which experiments 1, 2 and 3 were described,
respectively. In experiment 1, reproducibility of functional measures such as
mfVEP, tVEP and Pelli-Robson CS was assessed by repeating the tests with a
month in normal, non-ON and ON = 6 mo eyes. Reproducibility was assessed
using ICC and TRV for each measure. Reproducibility was similar across the
three groups for mfVEP amplitude, tVEP amplitude and CS. TRV for both mfVEP
and tVEP latency was larger in ON = 6 mo eyes compared to normal and non-
ON eyes. In all three groups, mfVEP latency showed better reproducibility than
tVEP with TRV for mfVEP being about half the respective values for tVEP. In
experiment 2, 95% tolerance limits of TRV estimated from experiment 1, and
correlation among various measures were used to assess functional changes
over time in individual ON < 6 mo, ON = 6 mo and non-ON eyes. A significant
percentage of ON < 6 mo eyes exceeded the 95% tolerance limits for mfVEP

amplitude, latency and CS; more eyes improved than worsened. In all three
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groups, mfVEP latency showed significant changes with a heterogeneous pattern
where some eyes shortened, some lengthened, and some remained unchanged.
Although an insignificant number of non-ON and ON = 6 mo eyes exceeded the
tolerance limits for mfVEP amplitude, CS or HVF; changes in amplitude and
latency correlated with each other and both measures correlated with changes in
CS. These findings suggest that mfVEP amplitude, latency and CS in eyes that
did not exceed the 95% tolerance limits were probably changing too. In
experiment 3, changes in structural measures of RNFLT and GCIPT over time
were assessed using cross-sectional and longitudinal analysis. RNFLT and
GCIPT decreased significantly with increase in MS duration and follow-up time in
both non-ON and ON = 6 mo eyes. In both groups, GCIPT detected significantly

more abnormal eyes than RNFLT.

Longitudinal changes in function (experiment 2) and structure (experiment
3) were revealed by different methods. In experiment 2, 95% tolerance limits and
correlation among various functional changes showed that visual function
changes were heterogeneous in individual eyes; and therefore, as a group, no
general trend of functional changes was observed during the time studied.
Heterogeneous changes in visual function are expected based on
pathophysiology of MS. During an acute episode, saltatory propagation of action
potentials in nerve fibers is impeded due to factors such as conduction block by
inflammatory mediators, demyelination with intact axons or axonal transection.

(Walker 2000; Bone 2000) All of these factors would cause impairment in visual

123



Dissertation for Ph.D. Divya Narayanan

function. During recovery, resolution of edema, clearance of inflammatory
mediators, removal of myelin debris by microglia to initiate remyelination,
(Chang et al. 2002) redistribution of sodium channels along demyelinated axons
(Coman et al. 2006) would promote signal transmission, leading to improvement
in visual function. On the other hand, demyelinated axons lack trophic support
from myelin and are directly exposed to harsh inflammatory infiltrates causing
axonal degeneration (Compston and Coles 2008; Trapp et al. 1998) and
worsening of visual function. Thus, functional outcome can either improve or
worsen depending on how lesions evolve over time in individual patients. In
contrast, changes in structural measures of neuronal integrity, as measured by
RNFLT and GCIPT, can theoretically proceed only in one direction, i.e. thinning,
unless intervened by clinical or sub-clinical inflammation, in which case nerve
fibers could thicken due to edema. It is not surprising that in experiment 3, MS
eyes without clinically evident inflammation, as a group, showed a general trend
of significant thinning in RNFLT and GCIPT over time, despite the fact that few

eyes exceeded the 95% tolerance limits.

Comparing structural and functional measurements in MS

Consistent with previous studies, results from our experiments confirmed
that both non-ON and ON eyes have significant functional and structural
abnormalities. Further, both functional and structural measures showed
significant changes over time even in ‘clinically-silent’” MS eyes. In a previous

study from our lab that compared functional and structural tests, (Laron et al.
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2010) mfVEP detected significantly more abnormalities than either HVF or
Stratus OCT in ON eyes. MfVEP logSNR also showed a moderate correlation
with RNFLT from Stratus OCT. In order to compare and assess the relationship
between various functional measures and structural measures from Cirrus OCT
in the same population, we obtained mfVEP, Pelli-Robson CS, HVF and RNFLT,

GCIPT from 90 RRMS patients. A subset of 30 patients also had tVEP.

Percent of abnormal eyes detected by functional and structural measures

In optic neuritis treatment trial (ONTT), at baseline (mean: 5.1 days after
acute ON episode), 90% of eyes had high contrast visual acuity worse than
20/20.(1991) However at 1 year follow-up, majority of them showed good
recovery with only 30% of eyes with visual acuity worse than 20/20 and only 10%
worse than 20/40. (Beck and Cleary 1993) Among those with visual acuity 20/20
or better, 87% had abnormal results in Pelli-Robson CS and 70% had abnormal
results in FM 100 color vision test. (Beck and Cleary 1993) These findings
suggest that high contrast visual acuity might not be sensitive to pick subtle
visual dysfunction and hence has limited use for tracking visual function changes
over time in MS. (Balcer et al. 2000). Our aim was to compare measures used in
experiments 1, 2 and 3 to identify the most sensitive functional and structural
measure that detects abnormalities, not caused by acute inflammatory effects.

MfVEP, Pelli-Robson CS, HVF and Cirrus OCT were obtained from 90
RRMS patients (105 non-ON eyes and 58 ON = 6 mo eyes). TVEP was obtained

from a subset of 30 patients (30 non-ON eyes and 19 ON = 6 mo). Percent of
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abnormal eyes detected by each functional test was calculated. For mfVEP, CS
and tVEP, an eye was classified as abnormal if < 5% of age matched norms. For
HVF MD, RNFLT, and GCIPT, an eye was classified as abnormal if < 5% of
respective machine norms.

Among functional measures, mfVEP amplitude (AMP) and latency (LAT)
together (MfVEP AMP/LAT) detected the highest percent of abnormal eyes
(47%) in non-ON eyes (Figure 5-1). MfVEP AMP (23%) and LAT (25%) alone
also detected significantly more abnormal eyes when compared to tVEP AMP
(3%) and LAT (10%) (p < 0.01 for both). More abnormal eyes were detected by
HVF 24-2 (31%) and HVF 10-2 (36%) when compared to CS (8%) (p < 0.01). In
ON = 6 mo eyes, mfVEP AMP/LAT classified highest percent of eyes (80%) as
abnormal (Figure 5-2). For AMP, more eyes showed abnormal mfVEP (59%)
than tVEP (21%) (p < 0.01); for LAT, abnormality was similar for mfVEP (58%)
and tVEP (63%) (p > 0.05). Percent of abnormal eyes detected by HVF 24-2
(50%) and 10-2 (47%) were not statistically different compared to CS (38%) (p >

0.05)inON =6 mo .

Figure 5-1 near here

Figure 5-2 near here

Among structural measures, more eyes were classified as abnormal by
GCIPT when compared to average RNFLT (ARNFLT) and temporal RNFLT

(TRNFLT) in both non-ON and ON eyes (p > 0.05 for both) (Figure 5-3 and 5-4).
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Percentage of eyes classified as abnormal by GCIPT, ARNFLT and TRNFLT

were 20%, 11% and 13% in non-ON and 60%, 51% and 44% in ON = 6 mo

group.

Figure 5-3 near here

Figure 5-4 near here

In summary, among all functional tests mfVEP detected the highest
percent of abnormalities in both non-ON and ON eyes. Among structural
measures, GCIPT detected more abnormal eyes when compared to ARNFLT

and TRNFLT.

Agreement between mfVEP AMP, LAT and GCIPT

Agreement between mfVEP AMP, LAT and GCIPT in classifying an eye
as normal or abnormal was assessed using 2 x 2 agreement tables and was
adjusted for chance using AC1, similar to methods described in chapter 2. In
order to compare measurements from similar regions, mfVEP responses from
the central 5.6° only was used for this analysis. This mfVEP region (7.3°
horizontal and 6.0° vertical) when scaled for retinal ganglion cell displacement,
(Drasdo et al. 2007) corresponds best with the GCIPT region measured by Cirrus
OCT (8° horizontal and 6.7° vertical).

Moderate agreement was observed between GCIPT and mfVEP with AMP

showing slightly better agreement than LAT in both non-ON and ON groups.
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Agreement between MfVEP AMP and GCIPT was 68% (AC1 = 0.67) in non-ON
and 78% (AC1 = 0.65) in ON eyes (Table 5-1). Agreement between MfVEP LAT
and GCIPT was 63% (AC1 = 0.43) in non-ON and 70% (AC1 = 0.40) in ON eyes
(Table 5-2). GCIPT and mfVEP may provide complimentary information in

detecting structural and functional abnormalities in MS eyes.

Table 5-1 near here

Table 5-2 near here

Relationship between visual functional and structural measures

Relationship between various measures of visual function and structural
measures of OCT was assessed. MfVEP, Pelli-Robson CS and Cirrus OCT from
90 RRMS patients used for the previous analysis were included. When both eyes
of a patient belonged to the same group (i.e. ON or non-ON), one eye was
randomly chosen for analysis. Forty-three ON eyes (last ON = 6 months) and 73
non-ON eyes were included. Thirty-six ON eyes and 66 non-ON eyes had HVF
24-2 or 30-2; 15 ON and 10 non-ON eyes also had HVF 10-2. TVEP recordings

were obtained from 16 ON and 22 non-ON eyes.

Pelli-Robson CS was recorded as described in chapters 2 and 3. For
HVF, for each eye, individual deviations from the total deviation plot were
unlogged and averaged to calculate relative visual sensitivity (RVS). MfVEP

amplitude and latency were calculated as mean logSNR and median latency
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from all 60 sectors for global and central 5.6° region. For tVEP, P100 amplitude
and relative latency were derived as described in chapter 2. RNFLT and GCIPT
measures from Cirrus OCT were estimated as described in chapter 4. Pearson
correlation (r) was assessed between functional measures (CS, HVF mfVEP and

tVEP) and structural measures (GCIPT, RNFLT).

As shown in Figure 5-5, all functional measures showed significant
correlation with GCIPT in ON eyes. In non-ON eyes, CS (a) and mfVEP 5.6°
logSNR (c) showed significant correlation, but 10-2 RVS (b) and tVEP amplitude
(d) showed no correlation with GCIPT. Figure 5-6 shows the relationship
between functional tests and RNFLT. CS (a) and mfVEP global logSNR (c)
showed significant correlation while 24-2/30-2 RVS (b) and tVEP amplitude (d)
showed no correlation with  RNFLT in both ON and non-ON eyes. The
relationship between mfVEP and tVEP latency and OCT measures are shown in
Figure 5-7. MfVEP 5.6° and global latency showed significant correlation with
GCIPT and RNFLT in both ON and non-ON eyes (a,c).TVEP latency showed
significant correlation with GCIPT and RNFLT in ON but not in non-ON eyes (b,

d). Pearson correlation (r) and p values are summarized in Table 5-3 and 5-4.

Table 5-3 and 5-4 near here

Figure 5-5, 5-6 and 5-7 near here
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In summary, Pelli-Robson CS and mfVEP are more reflective of the
structural alterations than HVF and tVEP, especially in non-ON eyes. Overall, all
functional tests of vision correlated more strongly with GCIPT than RNFLT,
especially in ON eyes, suggesting that GCIPT is a good measure for detecting

neuronal degeneration in RRMS eyes.

Possible reasons for continuous progression in MS

DMTs are not effective in completely halting the disease process

Consolidating the results from experiments 1, 2 and 3, it could be inferred
that functional and structural changes occur over time even when not intervened
by acute inflammatory attacks. While visual function improved or worsened in
different eyes, structural measures showed a general trend of worsening over
time. For ON eyes, significant changes in latency were observed in longitudinal
studies (experiment 2 and 3) where the follow-up was about 1 to 1. 5 years, and
possibly in experiment 1 in which the follow-up was relatively short (about 2
weeks). These findings suggest that subclinical disease changes, both structural
and functional, might be constantly occurring in the visual system of MS patients,
even in the absence of clinically evident relapses. Interestingly, more than 85%
of the patients were on immuno-modulatory DMTs during the entire period of
follow-up. The majority of the ON eyes (> 80%) had experienced only a single

episode of ON attack. Our results are consistent with previous findings that
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current DMTs are effective in reducing relapses but less effective in completely

preventing myelin, axonal or neuronal loss. (Castro-Borrero et al. 2012)

Subclinical inflammation, transynaptic degeneration

It is interesting that non-ON eyes also showed significant functional and
structural changes over time. This was not driven by presence of ON in the fellow
eye, as confirmed by analysis in subset of eyes with bilateral non-ON. Some
possible underlying causes are low-level subclinical inflammatory episodes that
remain asymptomatic. Autopsy studies have revealed presence of inflammatory
infiltrates in MS lesions in patients with no clinical history of ON. (Green et al.
2010) Transynaptic  retrograde  degeneration could also explain
neurodegeneration in non-ON eyes. This was demonstrated in patients with
acquired hemianopia due to post-geniculate stroke (Jindahra et al. 2012). In a
recent study, significant correlation was found between lesion volume in optic
radiations and temporal RNFLT, in RRMS patients with no optic tract lesions.
The authors suggest that loss of temporal RNFLT in non-ON eyes could be a

consequence of transynaptic retrograde degeneration. (Klistorner et al. 2014)
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MS pathology is ‘inside-out’, not ‘outside-in’

Primary cytodegeneration could also explain changes observed in non-ON
eyes. MS is traditionally viewed as a primary autoimmune disease in which
inflammatory T cells attack the CNS neurons, causing demyelination and axonal
degeneration. (Compston and Coles 2008) However, there are some
inconsistencies in this ‘outside-in’ model as discussed by Stys and colleagues in
their recent review papers. (Stys et al. 2012; Stys 2013) First, careful
histopathological examination of very early MS lesions revealed that subtle
myelin abnormalities may begin in inner myelin sheaths in areas with little or no
inflammatory infiltrates. (Rodriguez and Scheithauer 1994) More recently,
reduced myelin and axonal density were noted in regions with no apparent
inflammation. (Seewann et al. 2009) Second, immuno-modulators which have
shown great promise in reducing both relapses and newly formed MRI lesions,
are much less effective in halting progressive MS. (Hawker 2011) Even
autologous haematopoietic stem-cell transplantation that aims at completely
resetting the immune system, and is highly successful in reducing inflammation,
(Mancardi and Saccardi 2008) is less effective in preventing progression of
myelin loss or neuronal degeneration. (Metz et al. 2007)

An alternate ‘inside-out’ model proposes that cytodegeneration of
oligodendrocyte-myelin complex and underlying axons could be the primary
event, and antigenic debris released as a consequence promotes a secondary
inflammatory immune response in a susceptible host. (Stys et al. 2012)

According to this model, different MS subtypes could be a result of convolution
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between underlying primary cytodegeneration and a dysfunctional immune
system that is variable across hosts. (Stys et al. 2012) Uniform progression of
disease process across MS subtypes (De Stefano et al. 2010) independent of
inflammatory relapses (Scalfari et al. 2010) suggests that cytodegeneration is a
plausible initiating event. Results from a recent study in a rat model of MS
suggest the possibility that RGC somas could atrophy before the axons. (Fairless
et al. 2012) This study demonstrated that at the time of significant RGC soma
loss, the axons appeared to be intact in numbers but showed ultrastructural signs

of degeneration.

Novel therapeutics in MS

Although the origin of MS remains unclear, it is evident that pathological
outcome of the disease results in progressive neurodegeneration leading to
permanent neurological disability. It is also evident that in addition to currently
available immuno-modulatory DMTs, novel therapeutic strategies that can render
remyelination and neuroprotection to enhance survival of neurons are needed.
Lack of neuroprotective therapies in MS is partially due to limited availability of
strategies to perform this function as well as lack of reliable outcome measures
to test their efficacy. In addition, limited understanding of the complex interaction
between immune-mediators, neurons and glials as well the unclear triggering
factor has made it hard for researchers to identify potential targets of

neuroprotection accurately. (Maghzi et al. 2013) In spite of all the complexities,
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significant progress has been made in identifying and testing of few novel

neuroprotective strategies as described below.

Sodium channel blockers

In normal myelinated fibers, Na* channels are concentrated at the nodes
of Ranvier to allow saltatory conduction, facilitated by Na*-K* ion exchange.
(Ames 2000) In demyelinated fibers, Na* channels are redistributed diffusely
along the demyelinated axon in order to restore conduction. However, this leads
to increased energy demand and causes axonal Na* concentration to rise above
the normal limits. (Trapp and Stys 2009; Waxman et al. 1992) This in turn causes
Na‘/Ca®* exchanger to operate in reverse mode which increases axoplasmic
Ca”* concentration and initiates Ca®" mediated axonal degeneration. (Craner et
al. 2004) Sodium channel blockers work by preventing excessive Na" influx into
the axons. Drugs such as lamotrigine and phenytoin have shown neuroprotective
effects in animal models of MS, where axonal degeneration was found to be
significantly lesser in the treated group compared to placebo. (Bechtold et al.

2006) These drugs are currently in phase Il clinical trial. (Franklin et al. 2012)

Calcium channel blockers

Similar to sodium channel blockers, calcium channel blockers work by
preventing influx of Ca®* into axons. Drugs such as nimodipine and nifedipine

showed potential for neuroprotective effects by blocking the release of calcium
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from intracellular sources in a rat spinal cord injury model. (Ouardouz et al. 2006)
Although the pre- clinical results were encouraging, none of the calcium channel

blockers are currently tested in clinical trials. (Maghzi et al. 2013)

Remyelination strategies

Myelin, formed by oligodendrocytes, plays an important role in promoting
signal transmission, energy conservation and providing metabolic and trophic
support to axons. Demyelination not only slows conduction and increases
metabolic demand but also renders axons vulnerable to further degeneration.
(Munzel and Williams 2013) Remyelination can serve as an important
neuroprotective strategy. Animal model studies show that remyelination can
restore clustering of sodium channels at nodes of Ranvier, (Howell et al. 2006)
increase mitochondrial contents. (Zambonin et al. 2011) and improve
neurological function. (Duncan et al. 2009; Murray et al. 2001) Post-mortem
studies of brain tissues from MS patients also offer supportive evidence where
remyelination was found to be extensive in a subset of patients (Patani et al.
2007; Patrikios et al. 2006) and axonal injury was less severe in remyelinated
lesions than demyelinated ones. (Kuhlmann et al. 2002) A few potential

candidate drugs that can promote remyelination are discussed below.

Anti-LINGO-1 antibodies One of the major reasons for remyelination
failure in the CNS is attributed to mechanisms that inhibit differentiation of

oligodendrocyte  precursors cells (OPC) into mature myelianting
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oligodendrocytes. (Chang et al. 2002) Inhibitors of OPC differentiation could
serve as potential remyelination targets. (Givogri et al. 2002; Kotter et al. 2006)
LINGO-1 (Leucine rich repeat and Ig domain containing NOGO receptor
interacting protein 1) has been identified as a key inhibitor of oligodendrocyte
differentiation and myelination during development. Suppression of LINGO-1
function caused enhanced OPC differentiation and myelination in vitro. Further,
in vivo analysis in LINGO-1 knockout mice also showed early onset of
myelination, supporting the important role of LINGO-1 antagonists in promoting
myelination. (Mi et al. 2005) In a study using experimental autoimmune
encephalomyelitis (EAE), a rat model of MS, animals treated with anti-LINGO-1
antibodies showed enhanced recovery of function. These animals also showed
improved axonal integrity, as detected by MRI diffusion tensor imaging, and
newly formed myelin sheath, as detected by electron microscopy. (Mi et al. 2007)
A recent preclinical study on EAE (Cadavid et al. 2013) (published only as an
abstract) demonstrated that, in the optic nerve of animals treated with anti-
LINGO-1 antibodies, axonal loss was five times lesser when compared to control
animals. A phase Il clinical trial is currently in progress to test the safety,
tolerability and efficacy of anti-LINGO-1 antibodies in MS patients. (Munzel and

Williams 2013)

Human Monoclonal IgM Antibody 22 Monoclonal antibodies are naturally
occurring antibodies as a part of human immunoglobulin repertoire. Their natural
physiological function includes stimulation of cell processes and cleaning cell

debris. (Rodriguez et al. 2009) The human monoclonal IgM antibody 22 is a
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recombinant antibody which, when injected into animal models of MS, showed
enhanced remyelination and protection of neurons. (Warrington et al. 2007;
Warrington et al. 2000) It was found that this antibody was capable of inducing
remyelination in the spinal cord of a demyelinating mice model. (Mitsunaga et al.
2002) Mice that received this antibody showed increased remyelination (60%
compared to 16 % in control group). (Pirko et al. 2004) It is believed that the
antibody works by promoting anti-apoptotic signaling in pre-myelinating
oligodendrocytes. (Howe et al. 2004) A phase | clinical trial is currently in
progress to assess the safety and tolerability of rHIgM22 in MS patients. (Munzel

and Williams 2013)

Outcome measures for neuroprotective therapies

Most of the currently used outcome measures in MS clinical trials, such as
number and volume of MRI lesions reflect inflammation with little information on
underlying tissue loss. (Cohen et al. 2012) MRI lesions also have low
histopathological specificity. (Barkhof et al. 2009) For example, brain atrophy
measures overall loss of the tissue which could be influenced by a number of
components such as axons, inflammatory cells, myelin and glial tissues.
Although advanced MRI features such as magnetization transfer imaging and
diffusion tensor imaging may better reflect tissue specific pathology, they are not
routinely performed and not currently used as outcome measures in MS.(Maghzi

et al. 2013) In contrast, OCT measures of RNFLT and GCIPT are highly
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reproducible and are believed to reflect integrity of RGC axons and somas, in the
absence of myelin. Although RNFLT measure is impacted by inflammation in the
acute stage, it is believed that the GCIPT measure is less confounded by
inflammation and gliosis and might better reflect true neuronal loss.(Ratchford et
al. 2013; Green et al. 2010) In addition, OCT measures also show good
correlation with standard MRI measures of brain volume, tissue loss(Gordon-
Lipkin et al. 2007; Grazioli et al. 2008) and EDSS score.(Di Maggio et al. 2014)
MfVEP offers a unique advantage of providing information on the integrity
of myelin in localized regions. Reproducibility of mfVEP responses and methods
to reliably track individual eyes have been established in this dissertation. MfVEP
detected more abnormalities compared to all other functional measures. Further,
the strong correlation between mfVEP measures with OCT and Pelli-Robson CS
supports that mfVEP has high sensitivity in detecting pathological changes in
MS. In summary, mfVEP and OCT could serve as reliable techniques to track MS
related disease changes and as outcome measures to assess therapeutic effects

of novel neuroprotective strategies.

Limitations and future directions

Results from chapter 3 and 4 suggest that longitudinal changes in mfVEP
and RNFLT/GCIPT measures occurred over time in MS eyes and mfVEP
amplitude and latency showed significant correlation with both RNFLT and
GCIPT (chapter 5). However, we were not able to obtain longitudinal data on

mfVEP and Cirrus-OCT on the same patients since time domain OCT was used
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from initial visits in many mfVEP cases. Our results were only based on two
visits, although analysis on a small subset of patients showed a consistent trend

cross multiple visits (chapter 3).

Future studies should use both mfVEP and Cirrus-OCT to longitudinally
assess patients from early stages of MS at frequent time intervals for much
longer follow-up time. This may reveal the temporal relationship between
demyelination/remyelination and axonal loss, and help determine an optimal time
window for new therapeutic treatments. Additional functional tests such as low-
contrast letter acuity (LCLA) could also be added. Recent studies have shown
that LCLA is a reliable and sensitivity test to capture visual impairment in MS and
is currently used in clinical trials as an outcome measure.(Bermel and Balcer

2013)

Conclusions

MfVEP showed better reproducibility than tVEP. TRV for mfVEP latency
was about half the respective values for tVEP in normal and RRMS eyes.
Longitudinal changes in mfVEP amplitude and latency showed heterogeneous
pattern with some eyes improving, some stable, and some worsening over time.
MfVEP log SNR and latency changes correlated, and each showed good
correlation with changes in Pelli-Robson CS. MfVEP, particularly the latency, can
be used to track visual function changes in individual RRMS eyes. Using cirrus

OCT, progressive loss of GCIPT and RNFLT occurred over time even in the
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absence of clinically-evident inflammation. GCIPT detected significantly more
abnormal eyes than RNFLT in RRMS. Among all functional tests mfVEP
detected the highest percent of abnormal eyes in both non-ON and ON eyes.
Pelli-Robson CS and mfVEP IogSNR, latency correlated significantly with both
GCIPT and RNFLT and hence are more reflective of the structural alterations
when compared to HVF and tVEP, especially in non-ON eyes. All functional tests
of vision correlated more strongly with GCIPT than RNFLT, especially in ON
eyes. MfVEP and Cirrus OCT could be used to track functional and structural
changes in the visual system and are potentially useful for assessing therapeutic

effects of remyelinating and neuroprotective strategies in RRMS.
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Figures and Tables

Figure 5-1: Percent of abnormal eyes detected by functional measures in

non-ON eyes

The histogram shows the percentage of abnormal eyes detected by various

functional measures in non-ON eyes. For subjective functional tests, HVF 24-

2/30-2 and 10-2 detected significantly more abnormalities than CS. For objective

functional tests, mfVEP detected significantly more abnormalities than tVEP.
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Figure 5-2: Percent of abnormal eyes detected by functional measures in

ON eyes

The histogram shows the percentage of abnormal eyes detected by various
functional measures in ON eyes. MfVEP AMP detected significantly more
abnormalities than tVEP AMP. Percentage of abnormalities detected were not
significantly different among HVF and CS or among LAT, AMP/LAT measures of

mfVEP and tVEP
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Figure 5-3: Percent of abnormal eyes detected by structural measures in

non-ON eyes

The histogram shows the percentage of abnormal eyes detected by various
structural measures in non-ON eyes. GCIPT detected significantly more

abnormalities than ARNFLT and TRNFLT.
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Figure 5-4: Percent of abnormal eyes detected by structural measures in

ON eyes

The histogram shows the percentage of abnormal eyes detected by various
structural measures in ON eyes. GCIPT detected significantly more abnormalities

than ARNFLT and TRNFLT.
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Figure 5-5: Functional tests vs GCIPT

Correlation between various functional tests and GCIPT in non-ON (circles) and
ON eyes (triangles).The dashed line and solid lines are the fitted linear

regression lines for non-ON and ON eyes respectively.
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Figure 5-6: Functional tests vs RNFLT

Correlation between various functional tests and RNFLT in non-ON (circles) and
ON eyes (triangles).The dashed line and solid lines are the fitted linear

regression lines for non-ON and ON eyes respectively.
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Figure 5-7: MfVEP/tVEP latency vs GCIPT/RNFLT

Correlation between mfVEPAVEP latency and GCIPT/RNFLT in non-ON (circles)
and ON eyes (triangles).The dashed line and solid lines are the fitted linear

regression lines for non-ON and ON eyes respectively.
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Table 5-1: Agreement between mfVEP AMP and GCIPT in non-ON and ON

eyes
(a) Non-ON
GCIPT Abnormal GCIPT Normal
MfVEP AMP Abnormal 5% 17 %
MfVEP AMP Normal 15 % 63 %
Agreement = 68 %, AC1 = 0.67
(b) ON

GCIPT Abnormal GCIPT Normal

MfVEP AMP Abnormal 50 % 13 %
MfVEP AMP Normal 10 % 27 %

Agreement = 77 %, AC1 = 0.65
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Table 5-2: Agreement between mfVEP LAT and GCIPT in non-ON and ON

eyes
(a) Non-ON
GCIPT Abnormal GCIPT Normal
MfVEP LAT Abnormal 4 % 21 %
MfVEP LAT Normal 16 % 59 %
Agreement = 63 %, AC1 = 0.43
(b) ON

GCIPT Abnormal GCIPT Normal
MfVEP LAT Abnormal 45 % 15 %
MfVEP LAT Normal 15 % 25 %

Agreement = 70 %, AC1 = 0.40
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Table 5-3: Pearson correlation between GCIPT, RNFLT and subjective

functional tests

ON eyes Non-ON eyes
GCIPT RNFLT® GCIPT RNFLT®
Pelli-Robson CS  0.70(<0.0001) 0.61(<0.0001) 0.40(0.003) 0.47(<0.0001)
10-2 RVS 0.59 (0.03) 0.20 (0.44) 0.14(0.74) 0.18 (0.62)

30-2/24-2RVS ~ 0.45(0.006)  0.27 (0.11)  0.14 (0.52)  0.10 (0.45)

“Temporal RNFLT used for correlation with 10-2 RVS, average RNFLT

used for others.
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Table 5-4: Pearson correlation between GCIPT, RNFLT and objective functional tests

Objective functional tests Structural tests

r (p value)
ON eyes Non-ON eyes
GCIPT RNFLT® GCIPT RNFLT®

Amplitude

MfVEP 5.6° 0.78 (<0.0001) 0.43(0.003) 0.50(<0.0001) 0.36 (0.001)
MfVEP global 0.76 (<0.0001) 0.58 (<0.002) 0.55(<0.0001) 0.35(0.002)
TVEP 15’ 0.48 (0.09) 0.26 (0.37) 0.14 (0.48) 0.08 (0.72)
TVEP 60’ 0.58 (0.03) 0.34 (0.18) 0.25 (0.76) 0.22 (0.33)
TVEP 120’ 0.61 (0.01) 0.41 (0.10) 0.23 (0.29) 0.30 (0.17)
Relative latency

MfVEP 5.6° 0.49 (0.003) 0.38 (0.03) 0.34 (0.02) 0.32(0.004)
MfVEP global 0.40 (0.02) 0.39 (0.01) 0.39 (0.01) 0.32(0.006)
TVEP 15’ 0.60 (0.03) 0.56 (0.03) 0.36 (0.18) 0.31 (0.38)
TVEP 60’ 0.58 (0.03) 0.53 (0.04) 0.28 (0.29) 0.20 (0.68)
TVEP 120’ 0.51 (0.07) 0.39 (0.16) 0.15 (0.65) 0.20 (0.46)

¢ Temporal RNFLT used for correlation with mfVEP 5.6°, average RNFLT used for others
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