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Over the past decade optical coherence tomography (OCT) has developed
from a research instrument to a clinical tool without which many clinicians
will not want to do. This book, Optical Coherence Tomography in Multiple
Sclerosis: Clinical Applications, takes into account the need for up-to-date
information on current research in multiple sclerosis subgroups and multiple
sclerosis associated optic neuritis. The assessment for macular edema has
become obligatory for many patients suffering from multiple sclerosis who
take disease modifying treatment.

This book comes in handy if you want to learn how to use or interpret reti-
nal optical coherence tomography (OCT). The book was predominantly writ-
ten for readers with a neurological or neuro-ophthalmological background.
There are parts of the book that are of value for OCT technicians. Those
involved in designing and conducting clinical trials will find practical and
theoretical information in a clear structured format supported by simple flow-
charts and addressing current regulatory authorities’ standards.

Eminent specialists in the field review the data available for multiple
sclerosis-associated optic neuritis (MSON), neuromyelitis optica (NMO),
clinically isolated syndromes (CIS), relapsing-remitting multiple sclerosis
(RRMS), and progressive multiple sclerosis (SP and PP MS). Image exam-
ples are given for characteristic findings, with one chapter entirely dedicated
to OCT image interpretation of the differential diagnosis of MS and MSON
mimics.

This book gives special reference to newly recognized signs that only
became possible by the clinical application of OCT. Bidirectional transsynap-
tic axonal degeneration is the driving mechanism behind the cascade of inner
retinal layer atrophy, stopping at the level of the inner nuclear layer, only to
give rise to a retrograde maculopathy with its characteristic microcysts. For
those readers who now feel they want to refresh their anatomical knowledge
of the retina, one chapter will discuss layer by layer combining histology with
OCT hyper- and hypodense bands. As this terminology already suggests, reti-
nal OCT imaging has taken a role of similar importance to the retina as the
radiological imaging for the brain.

Amsterdam, The Netherlands Axel Petzold, MD, PhD
London, United Kingdom
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Sven Schippling

Multiple sclerosis (MS) is an inflammatory and
neurodegenerative disease of the central nervous
system, in which several environmental factors
act against the background of a complex, poly-
genetic trait. Pathologically, MS is characterized
by T-cell-mediated inflammation and neuro-
axonal damage that lead to tissue loss. While the
former may be associated with functional deficits
(commonly referred to as relapses) during early,
relapsing phases of the disease, the latter is
thought to be the morphological correlate of sus-
tained disability characterizing more advanced
stages of the disease. Exact mechanisms leading
to degeneration of neurons and axons in MS,
however, are far less well understood.
Furthermore, disease subtypes as well as indi-
vidual disease phenotypes are characterized by
significant clinical and pathological heterogene-
ity. The most commonly accepted in vivo surro-
gate marker to monitor disease activity to date is
magnetic resonance imaging (MRI). With the
introduction of the McDonald criteria, MRI has
also become vital in MS diagnosis. Proving dis-
semination in space and time radiologically
instead of clinically has led to earlier diagnoses or
increased sensitivity of the new criteria. However,
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MRI findings associated with MS are largely
unspecific as regards the underlying pathology.
Advanced MRI sequences with potentially
increased specificity for distinct pathological fea-
tures—such as magnetization transfer (MTR) in
case of de- and re-myelination or diffusion tensor
imaging (DTI) in case of demyelination and/or
axonal loss—are costly, time consuming, and not
yet routinely available in many clinical settings.

It is against this background and the fact that the
retinal nerve fiber layer (RNFL) consists of nonmy-
elinated axons that optical coherence tomography
(OCT) offers a unique and novel technology to
quantify the extent of neurodegenerative changes in
individual MS patients. Any change to RNFL integ-
rity can thus be supposed to reflect thinning or loss
of its axons. Similarly, a loss of ganglion cell layer
thickness reflects a loss of primary neurons (i.e.,
ganglion cells). Clinically, visual impairment is
common in MS with 20-30 % of patients present-
ing with multiple sclerosis associated optic neuritis
(MSON) as a primary symptom. Recent evidence
from histopathology studies suggests that primary
retinal pathology involves retinal axons and neurons
despite the absence of myelin—the major target of
the autoimmune response in MS. Based on patients’
perceptions, visual function is the second highest-
ranked bodily function next to ambulation in both
early and late disease stages.

Due to the confined size of the retina as a tar-
get structure, probing fine structure/function cor-
relations may reduce the level of variability that
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seems inherent in brain and spinal cord MR imag-
ing based on the random and sparse distribution
of lesions. Since the first two-dimensional OCT
images generated by Fujimoto and colleagues at
the Massachusetts Institute of Technology (MIT)
in 1991 [1], the technology has undergone a
remarkable development witnessed by a significant
body of literature both in ophthalmology and, more
recently, neurology. Many of the colleagues who
have pioneered the technology in the field of neu-
rology have also contributed to this compendium.
Following a number of cross-sectional studies
showing retinal pathology in MS assessed by OCT,
more recent papers using a longitudinal approach
suggest that retinal degeneration beyond levels
of physiological aging can reliably be detected in
MS patients even in the absence of clinical epi-
sodes of multiple sclerosis associated optic neuritis
(MSON). Recent technical developments in post-
processing of OCT macular B-scans allow reliable
segmentation of all—including deeper—retinal
layers. Significant improvements in the technical
properties, including the level of resolution and
acquisition time, of recent spectral-domain OCT
technology have fostered a broad application in
a number of inflammatory and neurodegenera-
tive neurological diseases, with MS still being the
most intensively investigated disease model. Here,
retinal measures of atrophy correlate strongly with
functional visual and MRI atrophy outcomes.
Consequently, assessing structural changes of the
anterior visual pathway using OCT together with
measures of functional integrity appears to be a
unique model to investigate major pathological
mechanisms relevant to the disease.

While major OCT findings in MS patients
may not be specific for the disease and can be
found in a number of optic neuropathies other
than MS-associated MSON, the amplitude of
change as well as the spatial distribution of axo-
nal loss associated with a single MSON episode,
e.g., in neuromyelitis optica (NMO), usually out-
weighs the magnitude of change in MS. These
findings together with further improvements of
the technology itself as well as post-processing
of OCT images may help to further increase the
specificity of the methodology.

In this compendium we have tried to put
together an overview of major recent advances in
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OCT technology as much as in its clinical appli-
cation. In the beginning, the anatomy of the retina
and visual pathway will be recapitulated followed
by an overview of basic technological characteris-
tics of OCT. Several individual chapters are then
dedicated to OCT findings in different optic neu-
ropathies as well as the different phenotypes of
MS and a potential role of OCT in treatment mon-
itoring. The level of availability of the latest OCT
technology in clinical routine would in principle
justify the application of OCT in multicenter clin-
ical trials. To date, proof-of-concept phase II as
well as phase III clinical trials in MS investigating
regenerative or neuroprotective properties of
compounds are costly and time consuming, typi-
cally requiring long-term follow-ups in order to
prove efficacy. Typically, such studies involve
structural (and functional) MRI of the brain and
the spinal cord, although the sparse nature of
lesions and the high degree of variability among
patients remain challenging. Quantitative assess-
ment of neurodegenerative changes in the optic
tract using OCT might constitute an attractive
alternative strategy for such studies due to the
combination of a relatively small and easily acces-
sible anatomical structure, the magnitude of
change of RNFL and ganglion cell layer thickness
in a first ever MSON episode, and the predictive
power of retinal OCT as regards functional visual
outcomes. A major prerequisite for the use of
OCT as a clinical trial endpoint in a multicenter
approach is to guarantee for high levels of reli-
ability of repeated measures through rigorous
quality control based on validated quality criteria.
It is for this reason that we decided to close the
book with a chapter on OCT reading.

We hope that we have put together an interest-
ing compendium that may provide a useful start-
ing point for the interested reader as well as an
overview for both the clinical neurologist and the
physician-scientist with an interest in the tech-
nology and its clinical application.
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Nikos Evangelou and Omar S.M. Alrawashdeh

Introduction

Vision is defined as the ability of our nervous
system to perceive and process information
obtained from visible light. Light waves are ini-
tially perceived by photoreceptors and then con-
verted into electric signals in a process called
phototransduction [1].

The process of vision starts when light suc-
cessfully travels through the eyeball to be focused
on the retina. The eye, the visual organ, is a
sphere formed of three layers. The outer layer is
a connective tissue layer formed of the sclera
posteriorly and the cornea anteriorly. The middle
layer is a pigmented layer formed of the choroid.
The choroid is the layer that provides nourish-
ment to the inner photosensitive layer, which is
the retina [2]. The iris and the ciliary body are the
anterior continuation of the choroid layer and
they contain muscles that control the amount of
light and the refractive power of the lens to ensure
that the optimal image quality is focused on the
retina [2]. The inner layer is the retina, which
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sends signals that are transmitted via the optic
nerve to the brain.

The Retina

The retina embryologically belongs to the central
nervous system. It is a complex structure that is
derived from the ventricles around the dienceph-
alon. The developmental process of the retina is
similar to that of the cerebral cortex where multi-
potent neuroblastic precursors proliferate and
differentiate and each cell migrates to its laminar
destination producing a multilayered tissue [3].
The photosensitive part of the retina lines the
posterior two-thirds of the eyeball and blends
with the anterior insensitive part at a junction
called the ora serrata. It has a diameter of
30-40 mm [2, 4-6] with a total area of approxi-
mately 11 cm? [4]. The posterior part of the retina
is the central retina and measures about 6 mm
diameter. The central retina is occupied by an
elliptical area called the macula lutea, which rep-
resents an area with the highest visual acuity. The
area anteriorly beyond the central retina to the
junction of ora serrata is called the peripheral
retina.

The retinal thickness varies, being thickest at
the area of the optic disk (0.56 mm) [4, 7].
Peripheral to the optic disk, the retina is thinner
and becomes about 0.1 mm at the most peripheral
part near the ora serrata junction [7].

A. Petzold (ed.), Optical Coherence Tomography in Multiple Sclerosis: Clinical Applications,
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The optic disk is located 3 mm medial and
1 mm superior to the macula lutea. The disk is
about 1.5 mm in diameter and appears paler on
ophthalmoscopy than the rest of the retina, with a
central depression for the passage of central reti-
nal vessels. The area of the optic disk is devoid of
photoreceptors and therefore it is insensitive to
light (detected as a blind spot during the conven-
tional neurological examination) [5].

From the optic disk, the branches of the cen-
tral retina artery and veins can be seen using the
ophthalmoscope. These vessels are the only ves-
sels of the body that can be visualized directly by
the naked eye due to the transparency of the ret-
ina. Vessels are seen spreading from the optic
disk to various regions of the retina except the
area of the fovea, which has no vessels and thus
is called the avascular zone [4].

Layers of the Retina

Layers of the retina are uninterrupted in all areas
of the optic retina except the area of the optic disk
where the fibers exit the retina to form the optic
nerve. However, these layers are present with
variable thickness throughout the retina [8].

Most textbooks describe ten histological reti-
nal layers, which are described from the outer-
most layer (layer 1 near the choroid) to the
innermost layer (layer 10 near the vitreous body)
[9]. These layers have been described according
to their appearance under the light microscope
and electron microscope [10, 11]. However,
in vivo study of retinal layers has been achieved
by using retinal optical coherence tomography
(OCT). Various layers of the retina can appear
hyporeflective or hyperreflective with the retinal
OCT (Fig. 2.1) [12].

Layer 1: Retinal Pigment Epithelium

Histologically, the retinal pigment epithelium
(RPE) is composed of a single layer of low cuboi-
dal epithelium. This layer has a neuroectodermal
embryologic origin [3, 13, 14], with abundant
melanosomes (melanin-containing granules)
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within the cells’ cytoplasm [15]. With OCT, the
RPE layer appears hyperreflective [16].

The pigment epithelium forms the outer layer
of the entire neural retina and extends from the
optic disk forward through the ora serrata to be
continuous with the epithelium of the ciliary
body [2, 4]. There are about four million epithe-
lial cells in each human retina [17]. The greatest
density of these cells is in the fovea (5000/mm?)
where these cells are also smaller and appear
more condensed to each other. From the surface
view of the retina, the retinal pigment epithelial
cells appear tightly packed with regular hexago-
nal arrangement. This is due to the presence of
tight junctions between cells. These tight junc-
tions form a band that appears histologically as a
membrane called Verhoeff’s membrane [18].
Their number is reduced with age, especially at
the periphery where they reach 2000/mm? in peo-
ple above 40 years of age [19].

The basal surface of the RPE is separated
from the underlying choroid capillaries by a
membrane called Bruch’s membrane [20].
Bruch’s membrane is an elastic membrane that is
formed of five layers: the choriocapillaris base-
ment membrane, the outer collagenous layer, the
central elastic layer, the inner collagenous layer,
and the basement membrane of the RPE [5]. As
the RPE, Bruch’s membrane also appears hyper-
reflective with the OCT. In low-resolution OCT,
the RPE and Bruch’s membrane appear as one
thick zone, but with high-resolution (spectral-
domain) OCT, two hyperreflective zones sepa-
rated by a thin hyporeflective band can be
identified. As it appears on the OCT, the whole
zone has been recently referred to as the RPE/
Bruch’s complex (zone 14) (Fig. 2.1) [16].

The presence of the underlying Bruch’s mem-
brane and the tightly packed epithelial cells cre-
ate a barrier between the choriocapillaris and the
outer retina. This barrier, usually referred to as
the outer blood-retina barrier, works with the
inner blood-retina barrier to control the microen-
vironment of the retina and to protect the retina
from the immune system and systemic infec-
tions. These barriers are selective and allow for
small molecules such as O, and CO, to diffuse
freely [21].
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Fig. 2.1 Retinal layers as they appear on spectral domain optical coherence tomography (Reprinted with permission

from Staurenghi et al. [16])

The apical surface of the cuboidal epithelium
is in contact with the photoreceptors (cone and
rod processes) within the subretinal space. Here,
the cuboidal epithelial cells possess microvilli
that project in between processes of rods and
cones [19]. The subretinal space is the extracel-
lular space between the RPE microvilli and the
photoreceptors. Every single epithelial cell faces
40 photoreceptors [19]. This arrangement of the
RPE microvilli and the photoreceptor processes
appears with retinal OCT as a hyperreflective
zone on the apical side of the RPE. This has been
believed to be the reflection of Verhoeff’s mem-
brane, which represents the tight junction
between RPE cells. It has been reported recently
that this hyperreflective zone is in fact the outer
tips of the photoreceptors with microvilli of the
RPE [16, 22] and was named the interdigitation
zone (zone 13) (Fig. 2.1) [22].

The connection between photoreceptors and
microvilli in the interdigitation zone is important

in maintaining integrity of the retina and also in
the turnover process of rod and cone molecules.
In fact, the granular appearance of the RPE cells
is believed to be due to lipofuscin granules, which
are produced from the phagocytosis of rod and
cone debris into the cytoplasm of the pigment
cells of this layer [23].

Retinal epithelial cells have high metabolic
activity and that explains the abundance of mito-
chondria, endoplasmic reticulum, and free ribo-
somes [24, 25]. There appears to be active transport
of molecules across the basal and apical surfaces
of pigment epithelial cells with the outer choroid
layer capillaries and the inner photoreceptor layer,
respectively. For example, retinol is an essential
vitamin for the visual cycle. This vitamin is
absorbed from the choriocapillaris by the retinal
epithelium and then supplied to the photorecep-
tors. The RPE is also supportive to the photorecep-
tors of the retina; loss of the epithelial layer usually
results in atrophy of the photoreceptors [5, 25].



Another proposed function of the retinal epi-
thelium is absorption of light that goes through
the retinal layers and prevents it from being
reflected back to the photosensitive cells, thus
preventing photoreceptor cells from being restim-
ulated. It is believed that this process helps in
improving the image quality [25]. In addition, the
layer also absorbs the energy from the reflected
light and prevents it from overheating the eye.
However, very strong light initially causes dam-
age to this layer and consequently damage to the
retina [26].

Layer 2: Photoreceptor Layer

This layer contains processes of cone and rod
cells that receive light signals and convert them
into electric signals. Each of these processes has
an outer segment and inner segment. The plasma
membrane of the outer segment is arranged into
hundreds of flat disks [27]. The flat disks contain
photopigments that are attached to their plasma
membrane. Such arrangement increases the sur-
face area of the plasma membrane and conse-
quently the amount of photopigments. The
lamellated disks with their photopigments are
disposed between microvilli of the retinal pig-
ment epithelium to form the interdigitation zone
that has been described [16]. There are no junc-
tional complexes between microvilli and the
plasma membrane of the photoreceptor disks
creating the subretinal space [28]. It is a loose
potential space that is liable to become a true
space under certain pathological conditions
when the retina becomes detached from the
underlying RPE [29].

The inner segment is divided into two parts:
the outer zone is packed with mitochondria mak-
ing it hyperreflective under OCT examination
(ellipsoid zone), and the inner zone contains
smooth and rough endoplasmic reticulum and
appears hyporeflective with retinal OCT (myoid
zone) (Fig. 2.1) [5, 27, 30].

Therefore, the photoreceptor layer appears as
three distinct zones on the OCT imaging: a
hyporeflective zone corresponds to the outer
segment (zone 12), a hyperreflective zone

N. Evangelou and O.5.M. Alrawashdeh

corresponds to the ellipsoid zone of the inner
segment (zone 11), and a hyporeflective zone
corresponds to the myoid zone of the inner seg-
ment (zone 10) [16, 18].

Layer 3: External Limiting Membrane

The external limiting membrane appears on the
OCT as a thin hyperreflective membrane that
runs perpendicular to the direction of cell bodies
of cone and rods and their process (zone 9) [16,
31, 32]. The inner segments of rod and cone
cells pass through the external limiting mem-
brane to reach their cell bodies in the next layer,
which is the outer nuclear layer. It is not a true
membrane; the intercellular junction between
the processes of the cone and rods and Miiller
cells appears as a membrane on radial section of
the retina [33, 34]. Integrity of this membrane is
important in protection of photoreceptors [35],
and in maintaining visual acuity in health and
disease [36, 37].

Layer 4: Outer Nuclear Layer

The outer nuclear layer is formed of the cone and
rod cell bodies containing their nuclei. These
cells are the photosensitive cells of the retina.
This layer is thickest at the macula and around
the fovea centralis, where these cells form a mul-
ticellular layer [38].

Cone cells are primarily responsible for color
vision with high resolution during daylight or
under good lighting. The number of cones in the
human retina is 4.6 million [39]. Cone cells are
distributed in the entire retina but their concentra-
tion increases gradually toward the center of the
retina to become highest in the area with the
greatest visual acuity (the fovea), where the con-
centration reaches 199,000 cones/mm? Cone
concentration reduces gradually away from the
fovea to become 2500 cells/mm? near the ora
serrata [38]. Also, cone density is higher in the
nasal retina by 40-50 % compared to the tempo-
ral retina [39]. According to their lighting sensi-
tivity, cone cells are classified into three types:
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blue, red, and green ones. The most common
cells are the red cones forming 63 % of all cone
cells, followed by the green cones (32 %) and the
blue cone cells (5 %).

Rod cells are responsible for night vision as
they are sensitive to a high range of illumination
including light with low intensity. Their number is
greater than cones, with a total number of 92 mil-
lion. Rod density is variable throughout the retina.
However, density reduces toward the center of the
retina to become absent at the area of the fovea
[38, 39]. The highest density of rods is a ring
area 3-5 mm away from the fovea where their
concentration may reach 150,000 cells/mm?>
Concentration of rods also reduces to 30,000/mm?
toward the periphery of the retina [38].

Cells forming the outer nuclear layer, rods and
cones, have a similar structure characterized by
long cells with vertical orientation relative to the
retinal layers. Each cell of the rods and cones has
two processes that travel radially into two differ-
ent directions. One of these processes is the pho-
toreceptor portion that forms the previously
described zones on OCT, which are myoid (zone
10), ellipsoid (zone 11), outer segment layer
(zone 12), and part of interdigitation zone 13.
The other process is the photoreceptor axons,
which travel vertically to reach the outer plexi-
form layer forming a membrane called Henle’s
fiber layer. The fiber layer of Henle is prominent
at the area of the macula and can be recognized
using OCT as a pale fibrous band apical to cone
and rod cells [40, 41]. With OCT, the outer
nuclear layer and Henle’s fiber layer appear as
one hyporeflective zone (zone 8), where Henle’s
fiber layer occupies the inner half and the rod and
cone cell bodies occupy the outer half of the zone
[16]. Thickness of this zone can be measured
using OCT and frequently correlated to the
degree of visual acuity in a number of conditions,
especially at the area of the macula [42, 43]. At
the macula, the zone is liable for extravasation of
fluid and protein causing edema of the macula,
which significantly affects visual acuity. Macular
edema can be detected with OCT imaging and
commonly seen in patients with diabetes [44] and
as a side effect of fingolimod use in multiple scle-
rosis patients [45].

Layer 5: Outer Plexiform Layer

It is a complex layer of synapses between differ-
ent processes of cone and rod cells and other
interneurons. The photoreceptor axons end in a
cone pedicles or rod spherules that have synaptic
contacts with other cells in the outer plexiform
layer, such as the bipolar and horizontal cells
[30]. It is considered the initial step in the pro-
cessing of light signals where the first synapse of
these signals takes place [46]. This layer con-
ducts signals from the outer nuclear layer to the
inner nuclear layer [46, 47]. The layer contains
cone pedicles and rod spherules synapsing on
dendrites of bipolar cells, horizontal cells, and
interplexiform cells, and the whole zone appears
on OCT as a hyperreflective layer (zone 7) [16,
48, 49].

Layer 6: The Inner Nuclear Layer

This layer contains the cell bodies and nuclei of
different types of interneurons: the horizontal
cells, the bipolar cells, the amacrine cells, the
Miiller cells, and the interplexiform cells. These
cells form complex connections via their pro-
cesses in the inner and outer plexiform layers; it
is considered the interconnection between the
photoreceptors and the ganglion cells. The near-
est cells to the outer plexiform layers are the hori-
zontal cells. The amacrine cells are present near
the inner plexiform layer, while other cells are
located in between [S0-52].

The layer appears with the OCT as a hypore-
flective zone (zone 6) [16]. Its morphology can
be affected by a number of diseases. However,
there is no atrophy of the inner nuclear layer in
multiple sclerosis or any other central pathology
leading to retrograde axonal degeneration [53—
55]. Focal thickening of the internuclear layer
due to microcyst formation has been reported in
MS and a large range of other neurological and
ophthalmological diseases [56].

Bipolar Cells
The cell bodies and nuclei of bipolar cells are
located in the inner nuclear layer. Each cell body



has two processes: one is directed internally
toward the inner plexiform layers and the other
externally toward the outer plexiform layer. The
externally directed process has dendrites that
come in contact with rod spherules and cone ped-
icles and horizontal cell dendrites in the outer
plexiform layer. Usually bipolar cell processes
have more than one dendrite that is connected to
a variable number of cells. Bipolar cells that con-
tact cone pedicles are called cone bipolar cells,
while those that contact rod spherules are called
rod bipolar cells. Usually rod bipolar cells con-
tact as many as 70 rod cells, whereas rod bipolar
cells make contact with fewer cone cells [46, 57].

The internally directed process has dendrites
that contact ganglion cell dendrites and amacrine
cells in the inner plexiform layer. Simply, bipolar
cells convert the analogue signals from photore-
ceptors to a digital signal, which is transmitted to
the ganglion cells [57].

Cone bipolar cells are classified into three
types: midget bipolar cells, blue bipolar cells, and
diffuse bipolar cells. Midget bipolar cells are
small cells that directly connect cone cells to gan-
glion cells; each midget cell connects one cone
cell to a ganglion cell. Midget cells are believed to
be responsible for high special resolution. Blue
cells are larger than midget cells and they mediate
transmission of short-wave signals. The diffuse
cone bipolar cells are connected to several cone
cells, up to ten cones, and they probably mediate
luminosity rather than color. Rod bipolar cells
receive signals from many rod cells and transmit
the signal to ganglion cells indirectly by contact-
ing dendrites of amacrine cells [46, 57, 58].

Horizontal Cells

Horizontal cell bodies and nuclei are located in
the outer zone of the inner nuclear layer. Each
cell has many dendrites directed toward the outer
plexiform layer where these dendrites make syn-
aptic contacts with rods and cones and with bipo-
lar cells dendrites. These cells also have
connections between each other in the outer
plexiform layer via gap junctions at the tips of
their dendrites. Horizontal cells are inhibitory to
other cells in the outer plexiform layer. Inhibition
is thought to be an important mechanism in
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improving contrast and spatial resolution by
inhibiting illumination from the periphery of the
visual field [51, 59, 60].

Amacrine Cells

Amacrine cell bodies are located either in the
inner nuclear layer with other bipolar cells or in
the ganglion cell layer where they are called dis-
placed amacrine cells [61, 62]. Some amacrine
cells have been described in between dendrites of
the inner plexiform layer [61]. Amacrine cells
have dendrites that are directed toward the inner
plexiform layer and their input is thought to be
inhibitory in nature [63]. These dendrites func-
tion also as axons and transmit signals in two
directions. The amacrine cells form extensive
connection with axons of bipolar cells and with
dendrites, axons, and cell bodies of ganglion cells
and also with other amacrine cells [46].

There are as many as 30 types of amacrine
cells, but they are generally classified according
to the degree of their dendritic connections within
the inner plexiform layer [64]. The narrow-field
amacrine cells, such as amacrine II cells, connect
rod bipolar cells to ganglion cells and therefore
may be involved in the scotopic vision (rod path-
way), while large-field starburst amacrine cells
are for motion detection and light adaptation dur-
ing different times of the day (circadian rhythm)
[59]. According to the inhibitory neurotransmit-
ter released, there are different types of amacrine
cells: GABAergic, glycinergic [65], or neither of
them. Amacrine cells have been found to release
dopamine [63] and acetylcholine in the retina
[65, 66].

Layer 7: Inner Plexiform Layer

This layer is another processing layer of the ret-
ina that can be visualized using the OCT as a
hyperreflective band (zone 5) [16]. The layer is
divided into laminae, which can be up to six lam-
inae with different connection levels. Three main
laminae are usually described according to the
type of contact: (1) the outer layer contains con-
nection between bipolar cells, ganglion cells,
and some amacrine cells; (2) the middle layer
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contains similar contact but with displaced ama-
crine cells; and (3) the inner layer contains syn-
apses between bipolar and displaced amacrine
cells [46, 47]. The layer contains synapses
between dendrites of cells in the inner nuclear
layer and the dendrites of ganglion cells.
Therefore, this layer can be affected by patholo-
gies of the surrounding layers. Thickness of the
layer can be assessed by OCT [67] and can
reflect pathological changes such as glaucoma
[68, 69] and diabetes [70].

Layer 8: Ganglion Cell Layer

This layer contains the cell bodies and nuclei of
mainly retinal ganglion cells and, less com-
monly, displaced amacrine cells in addition to
few astrocytes. There are around one million
ganglion cells in each retina, with more ganglion
cells at the peripheral nasal retina compared to
the peripheral temporal retina [71]. Ganglion
cells are not present at the center of the fovea,
but their number is greatest around the fovea
where they form up to nine layers of ganglion
cells. Ganglion cell density may reach 38,000/
mm? at the center of the retina [71]. However,
there is only one layer of ganglion cells in most
of the peripheral retina.

Ganglion cells are the final cells in the process
of transmitting visual signals from the retina to
the brain. They are multipolar cells with their
dendrites directed toward the outer layers, while
their axons form the nerve fiber layer. Dendrites
of ganglion cells are connected to bipolar cells
and amacrine cells in the inner plexiform layer.
Each ganglion cell dendrites make indirect con-
tact with a large number of other photoreceptor
cells [46, 58].

There are more than 20 types of ganglion cells
within the human retina. The two main types that
form more than 80 % of the ganglion cells are the
midget ganglion cells and the parasol ganglion
cells [72]. Midget ganglion cells are small cells
with a small number of dendrites. They receive
signals from midget bipolar cells with a ratio of 1
to 1 at the fovea. This ratio increases as we move
out from the fovea. In comparison, the parasol

cells are larger with much wider dendritic con-
nection. Axons of midget and parasol cells termi-
nate at the lateral geniculate nucleus of the brain
[73]. Another morphological and physiological
classification of ganglion cells in vertebrates
includes alpha, beta, and gamma ganglion cells.
Alpha ganglion cells have large cell bodies, large
axons, and large dendritic fields, while beta cells
have smaller cell bodies, smaller axons, and
smaller dendritic fields. Gamma cells are smaller
heterogeneous cells that are distributed through-
out the retina with low conduction velocity [74].

Ganglion cells can be stimulated directly by
light without necessarily being stimulated by
input from the photoreceptors. Ganglion cells
contain photopigments called melanopins, which
are present in a subset of ganglion cells called
intrinsically photosensitive ganglion cells [75].
These cells form only 0.3 % of all ganglion cells
in the retina and they combine direct stimulation
by brightness of the surroundings with signals
received from rod and cone cells. Axons of these
ganglion cells project to the diencephalon and
midbrain. These projections are believed to play
a role in certain functions of the eye, such as the
circadian rhythm and the papillary reflex. This
may explain the preservation of the circadian
rhythm, photosensitivity, and pupillary reflex in
patients with severe loss of rod and cone photore-
ceptors [76].

The distance from the cell body of the retina to
the brain requires an effective mechanism to
transport metabolites and neurotransmitter vesi-
cles to the axon terminals. Transportation of mol-
ecules travels through the optic disk and any
interference of this transportation process beyond
the optic disk usually results in optic disk swelling
(papilloedema), which may lead to loss of optic
nerve axons if left untreated (optic atrophy) [46].

The ganglion cell layer thickness (zone 4) can
be assessed using OCT, especially at the macular
area [16, 77]. The degree of atrophy in the layer
correlates to clinical outcome measures of visual
function in a number of diseases including mul-
tiple sclerosis [77], glaucoma [78], and optic
neuritis [79].

For comparison, Table 2.1 summarizes the
average size of retinal cells in relationship to the
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Table 2.1 Overview of the size of retinal cell soma in
relationship to the 3—7 pm axial resolution of current clin-
ical routine OCT technology

Cell Diameter of the soma

RGC 5-20 pm [80]

Amacrine cell 12-16 pm [81]

Horizontal cell 10 pm [82]

Bipolar cell 8 pm [83]

Cone 3.3 pm (center of retina) and 10 pm
(periphery of the retina) [38]

Rod 3.0-5.5 pm [38]

Pigment Width 14 pm at the macula and

epithelium 60 pm at the periphery (height is

variable) [25]

resolution of current OCT technology (3—7 pm)
[25, 38, 80-83].

Layer 9: Nerve Fiber Layer

The nerve fiber layer is formed by the ganglion
cell axons that travel horizontal to the retina lay-
ers. Axons converge within the layer from the
entire retina to the area of the optic disk where
other layers of the retina are diminished. The
nerve fiber layer is thin at the periphery and
becomes thicker as more fibers converge in the
layer toward the optic disk [60]. Axons from the
medial or nasal half of the retina usually con-
verge radially to the area of the optic disk, which
lies medial to the macula. Axons of ganglion
cells of the macula, which is located just lateral to
the optic disk, travel directly in a fasciculus called
the papillomacular fasciculus or bundle to the
optic disk. Axons from peripheral parts of the
temporal retina pass above and below the macula
to reach the optic disk. The axons of the papillo-
macular bundle (PMB) are smaller in diameter
compared to axons elsewhere in the retina. The
average axonal diameter of primates’ PMB, as
demonstrated by electron microscopy studies,
was 0.4 pm [84]. The small size of axons possi-
bly makes the PMB particularly vulnerable,
explaining the frequently seen temporal thinning
of the nerve fiber layer in MS. Selective loss of
small axons of the optic nerve in MS with the
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consequent degeneration of parvocellular cells
has been reported previously. The study also
demonstrated another evidence that the PMB
projects mainly to the parvocellular cells [85].

Axons of the nerve fiber layer are unmyelin-
ated as the refractile characteristic of myelin may
interfere with vision. However, these axons are
ensheathed by the surrounding processes of glial
cells such as astrocytes and Miiller cells, which
are present in the nerve fiber layer [51, 86]. Few
axons may possess myelin at the optic retina as a
developmental anomaly, but most retinal axons
acquire myelin sheath once they pass an area at
the optic disk called lamina cribrosa [87].

The high reflectivity of the layer makes it
apparent as a distinct zone even with low-
resolution OCT (zone 3) [16, 88]. Therefore, the
nerve fiber layer has been visualized and exam-
ined early during the development of OCT [88].
The nerve fiber layer is one of the important lay-
ers of the retina that can be affected by a wide
spectrum of retinal diseases [89]. As the nerve
fiber layer represents axons of the ganglion cells,
these axons are affected greatly by the pathology
of the ganglion cells. Thickness of the nerve fiber
layer, especially around the optic nerve head
(peripapillary), can reflect ganglion cell survival
and consequently visual function [77].

Layer 10: Internal Limiting Membrane

The most interior layer of the retina is the internal
limiting membrane. The membrane is formed by
the expanded terminal end feet of Miiller cells
and astrocytes. The membrane continues anteri-
orly to the ora serrata and blends with the
membrane that covers the inner surface of the
ciliary body. Selective fluid exchange between
the retina and the vitreous body takes place
through the membrane. The membrane also con-
trols migration of cells and other particles to the
vitreous body [46].

Structure and thickness of the membrane
vary at different parts of the retina. Thickness of
the membrane is about 70 nm at the optic disk
and the periphery of the retina, whereas thick-
ness at the macula may reach 400-500 nm. The
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membrane is attached to the vitreous body of
the eye by an inner meshwork of fibrils. The
degree of attachment with the vitreous body
also varies at different regions of the retina,
being loose with few fibrils at the fovea centralis
[90]. However, due to the connection between
this membrane and the vitreous body, the retina
is significantly affected by changes in the shape
of the vitreous body.

The membrane appears hyperreflective on
OCT [16] and it frequently cannot be differenti-
ated from the underlying nerve fiber layers.
Occasionally a hyporeflective narrow zone can
be seen on normal OCT between the ILM and the
vitreous called the preretinal space (zone 2) [16].
This space is a potential space for vitreous pre-
retinal hemorrhage. Anterior to the preretinal
space is the vitreous body, which is called poste-
rior cortical vitreous near the center of the retina
(zone 1) [16].

Retinal Glial Cells

The extensive distribution of neuroglia within
layers of the retina fills the extracellular space
and provides physical support to the retina. These
cells appear to be important in maintaining the
ionic environment around neural cells, glycogen
storage, reuptake of released neurotransmitters,
removal of debris, and insulating axons and
neurons.

There are three types of retinal glial cells:
radial glial cells that are also called Miiller cells,
astrocytes, and microglia. The most abundant
cells in the retina among glial cells are Miiller
cells [91].

Miiller cell bodies and nuclei are present in
the inner nuclear layer. These cells extend radi-
ally and cross the layers of the retina from the
most inner layer to the photoreceptive layer to
form the cytoarchitectural support of the retina.
The outer process extends to terminate as micro-
villi between the cone and rod processes. At this
level, radial glial cells form the external limiting
membrane, which is formed by dense zonula
adherens. The inner process extends to the inner
surface of the retina forming a flattened terminal
foot plate. The terminal foot plate fuses with
those foot plates from other Miiller cells, and
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probably with astrocytes, forming the internal
limiting membrane [46].

Miiller cells are scattered between rods and
cones and between other neuronal cells in the
retina. They are also scattered between blood
vessels and capillaries and cover them. Their pro-
cesses send lateral lamellae forming a sheath-like
structure that separates retinal cells except the
areas of synapses. These lamellae contact blood
vessels, especially capillaries, and their basal
laminae fuse with those of the vascular smooth
muscle in the media of vessels or of the endothe-
lial lining of capillaries [46, 50, 92]. Miiller cells
are important in maintaining the extracellular
environment necessary for the proper function of
retinal neurons [16, 93].

Retinal astrocytes do not belong embryologi-
cally to the retina as they migrate along the optic
nerve through the optic disk. This may explain
the restricted position of these cells to the nerve
fiber of the retina [94]. They are scattered in the
entire retina except the fovea. These cells have
similar morphology to astrocytes of the central
nervous system in terms of flattened cell body
with numerous processes and can be readily
marked with astrocytes marker glial fibrillary
acidic protein [95]. The astrocytes form extensive
processes that ensheath axons of the ganglion
cells and they also contribute in supporting reti-
nal capillaries by forming glia limitans [92].

Microglia migrate to the retina from the circu-
lation and distribute in small numbers in different
parts of the neural retina. They are mainly present
within the inner plexiform layer. They have mul-
tiple processes that extend horizontally to retinal
layers. Their function in the retina is primarily
similar to their function in the central nervous
system as they are able to phagocytose debris
[46].

The Macula Lutea

The macula lutea appears yellow in color and its
diameter measures about 5 mm [96]. At the cen-
ter of the macula is a reddish depression, of a
diameter of 1.5 mm, called the fovea. The area of
the macula is responsible for most of the photo-
bic vision. The yellow color is due to the pres-
ence of the yellow carotenoid pigments known as
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xanthophylls [46]. The fovea appears shiny when
examined with the ophthalmoscope (foveal
reflex). It has the highest density of cone cells
(199,000/mm?) [39], where cone cells are elon-
gated with smaller diameter compared to cone
cells in other parts of the retina. These are
arranged in close proximity to each other and
serve the function of the retina of obtaining high
degree of spatial discrimination [39].

The previously described layers of the retina
are modified in the macula, especially at the
fovea. According to structure and modification of
layers, four concentric zones can be recognized
at the macula [43].

The perifoveal zone is the outermost part of
the macula that delineates between the central
retina and the peripheral retina. It is considered
the transitional zone of retinal layer modification.
The peripheral retina extends outside the perifo-
vea and it is anatomically characterized by the
presence of one layer of ganglion cells [97, 98].
At this zone, the ganglion cell layer starts to
become multicellular. The perifovea is rich in
blood vessels that start to diminish gradually
when moving toward the central zones. In addi-
tion, the perifovea has a high rod-to-cone ratio of
about 30—130:1. This ratio starts to reduce gradu-
ally toward the center [61].

At the parafoveal zone, which is the next zone
toward the fovea, retinal vessels start to diminish
and the rod-to-cone ratio becomes significantly
lower than the perifoveal zone (4:1 rod-to-cone
ratio). In addition, the parafoveal region has the
highest thickness of the granular cell layer in the
entire retina.

Next to the parafovea is the foveal slope where
foveal cone axons are directed obliquely from the
foveola. Processes of foveal cone photoreceptors
are directed obliquely in order to synapse on
the outer plexiform layer on the periphery of the
fovea—a layer that is deficient at the center of the
fovea. Therefore, cone pedicles or rod spherules
are not present in the fovea, but rather at the
periphery of the fovea. The foveal slope repre-
sents the zone of transition from the vascular to
the avascular retina. The vascular capillaries only
reach the margins of the fovea, leaving an area of
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500 pm at the center of the fovea with no retinal
capillaries (the foveal avascular zone) [46].

At the foveal slope, the ganglion cell layer and
rod receptors start to diminish. The slope will end
in the foveal depression where it is populated
with cone photoreceptors and Miiller cells only.
Embryologically, the foveal morphology is pro-
duced from migration of ganglion cells to the
periphery of the fovea and migration of green and
red cones to the center of the fovea. Therefore,
the fovea has no blue cone cells, no vessels, or
other glial cells except Miiller cells [39]. In addi-
tion, the fovea has no inner nuclear layer, inner
plexiform layer, ganglion layer, and nerve fiber
layers. Therefore, the retina is more transparent
at the foveal area.

Vascular Supply of the Retina

The retina is supplied by the ophthalmic artery—
the first branch of the internal carotid artery.
Ophthalmic branches that contribute to the nour-
ishment of the retina are the posterior ciliary
arteries (short and long one) and the central reti-
nal artery [99].

The posterior ciliary arteries approach the
back of the eye outside the optic nerve. They pen-
etrate the sclera at the back of the eye and branch
out in the choroid into choroidal arteries. The
greatest flow of these arteries is received by the
choroid. The choroid is arranged into layers:
the innermost layer is the choriocapillaris layer,
and the outer zone is the feeding arterioles and
venules. The choriocapillary layer is formed of
densely arranged capillaries that are separated
from the retinal epithelial layer by Bruch’s
membrane [100]. These layers can partly be visu-
alized using OCT, which is depth ambiguous,
where the choriocapillaris layer appears as a
hyporeflective zone (zone 15) while the feeding
arterioles as a hyperreflective zone. The next
zones, however, are not well demarcated using
the OCT and usually named according to the pre-
vious histological description [16].

The outer layers of the retina are avascular and
depend on the choroid for nourishment.
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Molecules are transmitted by rapid diffusion to
the retinal pigment epithelium. The choroidal cir-
culation supplies the pigment epithelial layer, the
photoreceptor layer, the outer nuclear layer, and
the outer plexiform layer [101]. In addition, the
short ciliary arteries also contribute in supplying
the optic nerve head [46, 102].

The inner retinal blood supply comes from the
central retina artery and its branches. It pierces
the dura and the arachnoid to enter the optic
nerve 1 cm behind the eyeball and then accompa-
nies the nerve as far as the lamina cribrosa [78].
Here the artery branches into superior and infe-
rior retinal arteries. Each of these arteries divides
into nasal and temporal arteries that supply the
four quadrants of the retina. Similarly, retinal
veins drain the retina and unite to form the central
retinal vein at the optic disk [102—-104].

The arteries and veins run at the nerve fiber
layer and some arterioles penetrate down to the
internal nuclear layer. Similarly, venules are
formed at the internal nuclear lamina and travel
radially to the nerve fiber layer where they pass
parallel to the layer forming the central retinal
vein [46]. The inner nuclear layer separates
between two capillary beds: the inner capillary
bed belongs to the circulation from the central
retinal artery and the outer capillary bed
belongs to the choroidal circulation. These two
capillary beds are visible in OCT as hyperre-
flective spots on both sides of the inner nuclear
layer [105].

Arteries supplying the retina are similar in
structure to other arteries in the body except that
there is no internal elastic lamina. Arteries usu-
ally get smaller to form arterioles that end in a
network of capillaries with a nonfenestrated epi-
thelium. Retinal capillaries do not exceed the
internal nuclear layer; they are absent at the fovea
but abundant at the macula lutea. At the other end
of the capillary bed, venules are formed, which
unite as they run superficially to the surface of the
retina to form smaller veins. There is usually no
anastomosis between different arterial territories,
in which sudden occlusion of a certain retinal
artery may result in visual field loss in the area
supplied by that artery [4, 46].

13

The Optic Nerve

The ganglion cell axons converge horizontally
through the nerve fiber layer at an area called the
optic disk. The larger fibers are generally axons
of ganglion cells from peripheral retina and they
occupy the peripheral part of the optic nerve.
Small axons come from the center of the retina
and occupy the center of the optic nerve [74].
These axons are arranged in bundles (about 1200
bundles). The bundles are usually separated from
each other by the supporting glia and separated
from the connective tissue by a membrane of
astrocytes [106].

The length of the optic nerve from the optic
disk to where it ends at the optic chiasm ranges
between 3.8 cm and 5.8 cm [106]. The optic
nerve is formed of one million nerve fibers with
their cell bodies located in the ganglion cell layer
of the retina. All of these fibers are afferent from
the retina to different parts of the brain [107].
Unlike peripheral nerves, the optic nerve is
myelinated by oligodendrocytes and can be
affected by CNS inflammatory demyelinating
conditions such as MS [108].

For better understanding of the optic nerve
anatomy, the nerve is divided into four anatomic
regions: the optic nerve head, the intraocular part,
the intracanaliclar part, and the intracranial parts.

The Optic Nerve Head

The optic nerve head is where the optic nerve is
formed and sometimes referred to as the optic
disk or optic papilla. Normally, the optic disk or
papilla is not elevated above the level of the ret-
ina as it may appear with the retinal examination.
It does, in fact, have a depression at the middle
called physiological cupping of the optic disk
[106].

On surface view, the optic disk is an oval light
area in the retina with a vertical diameter of
1.88 mm and a horizontal diameter of 1.77 mm
[109]. This diameter depends largely on the
diameter of the opening of the chorioscleral
canal. When the canal is narrow, there is usually
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no physiological cupping, but with a large canal,
the extra space appears as cupping. Therefore, the
larger the canal, the larger the cupping. On the
other hand, the angle by which axons of the reti-
nal neurons exit the retina usually determines the
shape of the optic disk [106]. In fact, size and
shape of the physiological cupping vary signifi-
cantly between individuals [110].

The most anterior part of the optic nerve head
is the surface nerve fiber layer. It contains the
nerve fibers as they enter the chorioscleral canal
to form the optic nerve. These nerve fibers bend,
forming circular elevation at the periphery of the
optic disk. The optic disk and the physiological
cupping are separated from the vitreous by the
internal limiting membrane. Normally the nerve
fiber layer is thick at the optic disk as fibers accu-
mulate and bend at 90° to enter the disk. This
area diameter and thickness of the nerve fiber
layer can be estimated using OCT imaging [111,
112]. OCT of the optic disk can be useful in
assessing the degree of retinal nerve fiber loss
following optic neuritis or retrograde transsynap-
tic axonal degeneration following lesions in the
posterior optic pathways [113].

The Prelaminar Region

Beneath the nerve fiber layer, the optic nerve
fibers are arranged in bundles with glial cells in
between the bundles. This region contains only
glial cells, which are a specialized type of astro-
cytes called spider cells [114]. These cells have
their fibers run perpendicular to the direction of
the optic nerve fibers [115]. At the periphery of
the optic nerve, this layer is attached to the cho-
roid, while centrally it is attached to the connec-
tive tissue of the central retinal vessels [115].

These glial fibers are much thinner than the
normal connective tissue and form a loose layer.
Many pathologists believe that this arrangement
is responsible for the pathologic optic swelling.
This layer is the only nutrient support of the optic
nerve fibers as they bend backward into the optic
nerve [106, 115].

When there is physiological cupping, the
space between the internal limiting membrane
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and the lamina cribrosa is filled with connective
tissue. On the periphery of the prelaminar portion
of the optic nerve, astrocytes separate the nerve
from other layers of the retina and from the cho-
roid. These astrocytes form a layer separating the
nerve from the chorioscleral canal and send con-
nective tissue centrally to support the nerve fibers
[106, 115].

The Lamina Cribrosa

The more posterior region of the optic nerve head
is called the lamina cribrosa region. It is also
called the scleral layer and it is convex posteri-
orly and concave anteriorly. This layer is formed
of transverse connective tissue fibers running
between nerve bundles. At the periphery of the
nerve, the connective tissue of lamina cribrosa is
attached to the sclera and centrally attached to the
connective tissue of the central retinal vessels
[116-118]. The cross section of the lamina
cribrosa shows trabecular arrangement of con-
nective tissue with openings for the transmission
of nerve bundles with a central opening for the
retinal vessels. The nerve fibers are still separated
from the surrounding connective tissue by a
membrane formed of glial cells [106, 115].

The Intraorbital Part of the Optic Nerve
This intraorbital or retrolaminar part of the optic
nerve extends for 4 mm from the eyeball to the
optic canal. The retrolaminar part of the optic
nerve becomes thicker because the nerve fibers
acquire myelin by oligodendrocytes that are pres-
ent posterior to the lamina cribrosa [87, 119].
Myelination of the intraorbital optic nerve is first
seen in the intracranial part of the nerve.
Oligodendrocytes migrate further to myelinate
the intraorbital optic nerve, which becomes fully
myelinated by the age of 2 years [87]. Further
migration of oligodendrocytes into the retina is
prevented by the lamina cribrosa, thus preventing
myelination of retinal axons [120]. The intraor-
bital part of the optic nerve acquires all the
meninges of the central nervous system including
the dura, arachnoid, and pia mater, as well as the
cerebrospinal fluid and subarachnoid space.
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The sheath of the optic nerve, which is formed
of the dura and the arachnoid, is loose at the front
where it ends anteriorly and blends with the
sclera of the eyeball [119]. The underlying sub-
arachnoid space is widest just posterior to the
eyeball, producing a bulb-like appearance.
Thickness of the optic nerve sheath at this part of
the nerve can be assessed by ultrasound examina-
tion and can detect increases of intracranial pres-
sure [121]. The subarachnoid space is narrower
posterior to the bulb and becomes narrowest at
the region of the optic canal. At the entrance to
the optic canal, the optic nerve sheath is attached
to the annular tendon, which is the common ten-
don for extraocular muscles [119].

The connective tissue and the glial tissue run
in different directions in this portion of the optic
nerve but become longitudinally arranged near
the center of the optic nerve, where it is attached
to the central retinal vessels. Peripherally the
connective tissue is attached to the pia mater and
attached firmly at the front to the posterior part of
the lamina cribrosa [106, 115, 119]. The nerve
fibers extend within the connective tissue and
separated from this tissue by a layer of astrocytes.
These fibrous astrocytes and other glial cells such
as oligodendrocytes and microglia are scattered
within the nerve bundles.

At the posterior portion of the intraorbital
nerve, the ophthalmic artery is closely related to
this part of the optic nerve. The pia mater has a
vascular plexus that is formed by branches from
the ophthalmic artery. This plexus is the main
blood supply to the optic nerve [106, 107].

The Intracanalicular Part

of the Optic Nerve

Within the canal, the optic nerve sheath is adher-
ent to the periosteum of the bones. The dura and
the arachnoid are also adherent to each other;
they are also adherent to the pia of the optic nerve
by a trabecular meshwork of connective tissue.
The degree of adherence has individual variation
that affects the degree of CSF flow from the intra-
cranial side to the intraorbital side. This affects
the speed by which the CSF pressure is elevated
within the intraorbital part as a consequence of
increased CSF pressure in the brain. Here the
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ophthalmic artery has an intimate relation with
the optic nerve and runs within the sheath of the
optic nerve [121, 122].

The Intracranial Part of the Optic Nerve
This part of the optic nerve extends from the
optic canal to the optic chiasm. It is located above
the diaphragm sellae and then above the cavern-
ous sinus. The ophthalmic artery is located infer-
olaterally, while the internal carotid artery is
located laterally and the anterior cerebral artery
superiorly. When they reach the optic chiasm, the
nerve fibers decussate. Fibers from the nasal half
of the retina decussate to join the contralateral
temporal retinal fibers. Two optic tracts are
formed from the optic chiasm and project to vari-
ous parts of the central nervous system such as
the lateral geniculate nucleus, the pretectal
nuclei, the superior colliculi, the hypothalamus,
the visual cortex, and other parts of the brain
[122, 123].
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Axel Petzold

Introduction

Spectral-domain optical coherence tomography
(SD-OCT) has matured from a research instru-
ment to a tool used in clinical routine [1-3]. The
combination of OCT data with confocal scanning
laser ophthalmoscopy (cSLO) or infrared (IR) has
enabled all of us to take an image of the surface
(cSLO/IR) and depth (OCT) of the retina, then sit
down and talk about it. The axial resolution of
commercial SD-OCT machines is in the 4-7 pm
range. As you have learned from the previous
chapter, a retinal ganglion cell (RGC) has a thick-
ness of about 5-20 pm (see Table 2.1). Therefore
SD-OCT does permit us to make observations on
a quantitative scale that reaches the cellular level
in individual retinal layers. In other words,
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SD-OCT permits the visualization of neurodegen-
eration in vivo at a hitherto unparalleled structural
resolution. All you need to know is how to acquire
the technical skills to do so. This is not only fun
but also highly satisfactory, both in clinical care
and in research.

How to Assess a Patient Using OCT

This section describes the three key factors rel-
evant to obtaining a good OCT: a suitable envi-
ronment, a comfortable patient, and a competent
examiner.

The Setup

Create an examination situation in which the
patient and you feel comfortable and confident. A
relationship of mutual trust will help to obtain
best results, particularly if unforeseen problems
appear during the assessment.

A well-suited setup is an air-conditioned room
with dimmable light levels. The air stream should
not blow into the patient’s face in order to avoid
dry eyes, which can cause frequent blinking dur-
ing the OCT assessment. Position the patient and
examiner so that both can best do their tasks. The
patient should not be visually distractible and may
therefore best face a wall. The examiner should be
able to always keep an eye on the patient but will,
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in a busy work environment, also need to inter-
act with colleagues. This can be achieved by the
examiner facing the entrance to the examination
room (Fig. 3.1). This setup also allows to minimize
the effect of stray light to the patient’s eyes in case
of an open entrance or incidental opening of the
door. The OCT examination is best performed in
a darkened room, particularly in patients in whom
the pupils were not pharmacologically dilated.

To enable assistance to patients through a
third person, provide sufficient space around the
patient’s place. Finally, the examination room
should have wheelchair access.

For teaching purposes allow sufficient space
behind the OCT machine on the examiner’s side.

The Patient

The patient is in a vulnerable role. Their emo-
tions may be influenced by the disease. Insecurity
and anxiety may create challenges for a good
assessment (Box 3.1). Reasons can be physical
disabilities affecting mobility and communica-
tion but also bad experiences with past investiga-
tions. Building and maintaining trust is a good
way to help overcome these issues.

Patients suffering from multiple sclerosis may
have symptoms that can complicate the OCT

OPatient

OCT
If“\
“~“Examiner

Fig.3.1 The setup should allow for good OCT examina-
tion conditions. Patients may require wheelchair access
and additional help during the assessment for which there
needs to be sufficient space. Dimmable light permits the
OCT examination to be performed in a darkened room.
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Box 3.1

The main task for the patient is to fixate a
small visual target during the examination,
which requires keeping the eye, head, and
body still.

assessment. These problems should be recog-
nized prior to the OCT assessment. Some symp-
toms may require additional assistance and
protocol modifications, which are best discussed
prior to starting the assessment.

1. Vision: inability to maintain visual fixation
because of a central visual field defect, poor
visual acuity, and/or nystagmus.

2. Hearing: inability to follow auditory direc-
tions during the examination.

3. Modbility: pathology affecting the cerebellar
function and pyramidal and extrapyramidal
systems may all make it difficult for a patient
to sit comfortably throughout the OCT assess-
ment and maintain a still head position.

4. Cognition: impaired cognitive function may
not only limit what a patient understands about
the assessment and the ability to follow direc-
tions but also influence the patient’s behavior
during the OCT assessment itself. Patients

Ll
-
-
[
.
L

.

N
.

Wheel chair access
Dimmable light

Air condition

Space to assist patient
Space to teach & help

The effect of stray light from an open door/entrance
should be minimized by positioning the patient and exam-
iner appropriately. Allow for sufficient space on the exam-
iner’s side too to permit teaching and technical help with
challenging situations
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may be easily distractible, look around, keep
talking, grow fidgety, or tire out during the
assessment. Loss of praxic skills and higher
visual functions pose a challenge too.

5. Face, lid, and eye: anatomical constraints of
the face may make it impossible for the OCT
lens to be moved close enough the eye to
obtain an OCT image. A ptosis of narrow pal-
pebral fissure may require extra assistance.
Makeup and long eyelashes may dirty the
OCT lens. Small pupils (<2 mm) may require
pharmacological pupil dilation; this may also
be of help in some cases with opacities in the
light pathway, such as cataract or floaters.

In general terms, the OCT assessment is rela-
tively straightforward in patients suffering from
multiple sclerosis compared to patients with
movement disorders, dementia, rapidly progres-
sive neurodegenerative disorders, or pathology
causing impaired vision and blindness.

The Examiner

The role of the examiner(s) depends on the pro-
fessional background. The examiner can be an
OCT technician, physician, nurse, trainee, or stu-
dent. A trainee will require teaching, both hands
on and theoretical. An OCT technician may want
to discuss medical questions potentially arising
from certain images. A nurse or physician may
require technical assistance. Therefore the posi-
tion of the examiner should be clear to the
patient.

The examiner should be able to communicate
in lay terms what the OCT assessment includes
(Box 3.2). The examiner should be able to answer
the patient’s question: “Will my eye be touched?”
The examiner needs to give the appropriate

Box 3.2

The task of the examiner is to obtain high-
quality OCT data, which requires giving
directions.
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instructions to aid the patient in maintaining
visual fixation and keeping the eye, head, and
body still. The examiner needs to recognize when
extra assistance is needed for the patient.
Likewise, an examiner needs to know when to
call for help with OCT image acquisition, han-
dling, and storage.

As a general rule, always explain to the patient
what you want to do before you do it. Like with
other paramedical tests, be very cautious about
what you say to a patient with regard to the
images just obtained. Your words may cause dis-
tress and harm. The errors of overreporting are
likely to be greater than the errors of underreport-
ing. There is no harm in asking for more time to
discuss the images with your colleagues first.

The Machine

Common to all OCT devices on the market is that
a light signal is focused through a lens to the ret-
ina. Next, light scattered back from the retina is
captured by the same lens. Finally, the OCT image
is composed with the aid of device-specific hard-
ware and software. For brevity, this chapter takes
examples predominantly derived from one
SD-OCT device. There are differences between
the many commercial devices, but the OCT mar-
ket is developing so rapidly that it will not be pos-
sible to have an updated pragmatic chapter on all.

All one needs to do to obtain a good OCT
image is to place the lens correctly. Practically,
this is similar to the handling of a slit lamp. If you
have never used a slit lamp or ophthalmoscope,
think of the opening scene from a James Bond
movie (Fig. 3.2).

Which OCT Do You Want to Own?

The OCT market is rapidly expanding. Both
commercially developed and in-house-developed
devices contribute to the data available. Access to
in-house devices will remain exclusive to a few
research centers. In contrast, the commercial sec-
tor has developed an impressive “shopping list,”
which was recently reviewed by Fiona Costello
[4]. Device-specific features for spectral-domain
and swept-source OCT are reproduced and
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Fig. 3.2 A mnemonic aid for correct placement of the
OCT light beam is the gun barrel sequence that features in
almost every 007 film. The OCT light beam should enter
the center of the pupil

updated from reference [4]. At the time of writ-
ing, most literature on OCT in multiple sclerosis
and optic neuritis is based on data from the Cirrus
and Spectralis devices:

1.

Cirrus (Zeiss)™ combines advanced software
features that enable good-quality scan acqui-
sition. The FastTrac ™ option reduces eye
motion artifacts. The Guided Progression
Analysis™ permits for longitudinal compari-
son of retinal layer thickness changes. The
FoveaFinder™ ensures that the Early
Treatment Diabetic Retinopathy  Study
(ETDRS) grid is centered on the fovea. The
AutoCenter™ centers the ring scans on the
optic nerve head. Automated seven-layer seg-
mentation is possible. Finally, HD-OCT tech-
nology enables sharing of data with networked
review stations.

The SPECTRALIS (Heidelberg Engineering)
is a multimodality device combining the
advantages of a confocal scanning laser oph-
thalmoscope (cSLO) with the benefits of
achieving cross-sectional images of the retina
with a spectral domain-based optical coher-
ence tomography (OCT) module. Besides the
standard infrared (IR)-based fundus image, the
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SPECTRALLIS offers up to six different imag-
ing modalities in the highest stage of expan-
sion. The Multicolor™ feature combines three
wavelengths (IR, green, blue) to generate a
true detailed color fundus image, while the
autofluorescence (Bluepeak™) allows the
structural assessment of the retina as well as
gathering metabolic information of the lipo-
fuscin distribution in the retinal pigment epi-
thelium (RPE), which is of relevance for
ophthalmologic disease. Next, there is an
option for fluorescence angiography (FA) and
indocyanine green angiography (ICGA) in
combination with a noncontact ultra-wide-
field (UWF) lens peripheral angiography. The
anterior segment (ASM) lens extends the capa-
bility to image the cornea, sclera, and chamber
angles. An important feature is the active eye-
tracking system (TruTrack™), which compen-
sates involuntary eye movements and blinking
at time of scanning without need for post-pro-
cessing. This technique allows a precise point-
to-point registration of the fundus image and
OCT scan. Moreover, the eye-tracking system
is the base for the rescan (AutoRescan™)
function, which uses the baseline exam to
place the follow-up exam on precisely the
same position on the retina before acquiring
the follow-up scan. This enables reliable longi-
tudinal data. Recent software developments
not only correct to circumvent rotatory prob-
lems (e.g., head tilt) but also adjust the scans
individually on the retina. The so-called ana-
tomic positioning system (APS) uses the cen-
ter of the fovea and the Bruch membrane
opening (BMO) as distinct reference points in
the retina. Taking head tilt and cyclotorsion
into account during acquisition allows for an
individual classification of the scans. Finally
there is the option for 11-layer segmentation
on B-scans individually and as a batch as rele-
vant for clinical studies.

. IVue (Optovue). Designed to be easy and fast,

the machine includes a foot switch and touch
screen. There is also the option for imaging of
the anterior segment including corneal thick-
ness measurements. Color-coded retinal layer
segmentation and mapping includes the GCL,
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GCC, and the option for 3D “en face”
visualization.

. Angiovue (Optovue). During the writing of this
chapter, the first OCT device on the market to
permit for 3D visualization of the retinal vascu-
lature became available. This technology does
not permit investigation for leakage, and the
potential role for optic neuritis and multiple scle-
rosis remains to be seen. Possibly diseases like
Susac syndrome or anterior ischemic optic neu-
ropathy (AION) and paracentral acute middle
maculopathy (PAMM) are of greater interest.

. 3D OCT 1000/2000 (Topcon). Longitudinal
image acquisition is possible, enabling com-
parison over time. Both 3D and 2D OCT
viewing options can be combined with the
fundus image (FastMap™ software). There is
the option to manually pinpoint the location of
an OCT image in the fundus image (Pin-
Point™). Images are viewed through the
EyeRoute® Image Management System.

. DRI OCT Atlantis (Topcon). A very quick
swept-source OCT with follow-up function.
Has the advantage of invisible scan lines,
which makes it easier for the patient to focus
on the target. A large 12 mm-wide screen for
scanning. Automated 7-layer segmentation.

. OCT/SLO (Optos). It is possible to combine
SLO and retinal tracking before, during, and
after acquisition of the OCT scan. Registered
follow-up is possible with the SLO “Lock and
Track” function. There is the option to align
3D topographies to the SLO image, which
permits correction for artifacts due to rotation
and shift. Longitudinal comparisons, includ-
ing retinal thickness, is possible with aid of
the “Auto — Compare” feature. All images can

be viewed remotely using the ‘“Viewer
Software.”

. Copernicus HR (Optopol Technology).
Longitudinal image comparison possible.

Option for 3D visualization and volume maps.
There is a disk damage likelihood scale
(DDLS) for the optic nerve, which is based on
the rim/disk (r/d) ratio and optic nerve size.
Imaging of the anterior segment is possible at
a 3 pm resolution. Remote viewing of images
from a central database is possible.
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9. Canon OCT HS-100. Longitudinal imaging is
possible using SLO tracking of retinal images.
Option for enhanced depth imaging of the cho-
roid. Option to import retinal camera images,
which then can be aligned and overlayed with
the SLO image. Ten-layer retinal segmentation.

10. RS-3000 (Nidek). Longitudinal imaging
using multifunctional follow software is pos-
sible for this SD-OCT device, which enables
averaging up to 120 images. Option for
selectable OCT sensitivity aids improved
visualization with a range of ocular patholo-
gies. Eye-tracking capabilities including tor-
sion. Reports can be customized.

Infrared (IR) and (Confocal) Scanning Laser
Ophthalmoscopy (c)SLO

There are two options: an IR camera or a scan-
ning laser ophthalmoscope (SLO). The SLO
scans the image line per line, similar to how old-
fashioned television screens used to build up an
image. In most devices this is a bit slower than
the IR camera (about 16 images per second com-
pared to 24 images per second), but scanning
speeds can be increased. The speed of both IR
and (c)SLO enables video recording. One advan-
tage of the SLO and confocal SLO (cSLO)
images is the high resolution. Taken together, the
image quality of (c)SLO is better than for IR. In
(c)SLO there is a small depth of focus and scat-
tered light is better suppressed. Therefore patients
find (c)SLO more comfortable (less bright light
exposure). There are good 3D imaging capabili-
ties. Finally, imaging with smaller pupil sizes
becomes possible.

IR

IR is used by the following OCT devices: Stratus,
3D OCT 2000, iVue, and Copernicus HR. (¢)SLO
is used by Spectralis, Cirrus, DR 1, RS-3000,
OCT SLO, and Canon OCT HS-100.

Pupil Size Requirements

A preference in a neurological clinic is not to
dilate the pupil pharmacologically. In most
patients it will be possible to obtain good-quality
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OCT scans without the need to dilate the pupil.
The pupil size should be measured at the same
light level at which the OCT images will be
acquired. At time of writing, the following pupil
size requirements apply:

e >2 mm: Spectralis, Cirrus

e >2.5mm: 3D OCT, DR 1, RS-3000

e >3 mm: iVue, OCT SLO, Copernicus HR,
Cannon OCT HS-100

e >3.2 mm: Stratus

Light Source

The axial resolution of OCT is related to the
bandwidth of light. A finer axial resolution is
achieved with a wider span of wavelengths in the

light. The current light source range is
820-1050 nm.

e 820 nm: Stratus

e 830 nm: OCT SLO

e 840 nm: Cirrus, 3D OCT 2000, iVue

e 850 nm: Copernicus

* 855 nm: Canon OCT HS-100
e 870 nm: Spectralis

e 880 nm: RS-3000

e 1050 nm: DR 1

Resolution

For all devices the axial resolution (3—10 pm) is
better than the transverse resolution (12-20 pm).
The reported axial resolution is:

¢ 3 pm: Canon OCT HS-100, Copernicus HR
e 5 pm: Cirrus, iVue

e 6 pum: 3D OCT 2000

e 7 um: Spectralis, RS-3000

e 8um: DR 1

e 10 pm: OCT SLO, Stratus

Scanning Speed

The number of A-scan obtained per second
determines the scanning speed. High scanning
speed reduces the likelihood of motion artifacts.
Scanning speed will become more and more
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important with the advance of Doppler OCT. The
exquisite images of the retinal vasculature
obtained by, for example, the Angiovue is only
possible due to the high scanning speed of
70,000 A-scans/s. At time of writing, scanning
speeds are:

¢ 400 A-scans/s: Stratus

e 25,000 A-scans/s: iVue

e 27,000 A-scans/s: Cirrus

* 40,000 A-scans/s: Spectralis

¢ 50,000 A-scans/s: 3D OCT 2000

* 52,000 A-scans/s: Copernicus HR

e 53,000 A-scans/s: RS-3000

¢ 70,000 A-scans/s: Angiovue, Canon OCT
HS-100

¢ 100,000 A-scans/s: DR 1

Basic OCT Protocol

As a minimal requirement, one needs to capture
(1) the area where all axons leave the eye, the
optic nerve head, and (2) the area most relevant
for our vision, the macula. A basic OCT proto-
col therefore comprises a volume scan of the
macula and optic nerve head. Some patients
with MS will have difficulties maintaining the
visual fixation needed to acquire a good-quality
volume scan. A volume scan may take too long
for these patients. Therefore if speed matters, a
ring scan around the optic nerve head may be
used instead of the volume scan. The basic
OCT scan protocol, which should be possible in
most patients with MS, is summarized in
Fig. 3.3.

Start OCT Scan

This section was written for the Spectralis device
(Fig. 3.4) and reproduced from reference [5]. For
other devices the reader is referred to the device-
specific instruction manuals.

1. First, prepare the software by entering the
patient details into the database. In case of
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Fig.3.3 Basic OCT protocol for patients with MS. (a) Ring scan of the optic nerve head and (b) volume scan of the macula

Fig. 3.4 Heidelberg Spectralis OCT with joystick and special headrest
Spectralis OCT
Filter lever
A/R

(not shown)
~

Forehead rest

External Canthus mark
fixation

lamp Camera objective
Camera —pp» .

handle - Chinrest

Focus Knob /

Joystick:

move camera
and start
acquisition / Eye
tracker (button)

a follow-up examination, a patient record 2. Second, prepare the hardware. (1) Pull the
will already have been created and you will OCT camera head back, (2) clean the parts
only need to specify the OCT operator tak- coming in contact with the patient (forehead
ing the image. and chin rest), (3) remove the lens cap and wipe
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the lens if not clean, (4) adjust the height of the
table to a comfortable position for the patient,
(5) adjust the height of the patient’s head so that
the marker indicating the canthus (Fig. 3.4)
comes to the patient’s eye, and (6) ask if the
patient is ready to go or if there are any ques-
tions. The patient should already know that the
eye will not be touched.

Third, start the OCT acquisition window.
There will be a short device calibration period
before you can click on the yellow square to
the bottom right of the screen to start imaging.
Now the cSLO image will appear in the win-
dow to the left of the screen. A few seconds
later, the OCT signal will be seen in the win-
dow to the right of the screen.

Fourth, repeat explaining to the patient that a
fixation target will appear. This is a blue light.
Some patients will see a series of vertically
displaced blue lights for optical reasons. In
this case ask them to look at the brightest one,
which typically is the bottom one. Some
patients will not be able to see the internal
fixation target. If this is the case, (1) use the
external fixation target consisting of a lamp,
(2) use your finger (or alternative) as a target,
or (3) give verbal instructions where to look
(right, left, up, down). Be aware that good
visual fixation will help to get quick and high-
quality OCT images. Patients are permitted to
blink and move eyes in between for their own
comfort. A teary dry eye is no good for OCT
imaging.

Fifth, in the acquisition window select
“Axonal.” The advantage of the axonal setting
is that it was developed specifically for neuro-
logical conditions. The OCT B-scan lines are
orientated vertically, which permits capture of
all axons cross-sectionally.

Now you are ready to choose from the ‘“Preset”
buttons. For a basic protocol, you will only
need the macular volume scan and ring scan.
It is your choice which one you start with. My
personal preference is to start with the macu-
lar volume scan because the patient finds it
easier to fixate.

A. Petzold

The Macular Volume Scan

1. First, click on one of the macular volume
scans from the preset buttons. Scans with a
low ART! (e.g., 9) are quicker than scans with
a high ART (e.g., 40-100) and better suited to
detect small microcysts but less suited for
high-quality retinal layer segmentation. A
high ART takes longer and may be less suited
for patients with difficulties to maintain visual
fixation or to sit comfortably for long in the
required position.

2. Second, use the “007 technique” (Fig. 3.2) on
the cSLO to get the retina in focus. The OCT
image will appear once you have advanced the
OCT camera head close enough to the
patient’s eye. If the OCT image “flips over” on
the top of the screen you will need to move the
camera a bit back again. Do not touch the eye.

3. Third, once you have a good cSLO image and
OCT signal, activate the device-specific “Eye-
Tracker.” To do so, you need to either (i) press
the joystick button for about 2 s (basic
Spectralis device) or (ii) press the round but-
ton below the touch screen (all other Spectralis
devices).

4. Fourth, place the volume scan with the mouse
over the macula.

5. Fifth, once you start scanning by either (a)
pressing the joystick button shortly or (b)
pressing the “Acquisition” button on the touch
screen, make absolutely sure to observe the
OCT live image to the bottom of the screen.
Always keep the scan as much horizontally
aligned as you can. While the device is acquir-
ing several images to obtain a good signal-
averaged image, you may need to continue
adjusting the live image with tiny up/down/
right/left movements of the joystick.

6. Once the image is complete, continue with the
ONH ring scan.

' ART stands for averaging of scans. The averaging algo-
rithm takes eye movements into account. A “smoother”
but not always necessarily “better” OCT B-scan will be
obtained with a high ART number.
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The ONH Ring Scan

1. First, click on “RNFL-N” (indicating the
ONH ring scan) from the preset buttons.
Adjust the ART according to the patient’s
abilities and image post-processing needs.
Higher ART means longer scanning time.

2. Second, ask the patient to fixate on the new
target, which is now closer to her nose.

3. Third, once the ONH is clearly visible in the
c¢SLO window and there is also a good OCT
signal, start the device-specific “Eye-Tracker”
function as described previously.

4. Fourth, place the ring scan around the ONH
using the mouse drag-and-drop option. Note
that the ring scan needs to be well centered [6,
7]. Also use the mouse to move the blue line
on the cSLO image over the foveola.

5. Fifth, start the OCT image acquisition by
pressing the device-specific button as
described earlier.

Advanced OCT Protocol

Advanced options help to increase anatomical
information and modification of imaging
modalities.

From an anatomical perspective, the ONH is
particularly interesting. There is a large anatomi-
cal variation of the ONH between subjects.

Fig.3.5 An ONH volume
scan with EDI enabled. The
c¢SLO image of the retina is
shown in pseudo-colors and
the OCT image in grey. This
3D image was constructed of
n="73 vertical B-scans.
Anatomical landmarks are
indicated: CRA central retinal
artery, CRV central retinal
vein, RNFL retinal nerve fiber
layer

Principally, an ONH volume scan (Fig. 3.5) is best
suited to capture this and also permits for image
post-processing including extraction of a ring scan
and analysis of the lamina cribrosa where myelin-
ation of the optic nerve axons starts. An option in
between a very fast ring scan and a longer volume
scan is an ONH star scan (Fig. 3.6). Either scan
combined with the EDI function may permit cap-
ture of the lamina cribrosa. For comparison, the
EDI function was enabled in Fig. 3.5, but not in
Fig. 3.6. Consequently the lamina cribrosa is cap-
tured better in the former.

The nerve fibers of the so-called papillomacu-
lar bundle (PMB) are more vulnerable compared
to other axons in the retina [8]. The diameter of
axons in the PMB is only around 0.4 pm but up to
2.5 pm fibers elsewhere in the retina [9]. There is
an option to scan for the approximate area of the
PMB (Fig. 3.7). But because there is no exact
anatomical definition to the extent and course of
the PMB [10], an ONH volume scan, together
with a volume scan of the area projecting from
the ONH to the macula (Fig. 3.7), might be
valuable.

From an image modality perspective, autoflu-
orescence (Fig. 3.8) is interesting in a clinical
neuro-ophthalmology setting but has, to the best
of my knowledge, not yet delivered any valuable
information in MS. Likewise, there are options
for multicolored laser beams in the cSLO image
(Fig. 3.9) that to date do not add to the investiga-




30 A. Petzold

Fig.3.6 An ONH star scan without EDI. Compared to the volume scan, the star scan is quicker due to the lower num-
ber of B-scans (n=24), which are acquired at different angles

Fig.3.7 A volume scan placed over the area between the  n=105 B-scans. A circular artifact is seen to the middle of
foveola and ONH, which captures part of the papillomac-  the cSLO image due to a light reflex
ular bundle (PMB). This is a high-resolution scan of

Fig. 3.8 Autofluorescence (AF) of the fundus revealing  Fig.3.9 Multicolor cSLO
buried optic disk drusen
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tion of patients with MS. In contrast, the option
to perform fluorescence angiography is relevant
and will be of value in a subset of patients with
possible optic neuritis to determine leakage.
Recent developments include so-called Doppler
OCT, which makes use of image motion informa-
tion during acquisition. Essentially, this repre-
sents a conceptually diametrically opposed
paradigm to classical OCT image acquisition,
which tries to average only structurally stable
parts of the retina. Blood vessels pulsate and
move and thus angio-OCT permits detection of
the retinal vasculature. A predicted shortcoming
is that angio-OCT will not show leakage from the
retinal vasculature.

Another interesting option is the use of
polarization-sensitive OCT (PS-OCT). It was
proposed to test if change of birefringence in the
RNFL precedes loss of RNFL [2]. The underly-
ing pathological mechanism is thought to reflect
on change of the most abundant structural pro-
tein of the axon: neurofilaments. Mechanisms
described in MS are neurofilament aggregate
formation,  posttranslational — modifications
(phosphorylation, nitrosylation, glycosylation),
and proteolysis. There may be a role for tubulin
too; but because tubulin proteins are expressed
in almost all cell types [11], data are likely to be
contaminated unless obtained in a cell-type-spe-
cific cell culture model. Credit really goes to
Mark Kupersmith who was first to make use of
the clinically most suited model to test such a
hypothesis: anterior ischemic optic neuropathy
(AION), where the onset of symptoms is well
defined and the outcome definite [12].
Reproduction of these data, which were acquired
with scanning laser polarimetry, with PS-OCT
will be informative. If indeed PS-OCT signal
change can be related in translational studies to
proteomic data, such as neurofilament phosphor-
ylation and aggregate formation as an early sign
of axonal pathology, then it might be possible to
test neuroprotective treatment options that may
reverse damage to proteins prior to axonal loss
occurring.
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Retinal Layer Segmentation

There is no doubt that the development and valida-
tion of algorithms for segmentation of retinal lay-
ers has risen to the top of the image post-processing
agenda. Automated segmentation will be relevant
to acquire quantitative normative data for individ-
ual data that will inform on layer-specific pathol-
ogy. For multiple sclerosis the most relevant layers
to assess neurodegeneration are the RNFL, GCL,
IPL, and potentially the INL. The latter two can be
segmented individually but are sometimes pre-
sented jointly as GCIP (see Chap. 9 by Paul and
Brandt in this book). The advantage of the macular
GCL is that optic disk edema does not mask onset
and progression of atrophy. This is interesting for
longitudinal monitoring of patients with multiple
sclerosis and optic neuritis [3, 13].

Recognize Common Pitfalls

My experience with quality control reading in clin-
ical trials and investigator-driven studies is that
there are only very few common technical mistakes
and most issues relate to adherence to the manual
and scanning protocol(s). Therefore a slightly
patronizing advice is to only go ahead if the answer
to the following three questions is “yes’:

1. Is the patient comfortable and correctly
positioned?

2. Can the patient fixate?

3. Do you know which protocol to run?

Then there are common pitfalls, which can be
minimized by following the “do’s” and avoiding
the “don’ts”:

1. Three “do’s” to remember:

(a) Keep the ring scan still while the averag-
ing (ART) is ongoing, and only press the
button to acquire the image after averag-
ing is complete (horizontal bar under
ART).


http://dx.doi.org/10.1007/978-3-319-20970-8_9
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(b) Most people are good in getting the first
scan well aligned. But please keep an eye
on the live imaging window during acqui-
sition of the volume scan. A volume scan
is composed of a number of B-scans.
Make sure that you do not inadvertently
“cut off” subsequent B-scans by either
moving the camera too much or not at all.

(c) Keep the scan horizontally aligned in the
live image window. If this should not be
possible, please make sure that you keep
the direction of the tilt on subsequent
scans. This is particularly relevant for the
ring scans.

2. Three “don’ts” to remember:

(a) Do not be trigger active. Premature pres-
sure of the acquisition button will result in
low-quality images such as illustrated in
Figs. 3.10, 3.11, and 3.12.

(b) A cutoff B-scan as shown in Fig. 3.13.

(c) A scan with poor illumination that is also
not horizontally aligned in the live window
(seen as a change of the signal intensity of
the OPL/ONL) as illustrated in Fig. 3.14
[14] and Fig. 3.11. If this is the only scan
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you can get, do not change the position of
the measurement beam (seen as a change of
the OPL/ONL signal) on subsequent Vvisits.

Implement Quality Control (QC)

The rationale for implementation of quality con-
trol is that the small degree of retinal layer atro-
phy caused by neurodegeneration can easily be
masked by artifacts [6, 15]. To be able to separate
one from the other, implementation of QC is
mandatory.

Atrophy Measures Are Influenced by
QClssues

As already stated, the annual atrophy rate of the
peripapillary RNFL in MS is about 1-2 pm per
year compared to about 0.1 pm in healthy individ-
uals, based on time-domain OCT data on a group
level [16]. Using spectral-domain OCT data and
advanced retinal layer segmentation, an annual
atrophy rate of 1.1 pm was shown for the peripap-

Fig.3.10 A good-quality baseline OCT is shown on the
top as a reference scan. For the follow-up, the operator
was “trigger active” and acquired the OCT scan before

sufficient averaging was done. Another QC problem with
this ring scan is that it was not well centered. This scan
does fail QC
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illary RNFL and a matching 1.1 pm for the macu-
lar ganglion cell complex (GCL and IPL) [17].

In a clinical setting seeing individual patients,
the question might arise if any atrophy had
occurred since the last visit. Figure 3.15 illustrates
two subsequent scans from one subject taken 1
year apart. Clearly, the bold black line taken at
follow-up suggests 12 pm atrophy of the peripap-
illary RNFL. But closer inspection demonstrates a
change of signal intensity in the OPL/ONL (blue
lines). This is a well-known measurement artifact
due to tilted OCT measurement beam placement
[14]. Therefore it would be wrong to report pro-
gressive atrophy in this particular case.

Other recognized artifacts include displace-
ment of the peripapillary ring scan (over 3.4 pm)
[18] and poor signal quality (around 10 pm) [19].

On a group level, as relevant to clinical trials
and cohort studies, one needs to realize that the
small degree of atrophy in neurodegeneration
can easily be masked by preventable artifacts. A
set of internationally validated QC criteria
emphasize seven key points that require atten-
tion [7].

OSCAR-IB

Mnemonics were chosen to remember the seven
key QC points for retinal OCT scans, OSCAR-IB
[6, 7]. These criteria were originally developed
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for the peripapillary ring scan but equally apply
to volume scans [20]. These criteria are summa-
rized in Table 3.1 [6] and will be discussed one
by one in the following seven sections:

O Criterion

Obvious reasons leading to QC failure are pro-
tocol violations. Like with a photograph, an
optically sharp image is required. So failure to
focus the image causes QC failure. Other causes
encountered are a dirty lens, obscurations in the
optical pathways (lens opacities, vitreous hem-
orrhage, or a strong cellular reaction in the
anterior segment), and a very small pupil size
(<2 mm for most current devices). Software
issues include a lack of averaging of OCT
B-scans either because the averaging mode was
turned off or because the OCT images were
taken too quickly (“trigger active”). An exam-
ple for an OCT scan that was cut off is shown in
Fig. 3.13. Such a scan will fail QC.

S Criterion

The signal strength needs to be sufficient for a
good-quality OCT B-scan with appropriate con-
trast between layers as required for image post-
processing. The signal strength required can vary.

Fig. 3.11 During acquisition of this ring scan, the OCT
laser beam was not centrally placed. Consequently the
OCT image, typically seen in the live imaging window,

appears as a curved line. This is always associated with
the OPL/ONL sign [14]. Both layers are inhomogeneously
illuminated



A. Petzold

34

949 1391 2y) ur A1o)re
[RUQIOIIO © ST 1A [, 'saSewl ()JSO Y UO U23s 29 UBD Ju29sa10 drdoAwr 7 "saka yyoq ur erdoAwr s1o1dorp g— yaim 302[qns e ut Sutuury) TINY Arefideduod remoenry gL g 614

/k\é_._

e - . )

L_\\\J\“Jlj.
ALUVATY i c//\\asﬂ_\

o

//\_\\:( <.,c_..w o )i_.l/la,\/// .7\:\

T \/\,.\ S r__.x-




3 Optical Coherence Tomography (OCT) 35

g 120
B
&
2 L]
data
issi |
= missing !
o : T T T ]
-180 135 0 45 ] 4 «0 128 180
HAS " ™P Sup HAS

Fig.3.13 This ring scan taken at follow-up was partly cut off. No data can be calculated for the nasal sector. This scan
does not fulfill QC criteria
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Fig.3.14 An unequally illuminated OCT volume scan due to poor scanning technique. This scan should be QC rejected
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For segmentation of the RNFL from a young
healthy eye, the signal strength required will be
lower if compared to what is needed for segmen-
tation of the outer retinal layers from an elderly
patient with cataract- and age-related macular

A. Petzold

degeneration. As a rule of thumb, if one is able to
visually distinguish the different retinal layers in
the averaged OCT image, the signal is sufficient.
Usually an OCT scan fails QC for the S criterion
not in isolation but because algorithm failures
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Fig.3.15 In this 45-year-old man with a 19-year history
of MS, the follow-up OCT ring scan (top of image) sug-
gests a localized loss of the RNFL in the papillomacular
bundle of around 12 pm (blue circle) over the past 2 years.
This is clearly more than what would be expected from
aging alone. Comparison of the OCT B-scan at

Lnarmination: 16.5. 7914

baseline (red square, 26-MAR-2012) and follow-up
(16-MAY-2014) shows change of signal intensity in the
OPL/ONL. This is caused by change of the OCT measure-
ment beam pathway and the reason for artifactual PMB
thinning. This patient never had an episode of MSON
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(A criterion) also follow. Figure 3.16 shows an
example of a poor signal strength OCT. This
example highlights that QC criteria, originally
thought to be relevant for the RNFL, will be even
more relevant for the widespread use of segmen-
tation algorithms.

Table 3.1 Seven key QC points using the mnemonic
OSCAR-IB

Criteria

(0] Any obvious problems?

S Sufficient signal?

C Well-centered OCT scan?

A Any algorithm failure(s)?

R Signs for retinal pathology?

I Good illumination of the retina?

B Consistent beam placement?

The table has been shortened from Ref. [6]
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C Criterion

Correct centration of a ring or volume scan is
relevant, too. In a clinical setting, a poorly cen-
tered ring scan can make it impossible to see
whether or not there is relevant RNFL loss.
Figure 3.17 shows the ring scan taken from a
patient with MS. It is impossible to say from this
scan if there was any loss of RNFL in the
PMB. This ring scan was placed too close to the
temporal/superior optic disk margin. Such a loss
was clinically anticipated because of persistent
poor color vision following an episode of
MSON, implying pathology of the parvocellular
projections [21].

On a group level, even a small degree of dis-
placement may introduce a measurement artifact
of more than 3.4 pm for the RNFL [18].

Fig. 3.16 This poor signal strength OCT gives rise to a
grainy and noisy image with associated algorithm failures
for several layers. (a) The OCT B-scan at baseline and (b)
follow-up. Clearly there is a difference in contrast between
retinal layers. Following automated segmentation (c) at
baseline and (d) follow-up, artifactual differences in layer
thicknesses are suggested. The artifactual change of indi-

vidual retinal layer thicknesses is shown for (e) the RNFL
(maximal error 34 pm, indicated by green reference line),
(f) the GCL (maximal error 46 pm, indicated by green
reference line), (g) the INL (maximal error 73 pm, indi-
cated by green reference line), and (h) the ONL (maximal
error 58 pm, indicated by green reference line)
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Fig.3.17

This ring scan was not well centered. Consequently RNFL thickness values cannot be compared to the nor-

mal range (green-shaded area). This scan is also poorly focused (O criterion). This scan fails QC

Likewise poor centration of the macular vol-
ume scan over the foveola causes artifactual reti-
nal thickness maps. Figure 3.18 illustrates this in
one clinical case with MSON. In some cases it
may still be possible to manually readjust for
measurement areas, such that at least part of the
data can be used. If the misplacement was too
extreme, even image post-processing may fail.

Note that re-centration by image post-processing
may be possible for the macular scan, which con-
sists of many OCT B-scans, but not for the ring scan
of which there is only one. In a clinical setting, this
may be relevant for choice of OCT image protocol
in patients with poor fixation. A quick large area
volume scan might be preferred over a ring scan to
increase the chance to cover the relevant area.

A Criterion

Reasons for algorithm failures are a poor signal
strength, poor illumination, retinal pathology,
inconsistent OCT beam placement, and blood ves-
sel artifacts, to name but a few. Figure 3.19 shows
an algorithm failure due to the presence of an
epiretinal gliosis. Such an error can be manually
corrected by image post-processing. In a clinical

setting, it is always advised to visually inspect if
the RNFL was segmented correctly. Blindly rely-
ing on values can lead to misinterpretation. In the
case shown, there was a significant degree of atro-
phy that could easily have been overlooked.

For clinical trials and cohort studies, most
algorithm failure can almost always be corrected
at a later stage if the other OSCAR-OB QC crite-
ria are met.

R Criterion

Presence of retinal pathology which can influence
retinal layer thickness measurements can introduce a
bias into the data. Therefore retinal pathology needs
to be carefully excluded, particularly for cross-sec-
tional studies comparing groups. A typical example
for an MS clinic might be presence of myopia. In
subjects with severe (>6 diopters) myopia, the elon-
gation of the eyeball leads to RNFL thinning. This is
illustrated in Fig. 3.12. Conversely there might be
artifactual RNFL thickening in a subject with hyper-
opia or presence of drusen. In some cases hyperopia
can be misinterpreted as papilledema.

A list of retinal pathology that can effect reti-
nal layer thickness measurements and therefore
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Fig. 3.18 This macular volume scan was placed too far
to the left. (a) The EDTRS grid was not centered over the
foveola. This led to an artifactual macular thickness map
for the GCL (between bluish and purple lines in OCT).
(b) Manual replacement of the EDTRS grid still permits
for these scan data to be used. The OCT B-scan now

requires to be considered is given in Table 3.2
[6]. The risk for bias due to retinal pathology
might be less in longitudinal studies that consider
change of retinal layer thickness over time com-
pared to cross-sectional studies.

I Criterion

Poor illumination of poor signal go frequently,
but not always, hand in hand. Poor illumination

shows that the center of measurement is placed well
within the foveola. The small black/white square placed
over the foveola in the cSLO image is a marker used as a
reference. Quantitative data from this marker is shown in
the red framed box to the upper right in (a) and (b)

can be an image that is either generally too dark
or unequal. [llumination was embraced as one of
the first QC criteria in the ophthalmological lit-
erature [15]. An unequally illuminated image is
shown in Fig. 3.14. As can be seen, there is a
drop of signal in the poorer-illuminated areas and
algorithm failures follow. In a clinical setting, it
is always worthwhile remembering that floaters
are a frequent cause for entoptic phenomena and
can also be the root for unequal illumination as
they cast shadows (Fig. 3.20).
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Fig.3.19 (a) Algorithm failure due to presence of epiret-  diabetic retinopathy for which he received laser treatment
inal gliosis (vertical green reference line). This shows a  (white spots on cSLO image)
34-year-old man with a diabetes mellitus type 1 and

Table 3.2 Pathology of the retina to be considered by the OSCAR-IB criteria

Summary Diseases

Structural Drusen, cysts, detachment, large disks, small crowded disks, presence of myelinated axons, nevus,
tumor, peripapillary atrophy, optic disk edema, more than 6 diopters of myopia or hyperopia

Vascular AION and PION, NA-AION and NA-PION, PAMM, GCA, CRAO, CRBO, AVM, cotton wool
spots, CVA affecting the optic pathways

Immune Paraneoplastic, MAR, NMO, CAR, SLE, uveitis, birdshot retinochoroiditis

Infectious Viral, bacterial, fungus, HIV, Lyme, secondary syphilis

Hereditary Leber’s, DOA, albinism, cone dystrophy, retinitis pigmentosa

Iatrogenic Retina surgery, photocoagulation, solar retinopathy, central serous chorioretinopathy, Purtscher’s
retinopathy, optic nerve sheet fenestration, brain surgery affecting the optic pathways

Metabolic/toxic | Diabetes; vit. A deficit; alcohol-, tobacco-, and malnutrition-induced amblyopia; amiodarone,
chloroquine, vigabatrin

Other Glaucoma, macular degeneration, acute posterior multifocal placoid pigment epitheliopathy,

acute macular neuroretinopathy

Table reproduced and modified with permission from Tewarie et al. [6].

B Criterion

To understand the B criterion, it is best to try it
out by performing an OCT scan to oneself or

Finally, there is one artifact that is not readily —watching the online provided as supplementary
recognized: the influence of the light pathway. data from reference [14].

The easiest way to avoid this error is to always If the measurement beam is horizontally or ver-
keep the OCT B-scan in the live image horizon- tically displaced, the OCT B-scan appears to be

tally aligned.

wavy (Fig. 3.21) [14]. Localised measurement
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Fig.3.20 An unequally
illuminated OCT volume scan
due to a floater. The floater
can be seen casting a shadow
in the cSLO image and in the
OCT B-scan. This scan
should be QC accepted

artifacts due to poor beam placement are in the
range of 9-40 pm for the peripapillary RNFL.
Likewise data from the macular are affected by off-
center beam placement [22]. Therefore recognition
of this error is relevant in a clinical setting to avoid
data misinterpretation, which might influence
patient management. Likewise clinical trials and
cohort studies will need to carefully QC check their
longitudinal data for the B criterion.

A simple sign that can alert to change of mea-
surement beam placement between two examina-
tions is the signal intensity of the OPL/ONL. This
is shown in Fig. 3.22 [14].

Concluding Remarks on OSCAR-IB

The mnemonic was chosen to help the OCT oper-
ator in preparing scan acquisition. Make sure to
follow the right protocol with appropriate B-scan
averaging and have a well-focused image (O).

While scanning, ensure that the ring and
volume scans are well centered over the area of
interest (C). Take care that the image is suffi-
ciently bright and equally illuminated (I). Have
the OCT scan horizontally aligned in the live
window (B).

After the scan is completed and the patient is
still present, check for presence of algorithm fail-
ures (A) and relevant retinal pathology (R). In
some cases immediate re-imaging will be helpful.
In a clinical setting, this may be relevant for fol-
lowing up on retinal pathology. In a clinical trial
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shadow cast by
floater in ¢cSLO image

setting, this will prevent the undesirable situation
to have to call a patient back, because a reading
center does not accept OCT scans that fail QC
(see chapter 13).

On a practical level, these straightforward,
transparent, and validated QC criteria [6, 7] are
best implemented by training and auditing team
and service.

Train Your Team

It might not be possible or desirable to scan all
patients yourself in a busy neurological outpatient
clinic. Most teams have trained OCT operators who
can have a wide educational background, frequently
with some knowledge of retinal photography.

Training involves letting people make mis-
takes. Once an OCT operator understands how to
reproducibly make a certain mistake, for exam-
ple, with the B criterion, such a mistake will more
readily be recognized in a real-life setting.

Next to obtaining good-quality OCT scans, it
is necessary to have a complete set of scans. If a
protocol contains only a ring scan and a macular
volume scan, recognition of other pathologies
should trigger further, more appropriate scans.

To give one example, optic disk drusen may
give rise to pseudopapilledema (Fig. 3.23a). An
apt operator who then performs an optic nerve
head volumescan (Fig.3.23b)and autofluorescence
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Fig.3.21 Off-center
placement of the OCT
measurement beam results in
tilted images. Here we show
the OCT live image obtained
by the optic nerve head ring
scan. (a) The reference scan
with the measurement beam
(yellow dot) being placed
centrally in the pupil (black
circle). This results in a
correct, horizontal OCT live
image. Note: the live image
will not be visible to the
reading center (note that the
live image was taken as a
screenshot during the imaging
and appears in print in lower
quality than in reality. Please
see Video 3.1 in the
supplementary material for a
live coverage image
acquisition). (b) Temporal
off-center placement of the
measurement beam results in
a centrally convex live image.
(c) Nasal off-center placement
results in a centrally concave
OCT live image. (d) Rostral
off-center placement results in
a rising wave, which is
mirrored by (e) caudal
off-center placement (a falling
wave). Please note that for
didactic purposes the
off-center placement of the
measurement beam is shown
for an idealized situation with
a central fixation target for a
perfectly aligned right
subject’s eye from the OCT
operator’s point of view
(Image reproduced with
permission from Balk et al.

(14D

(Fig. 3.8) will add valuable information to clinical
decision-making.

Little can be more annoying than to realize
that a patient will need to be called back because
an incomplete series of scans was acquired. In a
clinical trial setting, this will inevitably lead to
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rejection from an OCT reading center (see chap-
ter 13). In clinical practice, there might be a fail-
ure to recognize relevant pathology. In practice, a
simple checklist helps to make sure that all rele-
vant scans are done. An example for such a
checklist is given in Fig. 3.24.
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Fig.3.22 Inhomogeneous
reflectivity of the outer part of
the ONL indicates off-center
placement of the OCT
measurement beam. (a) The
averaged summary scan
obtained from the correctly,
horizontally orientated live
images of the reference scan.
This image shows a
homogeneous reflectivity of
the outer ONL (black arrow).
The automated segmentation
identifies the borders of the
RNFL (red/gray lines). Note:
this is the image that is sent to
the reading center and used
for automated calculation of
the RNFL thickness. (b)
Temporal off-center
placement results in an
inhomogeneous outer ONL
reflectivity. The ONL
reflectivity is increased for the
centrally elevated part in the
live image (white arrows) and
decreased in the periphery
(gray arrows). (c¢) Nasal
off-center placement. (d)
Rostral off-center placement.
(e) Caudal off-center
placement (Image reproduced
with permission from Balk
etal. [14])

Audit Your Service

There are good reasons to regularly check if a clin-
ical service provided delivers what it is supposed
to deliver. As with all other paraclinical tests, the
OCT is an extension of the clinical judgment.
Clinicians generally have an idea what they want
to see on the OCT image, even if they are not
familiar with all the details of the different OCT
machines. Independent to what OCT device is
used, the images need to be of an acceptable qual-
ity. Longitudinal monitoring of patients will
require appropriate use of follow-up functions. Do
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the OCT images obtained have an influence on
clinical decision-making? This can be reassurance
about a suspected pathology but also redirect the
diagnostic workup to a different pathology. Were
all OCT requests made necessary? These parts of
the general workflow can be assessed in an audit.
A first-level audit frequently will have to deal
with quality control issues and training of per-
sonnel. At different institutions, the initial quality
control failure rate may be unexpectedly high.
This does not need to come as a surprise because
many departments will have made use of OCT as
an instrument to discover rather substantial levels



44

A. Petzold

Burried optic disc drusen

Fig.3.23 Artifactual RNFL thickening in presence of optic disk drusen. (a) ONH ring scan and (b) ONH volume scan.

Drusen are indicated by the arrow

of pathology. The need for highly accurate OCT
imaging as relevant for assessment of neurode-
generation would not necessarily have been part
of OCT operator training. The outcome of a
first-level audit is likely to result in a team discus-
sion and additional training.

Permit for sufficient time for improvements
to consolidate. Next, implement an audit
circle.

A reaudit will show if these measures have
contributed to improving the overall quality of
scans. People will have gained more experience
and new ideas that may materialize in on-site

protocols or standard operating procedures
(SOPs). The outcome of a second-level audit may
then be how to smooth the workflow, to optimize
access to OCT scan results including use of
remote viewing stations and to streamline OCT
reporting.

Another reaudit at this stage should enable to
assess the impact the OCT scans have on clinical
decision-making and patient management. This
will be important, because of the rapid develop-
ment of technology, to help with the careful use of
resources and potentially to contribute to develop-
ing and refining the clinical questions asked.
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Patient scan checklist
(tick boxes for scans completed)

OCT

(marked as reference scan)

Baseline

Scan oD

0s

Fig.3.24 Patient scan checklist

Conclusion

Retinal OCT has developed from a research
tool [1, 2] to a validated tool recommended for
clinical use [3, 13]. But good clinical practice
will require adherence to QC [23, 6, 7, 20].
This chapter provided an overview of lessons
learned from hands-on teaching of retinal
OCT to a broad audience at a number of cen-
ters, both neurological and ophthalmological,
and international teaching courses.
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Background

The Optic Neuritis Treatment Trial (ONTT)
[1-5] is a landmark study in the field of neuro-
ophthalmology that systematically described
the clinical course of typical inflammatory optic
neuritis (ON) and the subsequent risk of multi-
ple sclerosis (MS). ON may be the presenting
feature (i.e., the first clinical demyelinating
event) in up to 20 % of patients with multiple
sclerosis [6]. The presence of magnetic reso-
nance imaging (MRI)-detected lesions and cere-
brospinal fluid (CSF) oligoclonal bands (OCB)
was found to predict later development of MS,
as defined at the time of the trial as a second
clinical demyelinating event [7, 8]. As such, the
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risk of development of clinically definite MS
(CDMS) after an episode of isolated unilateral
ON was 22 % at 10 years with normal brain
MRI, as opposed to 56 % of those with one or
more brain MRI lesions at baseline in the ONTT
[8]. Visual acuity loss in ON is mostly mild to
moderate, progressing over days. Visual recov-
ery usually starts within a month [5].
Remarkably, 86 % of affected eyes in the ONTT
had visual acuity of 20/25 or better at the
10-year follow-up [9], suggesting an excellent
visual prognosis. However, several observations
in the ONTT merit attention: two thirds of fel-
low eyes [4] showed an abnormality on one or
more tests of visual function at enrollment
(color vision, contrast sensitivity, and visual
field testing). Furthermore, 11 % of patients
with 20/20 vision in the affected eye at baseline
had deficits in vision-specific quality of life
(QOL) even at 5-8 years following the acute
event. Thus, visual acuity testing alone may be
an inadequate clinical measure of visual dys-
function in MS-associated optic neuritis
(MSON) or in MS even without an ON history.

Visual symptoms in MS may result from a
variety of pathological processes, including
inflammation, demyelination, and axonal degen-
eration in the afferent visual pathways [10, 11].
Subclinical optic neuropathy and involvement
of the optic chiasm or post-chiasmal regions of
the optic tract also have been documented
[12-14].
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Diagnosis of optic neuropathy in MS is made
on clinical grounds in most instances, and, when in
doubt, visually evoked potentials and visual fields
may be helpful. Fluorescein angiography (FA) is
not routinely performed in MS subjects.
Microcystic macular edema (MME) is a relatively
new finding seen in multiple conditions that cause
retinal or optic nerve injury, including MS sub-
jects. In contrast to a fluorescein leakage seen with
the retinal condition of cystoid macular edema,
microcytic macular edema may not always be seen
on FA. Over the last 15 years, progress has been
made in the qualitative and quantitative assess-
ment of visual function in MS. Studies have found
that measures of low-contrast vision, particularly
low-contrast letter acuity, demonstrate the greatest
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capacity to capture visual impairment [15-18].
Vision-specific QOL, as measured by the 25-item
National Eye Institute Visual Functioning
Questionnaire (NEI-VFQ-25) and the more
recently studied 10-item Neuro-Ophthalmic
Supplement to the NEI-VFQ-25, has correlated
with low-contrast acuity and with the structural
changes seen in OCT (Table 4.1) [19-22].

Optical Coherence Tomography
(OCT) in MS

Optical coherence tomography (OCT) is a nonin-
vasive technique that allows for tissue-level
in vitro imaging of the optic nerve head and retina.

Table 4.1 Mean reference values from recent investigations of vision, quality of life, and OCT in MS*

Disease-free

controls
High-contrast visual acuity (VA), |59+6
ETDRS, number of letters correct | (n=52 eyes)
Binocular testing 62+4
(n=26 pts)
Low-contrast letter acuity (2.5 %), |35+6
number of letters correct (n=52 eyes)
Binocular testing 44+4
(n=26 pts)
Low-contrast letter acuity 21+9
(1.25 %), number of letters correct | (n=52 eyes)
Binocular testing 32+5
(n=26 pts)
NEI-VFQ-25 composite score, 98+2
best score=100 (n=27 pts)
10-item neuro-ophthalmic 97+5
supplement to the NEI-VFQ-25, (n=28 pts)
best score=100
Time-domain (TD) OCT
Peripapillary RNFL thickness, pm | 104.5+10.7
(n=219 eyes)
Total macular volume, mm? 6.84+0.36

Spectral-domain (SD) OCT

(n=219 eyes)

Peripapillary RNFL thickness, pm | 93.0£9.0
(n=48 eyes)
Ganglion cell +inner plexiform 88.9+6.9
layer (GCL+IPL), pm (n=61 eyes)
Macular volume cube, mm? 10.1+0.4
(n=50 eyes)

MS, no history MS, history
All MS of MSON of MSON
53+10 55+7 52+12

(n=559 eyes)
58+7

(n=301 eyes)
59+6

(n=252 eyes)
57+8

(n=273 pts) (n=147 pts) (n=123 pts)
25+12 27+11 23+13
(n=550 eyes) (n=296 eyes) (n=248 eyes)
34+11 36+9 32+112
(n=273 pts) (n=147 pts) (n=123 pts)
13+11 15+11 1111
(n=550 eyes) (n=296 eyes) (n=248 eyes)
23+11 25+11 21+12
(n=271 pts) (n=146 pts) (n=122 pts)
85x15 88+ 14 82+15
(n=264 pts) (n=142 pts) (n=119 pts)
78+18 83+16 73+18
(n=256 pts) (n=137 pts) (n=117 pts)
92.5+16.7 95.6+14.5 85.7+19.0
(n=1,058 eyes) (n=730 eyes) (n=328 eyes)
6.54+0.51 6.63+0.48 6.36+0.53

(n=1,058 eyes)

(n=730 eyes)

(n=328 eyes)

83.1+12.9 86.4+10.9 79.1x14.1
(n=529 eyes) (n=287 eyes) (n=236 eyes)
84.1+8.4 87.0+6.6 79.7+£9.2
(n=239 eyes) (n=150 eyes) (n=87 eyes)
9.8+0.6 9.9+0.5 9.7+0.6

(n=509 eyes)

(n=282 eyes)

(n=221 eyes)

*Data above from a collaboration between NYU, Johns Hopkins, and UT Southwestern Dallas

Abbreviations: MS multiple sclerosis, ETDRS early treatment diabetic retinopathy study, NEI-VFQ-25 25-Item National
Eye Institute Visual Functioning Questionnaire, 7D time-domain (OCT-3 platform), SD spectral-domain (Cirrus plat-
form), OCT optical coherence tomography, RNFL retinal nerve fiber layer
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OCT provides a unique opportunity to image the
unmyelinated axons arising from the retinal gan-
glion cells (axons not myelinated anterior to the
lamina cribrosa). By measuring the thickness of
the peripapillary RNFL (commonly referred to for
simplicity as the RNFL), OCT provides the ability
to quantitate the amount of axonal loss associated
with optic nerve injury and is a means to monitor
the neurodegenerative process. In addition, OCT
can be used to measure total macular volume
(TMV), which may provide an estimate of neuro-
nal integrity (ganglion cell integrity) at the retinal
level. The development of computerized OCT
image segmentation techniques has added to the
ability to image distinct neuronal populations
including the ganglion cell layer (GCL).

OCT in Patients with History
of MSON

Autopsy studies have shown that up to 94-99 %
of patients with MS have detectable optic nerve
lesions [23, 24]. The earliest application of OCT
technology to the study of MSON was reported
by Parisi et al. in 1999 [25]. In that study, which
utilized first-generation OCT, RNFL thickness
was reduced by an average of 46 % in the eyes
with history of MSON as compared to control
subjects and by an average of 28 % in compari-
son to fellow eyes of patients with a history of
MSON. Even in the clinically unaffected eyes of
patients with MS, there was a 26 % reduction in
RNFL thickness when compared to disease-free
control eyes (whose average RNFL thickness is
approximately 100-110 microns). In 2005, Trip
et al. [26] reported similar findings, with 33 %
reductions in RNFL thickness in the eyes of the
patients with a history of MSON compared with
eyes of matched controls and a 27 % reduction
when the MSON-affected and unaffected eyes of
the same patients with MS were compared. They
also showed total macular volume loss by 11 %
in the eyes of patients with a history of MSON
when compared to control eyes (p <0.001) and by
9 % in the MSON-affected versus the unaffected
eyes of the same patients (p<0.001). Thus, OCT
was able to show both RNFL thinning and macu-
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lar retinal volume loss, suggesting the occurrence
of both axonal and neuronal cell loss in the eyes
of patients with MS with and without acute
MSON (see Case Studies 1 and 2).

In 2010, Petzold et al. [27] performed a meta-
analysis of OCT studies in the MS and MSON lit-
erature with available data (n=63 studies). The
authors found an average RNFL thinning of
2038 pm (95 % CI 17.91-22.86, n=2,063,
p<0.0001) in eyes with MSON, while thinning
was 7.08 pm on average (5.52-8.65, n=3,154,
p<0.0001) in MS eyes without MSON. The esti-
mated degree of RNFL thinning in patients with
MS was greater than the extent expected by normal
aging. Normal RNFL thickness may be in the range
of 110-120 pm by the age of 15 years, with an esti-
mated physiological loss of only about 0.017 % per
year in retinal thickness (approximately 10-20 pm
loss over 60 years) [28]. RNFL thickness in the
Petzold et al. meta-analysis [27] also was found to
correlate with visual and neurological functioning.

OCT in Acute MSON
and Retrobulbar Neuritis

In 2006, Costello et al. [29] reported that the
majority of patients with acute MSON (approxi-
mately 75 %) will sustain 10-40 pm of RNFL
loss within a period of approximately 3—6 months
(see Case Study 3). Importantly, RNFL thinning
down to a level of 75-80 pm was found to be a
“threshold level” below which there was a corre-
sponding decline in visual function, as measured
by automated perimetry [29], and below which
visual dysfuntion persisted.

In the acute setting of ON, Pro et al. [30]
demonstrated mild OCT RNFL thickening in 8
subjects who were thought clinically to have
retrobulbar ON (i.e., no obvious optic disk
swelling on ophthalmoscopy). In most of these
cases, increased RNFL thickness was subtle and
not beyond the range of normal (100.7 pm in
ON-affected eyes, versus 92.9 pm in unaffected
fellow eyes). The unaffected eyes in this
study remained stable, while thinning was
demonstrated in the affected eyes with ON. This
thinning was seen as early as 2—4 months after
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the onset of the visual loss. The findings of this
study, as well as clinical experience, suggest
that mild optic disk swelling is present even in
cases of suspected retrobulbar ON based on
ophthalmoscopic examination.

OCT Changes in the Subacute Phase
and During Recovery from MSON

The time course of RNFL axonal loss following
an episode of acute MSON may be important for
determining the “window of opportunity” for
potential intervention with neuroprotective or
repair therapies. From the available data, it
appears that most of the RNFL thinning occurs in
MSON within the first 1-3 months. This observa-
tion suggests that significant and rapid axonal
degeneration follows primary demyelination of
the optic nerve [27, 29]. Stabilization of RNFL
thickness is evident by 6 months following onset
of MSON [29, 31].

Henderson et al. [31], in a study of 23 patients
with acute clinically isolated unilateral MSON,
performed comprehensive visual assessments. The
mean time to 90 % loss of RNFL thickness from
baseline values for MSON-affected eyes was
2.38 months. Ninety-nine percent of the RNFL
thickness loss occurred by a mean of 4.75 months.
The time of first OCT-detectable RNFL atrophy
compared to the baseline fellow eye value was
1.64 months (95 % CI, 0.96-2.32; listed p<0.05).
Eyes with poor recovery had a significantly greater
decline of RNFL thickness from baseline to 3
months (p=0.002). Macular volumes also declined
significantly to the time of last follow-up.

OCT in Different Types of MS

Costello et al. [32] demonstrated that the pattern
of OCT RNFL thinning may be able to distin-
guish MS disease subtypes. They found that
RNFL comparisons involving MS eyes with a his-
tory of ON (MSON eyes) yielded greater differ-
ences between MS subtypes than did comparisons
of unaffected eyes. For MSON eyes in this study,
patients with clinically isolated syndrome (CIS)
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had the highest overall RNFL thickness values
(mean 87.8 pm), while patients with secondary
progressive MS (SPMS) had the greatest degree
of thinning compared to control reference values
(mean RNFL thickness 70.8 pm). For MS non-
MSON eyes, RNFL thickness was reduced in
patients with primary progressive MS (PPMS,
average 94.3 pm p=0.04), relapsing remitting MS
(RRMS, average 99.6 pm, p=0.02), and SPMS
(average 84.7 pm, p<0.0001) relative to eyes of
patients with CIS (average RNFL thickness
105.7 pm). RNFL thickness may thus represent
an important structural marker of disease
progression.

Galetta et al. [33] have shown that even
patients with “benign MS” may have RNFL axo-
nal loss that is similar to that of typical MS. In
these studies, definitions of “benign MS” were an
EDSS score of <3 and a >15-year disease dura-
tion. Importantly, those with benign MS had
associated reductions of vision-specific QOL
as well as impairments of low-contrast letter
acuity. While overall neurologic impairment in
benign MS may be mild, visual dysfunction
may actually account for a substantial degree of
disability.

RNFL Thickness in the Asymptomatic
Fellow Eye

Thinning of RNFL has been observed not only in
the eyes with a history of MSON but also in the
asymptomatic fellow eyes of MS patients [34—
39]. Average RNFL thickness values for fellow
eyes in MSON have ranged from 91.1 to 109.3 pm.
In MS patients with no history of acute MSON,
the average RNFL thickness was between 93.9
and 110.9 pm. These findings suggest that MS
can cause subclinical visual pathway disease with
associated axonal loss (see Case Study 3).

RNFL Thinning and Visual Loss

One of the most important findings that have
resulted from the use of OCT in MS is the cor-
relation between RNFL thinning and visual loss,
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as measured by low-contrast letter acuity [22]. In
2006, Fisher et al. [34] published a cross-
sectional study that compared RNFL thickness
among MS eyes with a history of ON (MSON
eyes), MS eyes without a history of ON (MS
non-MSON eyes), and eyes of disease-free con-
trols. They found that RNFL thickness was
reduced significantly among MS patients
(92 pm) versus controls (105 pm, p <0.001, gen-
eralized estimating equation models, accounting
for age) and particularly reduced in MSON eyes
(85 pm, p<0.001). Furthermore, lower visual
function scores were associated with reduced
average overall RNFL thickness in MS eyes; for
every one line decrease in low-contrast letter
acuity or contrast sensitivity score, the mean
RNFL thickness decreased by 4 pm. These find-
ings supported the validity of low-contrast visual
assessment and suggested a potential role for
OCT in MS trials that examine neuroprotective
and other disease-modifying therapies [40].
Several other investigations have demonstrated
correlations between RNFL thinning and visual
loss [26, 41-43]. For example, Costello et al.
[44] found that RNFL thickness after an episode
of isolated ON cannot be used to predict the risk
of MS.

Relation of RNFL Thickness and MRI
Findings

Conventional MRI techniques may not specifi-
cally reflect axonal damage in the anterior
visual pathway, and also may not demonstrate
findings of subclinical optical neuropathy or
neurodegenerative effects on the retina. The
process of RNFL thinning correlates with the
atrophy (thinning in caliber) of the optic nerve,
which may be visualized on conventional
MRI. Studies have shown a significant correla-
tion of RNFL thickness with the conventional
and normalized volumes of brain white and
gray matter [39, 45]. The correlation between
RNFL thickness and MRI measurements of
brain atrophy was more significant in the sub-
set of patients with no history of MSON than in
those patients with history of MSON [45].
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Overall, RNFL thickness measurements are a
likely correlate of brain atrophy in MS [34];
ongoing studies are examining the role for gan-
glion cell layer thickness as a neuronal struc-
tural marker that relates to overall and gray
matter atrophy by brain MRI.

Longitudinal Data

In a longitudinal study with a mean follow-up
of 18 months, Talman et al. [46] found that
degree of RNFL thinning was significantly
related to length of follow-up; this was consis-
tent with a progressive RNFL thinning over
time in some patients with MS. For this cohort
of patients examined between 0.5 and 4.5 years,
an average of 2 microns of RNFL thickness
was lost per year of follow-up (p <0.001). This
relation was similar for MSON eyes (1.4 pm,
p=0.005) and MS non-MSON eyes (2.4 pm,
p<0.001). Percentage decreases in RNFL
thickness from baseline were highest for the
temporal quadrant (3.1 %), followed by the
nasal quadrant (2.5 %). RNFL thinning was
also associated with clinically significant
visual loss by low-contrast letter acuity, most
correlated with the low-contrast letter acuity
at the 2.5 % level. These findings are likely
to influence how we manage MS-associated
visual loss and serve as a backdrop for
understanding the relative contributions of
MSON versus axonal loss in the absence of
MSON in MS.

Segmentation and Recent Trends

With the rapid advancement in the OCT technol-
ogy, segmentation of some of the retinal layers is
now possible for use in the clinical setting. Walter
et al. [47] found that thinning of the ganglion cell
layer (GCL) plus inner plexiform layer (IPL, sin-
gle interneuron layer that is inseparable from the
GCL by OCT) was greatest among patients with
the highest degrees of visual loss and decrements
in vision-specific QOL. This study confirmed an
important role for neuronal loss, measured by
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GCL+IPL thickness, in determining visual dis-
ability in MS. Gabilondo et al. similarly studied
retinal changes in optic neuritis utilizing segmen-
tation techniques. The change in the ganglion cell
layer and inner plexiform layer (GCIP) thickness
in the first month predicted the visual impairment
by 6 months [48].

There is a significant interest as to whether
race/ethnicity has a significant role in the
visual pathway dysfunction in relation to
MS. Kimbrough et al. [49] provided evidence
that African-American MS patients have accel-
erated visual pathway damage and visual dis-
ability, as compared to Caucasian subjects:
they had faster RNFL thinning and worse
LCVA per year of disease progression. Moss
et al. [50] performed a secondary analysis of
the ONTT and found that black race/ethnicity
seems to be associated with worse scores of
contrast sensitivity and visual acuity outcomes
in affected eyes during a 15-year period fol-
lowing acute optic neuritis.

OCT and Psychophysics
Low-contrast acuity

Low-contrast letter acuity is a visual outcome
measure that is being used for clinical trials in
MSON and has demonstrated validity and the
capacity to show treatment effects in MS trials.

Acute MSON causes functional visual impair-
ment that is best captured by clinical measures of
low-contrast letter acuity (perception of gray let-
ters of progressively smaller size on a white
background) and contrast sensitivity (perception
of gray letters of a single large size on a white
background) [16, 51, 52].

Results from the Optic Neuritis Treatment
Trial (ONTT) and multiple other cohorts indicate
that some degree of persistent visual loss occurs
regardless of corticosteroid treatment for acute
MSON. Permanent deficits result from irrevers-
ible neuronal and axonal degeneration.
Identification of agents that protect axons and
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neurons and defining the therapeutic window
even more precisely are the essential next steps in
improving the visual outcome of acute MSON.

Color Vision

Henderson et al. studied patients with acute
unilateral optic neuritis and found both color
vision and low-contrast letter scores were asso-
ciated with RNFL thinning and predictive of
axonal loss on SD-OCT [53]. Additionally,
color vision deficits were correlated with RNFL
thinning on SD-OCT in MS patients both with
and without optic neuritis in a study by
Villoslada et al. [54].

Conclusion

Acute ON in the setting of MS (MSON) is a
strong contributor to anterior visual pathway
axonal and neuronal loss as measured by OCT
RNFL and GCL +IPL thickness. Studies of het-
erogeneous MS cohorts have also demonstrated
evidence for subclinical visual loss in the
absence of MSON. Both groups of patients
have reductions in vision-specific QOL and
visual function, consistent with an unmet need
for neuroprotection and repair agents in MS as
well as MSON.

Representative Case Studies

Case 1 MS patient with unilateral MSON

A 35-year-old female with a history of MS diag-
nosed 2 years prior presenting as optic neuritis in
the right eye was treated with IV steroids for 7
days, with partial resolution of symptoms. The
patient had been on Tysabri® (natalizumab) for 2
years at time of imaging. Exam showed a cor-
rected visual acuity of 20/40 (6/12) in the right
eye, 20/16 (6/4.8) in the left eye, a right RAPD,
and a pale right disk. OCT revealed RNFL of 57
microns OD (Video 4.1) and 100 microns OS
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Fig. 4.1 RNFL thickness (left), GCL thickness (fop right), macular volume (middle right), myopic scleral crescent

(bottom right)

(Video 4.2) and macular thinning OD (7.67 mm?
versus 8.74 mm?® in the left eye) and ganglion cell
layer loss (0.63 mm?® OD versus 1.11 mm?® OS).
Patient is myopic with characteristic myopic
crescents and tilted disks (Fig. 4.1).

Case 2 Longitudinal optic neuritis

A 25-year-old female presented with painful
monocular vision loss in her right eye. Exam
showed red desaturation, central scotoma, and
visual acuity of 20/400 (6/120) in that eye. Left
eye visual function was within normal limits.
Patient was diagnosed with RRMS and optic neu-
ritis and followed with OCT over the next 3
years. Visual acuity improved to 20/15 (6/4.8).
Peripapillary RNFL, macular ganglion cell layer,
and macular volume thinning were evident in the
right eye, with an initial decline stabilizing by
4.5 months, followed by a slower but steady
decline over the next 3 years (Fig. 4.2).

Case 3 Subtle optic disk swelling during acute
ON discovered by OCT

A 30-year-old female with RRMS and past his-
tory of acute MSON in her right eye presented
with complaints of eye pain in the right eye only
2 days prior. This was most evident if she moved
the eye to an extreme direction or pushed the
eye into the orbit. Patient stated that the pain
was exactly like that experienced at the start of
her first episode of MSON. Fundus photos
showed a subtle, mildly hyperemic, and bland
blurring of the disk margins (Fig. 4.3). OCT
images were less subtle with a concentric thick-
ening of RNFL in the right eye that was not
readily evident on ophthalmoscopy. MRI
showed a T2 hyperintense and enhancing lesion
in the intracanalicular segment of the right optic
nerve consistent with acute optic neuritis.
Patient was treated for 3 days with IV steroids
with visual improvement.
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Fig. 4.2 Normalized RNFL thickness loss by quadrants
over first 6 months after acute MSON (7op). Comparison
of RNFL thickness map from baseline to imaging 6 months
later (bottom) (Images courtesy of Sam Arnow and Ari
Green, MD at University of California San Francisco).
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Introduction

One clinically useful feature of retinal optical
coherence tomography (OCT) is to help with the
differential diagnosis of multiple sclerosis-
associated optic neuritis (MSON) mimics. Early
recognition of MSON mimics is relevant for
patient management [1, 2]. An overview of the
clinical differential diagnosis is shown in
Table 5.1.

In this chapter, examples will be shown for the
main differential diagnosis. For didactic reasons
OCT examples are also provided for other pathol-
ogies. Together the cases presented will provide
the reader with a broad impression of OCT find-
ings as they are likely to be encountered in a
clinical setting.
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OCT Case Examples

Multiple Sclerosis-Associated Optic
Neuritis (MSON)

A 22-year-old male presents with 4 episodes
(2 on the right, 2 on the left) of visual loss associ-
ated with pain on eye movements. Now he mainly
has problems with the Uhthoff phenomenon and
visual fading. The unaided high-contrast visual
acuity (VA) 6/6 (US notation 20/20) on the right
(RE, OD), 6/24 (20/80) on the left (LE, OS); color
vision RE Ishihara 17/17, LE 1/17; and superior
nasal VF defect on the left to confrontation.

The confocal scanning laser ophthalmoscopy
(cSLO) and OCT scans are shown in Fig. 5.1. The
green circle in the cLSO image represents the peri-
papillary ring scan taken. The corresponding OCT
B-scan is shown to the right. Note that the scale of
the x- and y-axes is proportional in the cSLO scan,
but stretched for the y-axis for the OCT scan
(200 pm marker in bottom-left corner).

The innermost retinal layer imaged on the
OCT B-scan is the retinal nerve fiber layer
(RNFL). This layer is of strong reflectivity and
can almost always be well distinguished from the
other layers. Next, there are the ganglion cell
layer (GCL), inner plexiform layer (IPL), and
inner nuclear layer (INL). Typically, the image
contrast between the GCL and IPL is poor. The
INL can be well recognized as a darker gray band
in the middle of the retina. Then there are the
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Table 5.1 The differential diagnosis of optic neuritis mimics

Differential diagnosis
MSON
ION
RION
CRION
NMO-ON
Infectious
HIV
Syphilis
Tuberculosis
Lyme disease
Viral
Sinusitis
Reactive
Postinfectious
Postvaccination
ADEM
Neuroretinitis
Vascular
AION
PION
PAMM
GCA

Retinal vasospasm

SUSAC

Diabetic papillopathy

CCF

Vascular malformations
Nutritional and toxic

Vitamins B, deficiency

Tobacco-alcohol

Endemic

Methanol

Ethambutol
Compressive

Primary tumors

Metastases

Tuberculoma

Graves’ disease

Sinus mucoceles
Systemic disease

Sarcoidosis

Behcet disease

SLE

Cancer, paraneoplastic

Persistent visual aura

Clinical features

Mostly good recovery within 2 months
Isolated ON

Isolated ON with spontaneous relapses
Relapses on steroid withdrawal, poor recovery
Relapses, poor recovery

Subacute or progressive visual loss
Exposure to infectious agent
Frequently with broader cellular
Reaction in the eye

Sinus pain

Bilateral and simultaneous

Better prognosis in childhood compared to adult onset

Mostly good prognosis

Sudden onset visual loss
Mostly painless (except GCA)
Paracentral scotoma

Acutely swollen optic disk (except PION)
Cardiovascular risk factors

Frequent episodes, migraine

Hearing loss, encephalitis

Hyperemic, sometimes bilateral disc swelling
Proptosis, chemosis, orbital venous congestion, diplopia

(Intermittent) proptosis, seizures, neurological signs

Bilateral, painless
Progressive

Pale disks

Poor prognosis

Test for vitamin B, MMA

Painless, progressive

Pale disk at presentation

Cilioretinal shunt vessels, history of cancer
History of thyroid disease

Painful, progressive, and often bilateral

More frequent in non-Caucasians

Subacute visual loss
History of migraine
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Table 5.1 (continued)

Differential diagnosis
Ocular
Posterior scleritis Pain
Maculopathies
Retinopathies
Big blind spot syndromes
AZOOR
Hereditary
LHON

DOA

61

Clinical features

Painless, metamorphopsia
Preserved color vision
VF loss, photopsias
Preserved color vision

Family history, test for OPA1&3
Bilateral painless

ADEM acute disseminated encephalomyelitis, AION anterior ischemic optic neuropathy, AVM arteriovenous malforma-
tion, AZOOR acute zonal occult outer retinopathy, CCF carotid cavernous sinus fistula, DOA dominant optic atrophy,
GCA giant cell arteritis, H/V human immunodeficiency virus, LHON Leber’s hereditary optic neuropathy, OPO muta-
tions present in patients with autosomal dominant optic atrophy, PAMM paracentral acute middle maculopathy, PION
posterior ischemic optic neuropathy, SLE systemic lupus erythematosus

Fig.5.1 Multiple sclerosis-associated optic neuritis (MSON) in the left eye of a 22-year-old male. His present diagno-
sis is clinically isolated syndrome (CIS). There is a high risk for him to convert to clinical definite MS [4]

outer plexiform layer (OPL) of lighter gray and
the outer nuclear layer (ONL), which takes a
darker gray shade (see also Figure 2.1 for consen-
sus nomenclature in the chapter by Evangelou and
Alrawashdeh). The four outer hyper-reflective
bands are best seen in macular scans and typically
referred to as the external limiting membrane
(ELM), the boundary between the inner and outer
photoreceptor segments, the Verhoeff membrane,
and the retinal pigment epithelium (RPE) [3].

In this case there is bilateral RNFL loss. These
data are represented in the summary graph to the
bottom left of the figure. The global average is
the most frequently reported value, in the right
eye for this case 81 pm (yellow circle in the mid-
dle in Fig. 5.1 [4]). The corresponding normal
value is 99 pm (given in green letters). Next there
is a breakdown of data for individual sectors,
nasal superior (NS), nasal (N), nasal inferior
(NI, temporal inferior (TI), temporal (T), and

temporal superior (TS). Finally a small fraction
of the temporal sector is singled out as the papil-
lomacular bundle (PMB). This area is most fre-
quently affected in MSON. Here a value of 43 pm
is less than the reported normal value of 59 pm
(green letters). The nasal to temporal ratio (N/T)
is also reported.

In clinical routine, the thickness diagram to the
right is also useful. The color-shaded areas are
based on thickness data from a normal population.
The bold green line represents the median and the
green-shaded area the reference range. Borderline
data are shown as blue or yellow, RNFL thicken-
ing as purple, and RNFL thinning as red.

In this case there is peripapillary RNFL loss
for the PMB on the right and both temporally and
nasally on the left.

In this case magnetic resonance imaging
(MRI) confirmed inflammation of the optic nerve
but also showed more than four lesions elsewhere
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in the central nervous system (CNS). These
lesions fulfilled the radiological criteria for dis-
semination in time and space for multiple sclero-
sis. The patient has a clinical diagnosis of a
clinically isolated syndrome (CIS) with a high
chance to having a relapse in the future and then
being diagnosed as clinically definite MS [4].

Isolated Optic Neuritis (ION)

A 33-year-old female was referred with blurred
vision and dyschromatopsia in her left temporal
field, which was associated with left facial pain
and headaches (VAS 10/10). The symptoms had
fully recovered within 1 week. She now suffers
from the Uhthoff phenomenon, the Pulfrich phe-
nomenon, and daytime glare disability. At the
time MRI, magnetic resonance angiography
(MRA), and computed tomography (CT) imaging
performed elsewhere were reported as normal.
The OCT scan taken about 14 days after onset
is shown in Fig. 5.2. As in the previous case, the
peripapillary ring scan is shown at the top for the
right eye (to the left in Fig. 5.2) and left eye (to the
right in Fig. 5.2). In the left eye there is a swollen
peripapillary RNFL. The cSLO image also shows
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looping of the blood vessels over the swollen
RNFL at the optic disk margin. Compared to the
right eye, veins appear to be more distended on
the left. This can be seen both in the cSLO image
and the OCT scan. There is also some thickening
of the outer retinal layers suggestive of fluid shifts
or possibly cytotoxic or vasogenic edema. This is
interesting because hitherto disk edema was
attributed to swollen axons as a consequence of
stasis of axonal flow only.

In addition to the previous case, here the mac-
ular volume scan is also shown at the bottom of
Fig. 5.2. The composite image of the macular
volume scan contains three images. The large
image consists of a semi transparent retinal thick-
ness map overlaying the cSLO image. The super-
imposed blue segmented circles are the 1 mm,
3 mm, and 6 mm ETDRS grid (a frequently used
measurement grid). Summary thickness data for
individual sectors of the ETDRS grid are pre-
sented to the right as absolute numbers and as a
color-coded thickness map. Numeric data refer to
averaged thickness in micrometers (black letters)
and averaged volume data in mm? (red letters). In
this case the total averaged ETDRS grid volume
data are 9.43 mm?® for the right eye and 9.40 mm?
for the left eye. This shows that macular volume

P
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Fig.5.2 Acute isolated optic neuritis (ION) in the left eye of a 33-year-old female
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data are not much affected by disk swelling in
optic neuritis. For illustration, the segmentation
on which the thickness data are based is given at
the very bottom of the graph. The two red lines in
the OCT B-scan (taken at the location of the
green horizontal reference line in the macular
c¢SLO scan) reveal that all thickness map data
were based on the total retinal thickness—a very
robust and well-validated measure.

In conclusion the OCT showed optic disk
swelling on the left. Brain and spinal cord imag-
ing were normal. This patient has a diagnosis of
an isolated left optic neuritis (ION) [1, 5].

Relapsing Isolated Optic Neuritis (RION)

A 26-year-old female experienced 2 episodes of
blurred vision in her left eye over the past 2 years.
Both were associated with pain on eye movements
and recovered within only a few days. There was
VA 6/9 (US notation 20/30) with full color vision.
There was a left RAPD.

The reader should now be familiar with the
OCT data presented in Fig. 5.3. The OCT scan
reveals temporal loss of RNFL on the left. Brain
and spinal cord imaging were normal. She has a
diagnosis of relapsing isolated optic neuritis
(RION) [5, 1].

CRION

A 24-year-old female experienced 10 episodes of
relapsing optic neuritis over a 4-year period. Each
episode was associated with pain on eye move-
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ments. Her BCVA is poor OD (right eye) HM and
OS (left eye) 6/30 (20/100). She has lost color
vision. Repeated MRI brain and spinal cord imag-
ing showed inflamed optic nerves, but no sign of
CNS inflammation elsewhere. She does not have
anti-AQP4 autoantibodies. Relapses always occur
on tapering off steroids. She has a clinical diagno-
sis of chronic relapsing inflammatory optic neu-
ropathy (CRION) [6]. Upon each relapse she
receives hyperacute treatment with steroids [7].

The OCT scan is shown in Fig. 5.4. There is
severe binocular RNFL atrophy. The peripapil-
lary RNFL atrophy seen here is much more
severe than what is seen at first presentation with
typical MSON.

A new measure shown in this figure is the use
of longitudinal data. The first scan was taken at
baseline (thin black line in thickness diagram) and
the second scan at 2-year follow-up (bold black
line in thickness diagram). Despite the frequent
episodes, the RNFL layer thickness remained
essentially unchanged over the 2-year period.

NMO-OD

A 25-year-old female presented with NPL in her
right eye following 1 severe episode of optic neu-
ritis. There was BCVA OS 6/4.8 (20/16). She
tested positive for anti-AQP4 autoantibodies.
Under treatment with azathioprine, she experi-
enced another episode of optic neuritis that
affected the remaining good, left eye. Hyperacute
treatment with steroids was initiated [7]. In total,
4 further episodes occurred and it was possible to
preserve a BCVA OS of 6/6 (20/20).

Fig.5.3 Relapsing isolated optic neuritis (RION) in a 26-year-old female
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Fig.5.5 NMO-ON, 5 relapses, in a 25-year-old female

The OCT scan is shown in Fig. 5.5. Severe loss
of RNFL can be seen on the right. Despite a num-
ber of relapses, the RNFL remained relatively pre-
served on the left. As in the case before, the thick
black line in the thickness diagram represents the
baseline data and the bold line the last follow-up
2 years later. She has a diagnosis of neuromyelitis
optica optic neuritis (NMO-ON) [8].

ION on PAOG

A 54-year-old male patient was diagnosed 5 years
ago with primary open-angle glaucoma (PAOG).
At the time his IOP spiked to 38 mmHg on the
right and 34 mmHg on the left. About a year ago,
he noticed 1 episode of scintillations in his left eye.
He cannot remember if there was any pain on eye
movements. His current problem is trying to judge
the driving trajectories of other cars in busy traffic.
There was BCVA 6/5 (20/16) bilaterally with mild
dyschromatopsia on the left eye and a left RAPD.

The OCT scan is shown in Fig. 5.6. The OCT
demonstrates a glaucomatous disk on the right, but
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more severe RNFL loss than expected alone from
glaucoma on the left. The bold black line in the
thickness diagram refers to the OCT scan shown in
Fig. 5.6 and the thin black line in the thickness dia-
gram to the OCT taken 5 months earlier.

These findings are suggestive of an episode of
an isolated optic neuritis on the left. As expected
from longitudinal OCT data in ON [9], RNFL
atrophy has now plateaued.

Chiasmitis

A 45-year-old female was referred with unex-
plained visual loss. On the 1st of January, she
developed severe headaches, nausea, and vomiting.
She was bedbound for 8 days, following which she
noticed that her vision had gone blurred. There was
a left RAPD, BCVA RE 6/6 (20/20), LE 6/36
(20/120). She did miss 5 Ishihara plates on the left.

The OCT scan is shown in Fig. 5.7. The OCT
demonstrated severe bilateral nasal RNFL thin-
ning as seen following chiasmitis. In addition
there is more prominent loss of the PMB on the
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Fig.5.8 Achiasma and left pre-foveal floater in a 27-year-old male

right explaining the poorer VA and color vision.
She had a diagnosis of chiasmitis, which is clini-
cally associated with severe headaches, nausea,
vomiting, and binocular loss of vision. Chiasmitis
is usually not associated with MS but can be occa-
sionally. It is associated with NMO [1, 2, 10, 11].

Achiasma

A 27-year-old male patient with a lifelong history of
a pendular seesaw nystagmus noticed a shadow
obscuring a very small part of his central visual field
on the left. There were BCVA OD 6/12 (20/40),

LE 6/24 (20/80), N4.5 bilaterally, and normal color
vision. The nystagmus made funduscopy challeng-
ing. It was, therefore, not possible to be sufficiently
certain that macular pathology was excluded.

The OCT line scan revealed a small pre-foveal
floater on the left (arrow in Fig. 5.8). This small
floater also casts a shadow, which is just visible
to the right of the foveola, explaining his new
symptoms. Note that because of the nystagmus,
this OCT scan was only possible with 1 single
horizontal line (dashed green horizontal refer-
ence line in cSLO image).

Electrodiagnostic testing was consistent with
achiasma and the well-defined foveola, seen in



66

A. Petzold and G.T. Plant

Fig.5.9 Posterior vitreous detachment (PVD) in a 42-year-old female with visual snow

the OCT, explains his relatively good vision. He
has a diagnosis of achiasma [12].

Visual Show

A 42-year-old female presents with a 2-year his-
tory of binocular visual snow and an area of
blurred vision clearly depicted on the Amsler
chart. She has an overlap diagnosis between ent-
optic phenomena due to her PVD and visual
snow [13].

The OCT scan is shown in Fig. 5.9. The OCT
shows minimal central PVD in the left eye in the
area corresponding to the central VF defect on
the Amsler chart. In the right eye, it can be seen
that the vitreous has already retracted completely
from the entire macular area.

Nonorganic Visual Loss

Nonorganic visual loss occured in a 23-year-old
male. Visual acuity (VA) had decreased on the right
from 6/6 (20/20) to count finger (CF), 9 months
previously. Five months earlier VA decreased on
the left from 6/6 to CF. He still can read Ishihara
charts and walk freely between chairs in a dimmed
examination room. The visual problems coincide
with him being made redundant at work.

Figure 5.10 shows scans that the reader should
already find familiar from the previous cases plus
1 additional new scan to the bottom: blue light
autofluorescence (AF). The OCT scan was taken 9
months after subjective onset of visual loss in the
right eye. The OCT scan, AF and electrophysiol-
ogy were entirely normal. If this degree of visual
loss would have been of an organic nature, inner

retinal layer atrophy should have been presented
after about 3 months. He has a diagnosis of nonor-
ganic visual loss.

Reactive

Postinfectious

A 72-year-old male patient experienced a febrile
infection of unknown etiology abroad. Within 2
weeks he experienced painless loss of vision on the
right, which was followed by the left eye within 7
days. On presentation there was perception of light
bilaterally in a small area of superior and inferior
peripheral vision. He did not respond to high-dose
intravenous steroids given at presentation.

The OCT scan is shown in Fig. 5.11. In this
example a 3D representation of the ONH volume
scan was chosen. The scan to the top of Fig. 5.11
was taken at presentation and shows bilateral pap-
illoedema. The ¢SLO image shows the blurred
optic disk margin. Retinal folds, indicating severe
optic disk swelling, are visible in the right eye (to
the left of the optic disk) and in the left eye (right
to optic disk). Veins are dilated. The earlier noted
(Fig. 5.2) edematous swelling of the outer retinal
layers is much more prominent in this case.

The inset to the colorized 3D image represents
an OCT line scan from the optic disk to the macu-
lar at baseline and 6 months follow-up. The reti-
nal folds are visible again. In addition there is
central macular edema (CME) in the right fove-
ola. Finally, hyper-reflective spots are visible in
the OPL and INL close to the foveola on the
right. These hyper-reflective spots represent an
observation that is not yet fully understood. In
our experience they are visible with more severe
cases, can be adjacent to INL microcysts, and are
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Fig.5.10 OCT and AF from a 23-year-old male with nonorganic visual loss

not disease specific [14]. Could they be a sign of
severe retinal inflammation?

The lower line scan shows resolution of optic
disk swelling and loss of RNFL after 6 months.
The degree of RNFL atrophy can be better appre-
ciated on the ONH ring scan.

The extent of volume change from acute disk
swelling to atrophy is better appreciated on the
ONH volume maps at the bottom right in
Fig. 5.11. The red-framed thickness map at the

top shows the GCL thickness map at presentation
for both eyes. This is followed by the thickness
map at 6 months. Finally, the difference between
the 2 scans is shown in absolute numbers and as
a thickness map where green represents areas
with thinning. The color legends are shown to the
right of the thickness map.

This patient had a diagnosis of severe, bilateral
optic neuritis reactive to an infectious episode.
Unlike in children where the prognosis is
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Fig.5.12 Neuroretinitis in a 30-year-old female

frequently good, in this case the outcome was
very poor, retinal atrophy severe and the patient
was registered blind.

Neuroretinitis
A 30-year-old female returned from holidays in
Mexico first with visual loss in the left eye. When

she presented in clinic, funduscopy showed the
typical appearance of a left macular star as seen
with neuroretinitis (fundus photographs in
Fig. 5.12 top). There was optic disk swelling on
the right. There was a mildly elevated titer for
enterovirus, but this was not thought to be signifi-
cant. OCT scans were taken. Subsequently she
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Fig.5.13 Subacute NAION in the right eye of a 58-year-old male. Segmental atrophy of the RNFL is visible (green
reference line, top image) 3 months after presentation (bottom image)

alsodeveloped visual loss on the right. Funduscopy
showed severe optic disk swelling (fundus photo-
graphs in Fig. 5.12 middle). Fluorescein angiog-
raphy showed some leakage on the right.

The OCT scans taken at the second visit are
shown in Fig. 5.12. The OCT line scan for the
right eye shows optic disk swelling and loss of
contrast of the INL and OPL. Hypodense areas
casting a shadow appear in the INL; 2 of these
almost take the appearance of what has been
described as MMO [15], but no clear microcysts
could be identified. Thickness maps of the longi-
tudinal OCT ONH volume scans revealed the
extent of optic disk swelling (red area in thick-
ness map). The macular volume scans make evi-
dent that there is also a small degree of swelling
extending into the retina far beyond the optic
disk.

For the left eye, the OCT line scan shows
appearance of hyper-reflective spots in the INL
close to the optic disk, as well as presence of
microcysts in the INL/OPL. This association has
been described previously [14]. The ONH vol-
ume scan on the right shows resolution of the
optic disk swelling (green area in thickness map).
The macular volume scan reveals 2 processes:
peripheral thinning (green-shaded area) of pre-
sumed edema resolution and foveal/perimacular
thickening (red-shaded area) of presumed micro-
cyst formation.

Retinal microcysts are a nonspecific finding,
seen with almost every pathology of either the
inner or outer retinal layers [14].

This patient has a diagnosis of neuroretinitis
of unknown etiology.

Vascular

NAION: Subacute

A 58-year-old man was referred with a scotoma.
He noticed a shadow in front of his right central
visual field. He has a past medical history of
angina pectoris, requiring cardiac stent insertion.
He is a recent ex-smoker, overweight, and hyper-
cholesterolemic and has a family history of stroke
in his father. His BCVA was 6/6 (20/20) bilater-
ally and there was an inferior scotoma on the
right with a neat horizontal border extending to
8¢ of visual angle.

The longitudinal OCT ONH ring scans are
shown in Fig. 5.13. Comparison of the baseline
(bottom of Fig. 5.13) and 3-month follow-up
OCTs (top of Fig. 5.13) gives an impression of
the initial papilloedema in the right eye, which is
followed by segmental RNFL loss (green vertical
reference line). Note that again atrophy stops at
level of the INL.

He has a diagnosis of a right NAION [16, 17].

NAION: Acute

A 45-year-old heavy smoker with a history of
cocaine abuse: The OCT did show resolving
optic disk swelling with ensuing segmental
RNFL loss that corresponded to his central visual
field scotoma (Fig. 5.14). Notwithstanding his
young age, he has a diagnosis of NAION [16,
17]. Again there is substantial edematous
swelling of the outer retinal layers suggesting
that this observation is not specific for inflamma-
tory or autoimmune optic neuropathies (Figs. 5.2
and 5.11).
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Fig.5.14 Acute NAION in the right eye of a 45-year-old heavy smoker with cocaine abuse

BRAO: Small
A 49-year-old patient with a sudden onset central
visual field scotoma respecting the horizontal
meridian. He has a past medical history of hyper-
tension. No embolus was seen.

The OCT scan is shown in Fig. 5.15. There is
wedge-shaped loss of the RNFL in the temporal

superior sector of the optic disk. Inspection of the
c¢SLO image shows that the first branch of the
superior temporal retinal artery is attenuated
(arrow in Fig. 5.15 top left).

Automated segmentation of individual retinal
layers reveals that there is localized atrophy of
the inner retinal layers corresponding to the area
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Fig.5.15 BRAO (arrow) in a 49-year-old male

supplied by this branch retinal artery. To illustrate
this relationship, layer-specific thickness maps
were semi transparently overlaid on the cSLO
image (to the left of Fig. 5.15). Summary thick-
ness data and individual B-scan segmentation
lines for the respective retinal layers are shown to
the right in Fig. 5.15.

There are loss of GCL and IPL, but preserva-
tion of the INL, OPL, and ONL. He has a diagno-
sis of a small BRAO [18].

BRAO: Large Embolic

A branch retinal artery occlusion (BRAO) is seen
in a 75-year-old male. He suffers from multiple
vascular risk factors, smoking, overweight, diabe-
tes mellitus, hypertension, hypercholesterolemia,
and atrial fibrillation. There was BCVA 6/18
(20/60) binocularly. There are a right RAPD and a
dense inferior visual field defect on the right.

The OCT scan is shown in Fig. 5.16. The OCT
shows atrophy of all retinal layers from the RNFL
to the ONL. Compared to the previous case, the
atrophy is more extensive and profound and also
affects the INL. This observation makes the point
that the INL can only act as a physiological bar-
rier to transsynaptic axonal degeneration to
remote pathology. Direct injury to the INL, for
example, by ischemia following a large thrombo-
embolic event, will result in INL atrophy. This is
a useful and clinically relevant OCT sign, not
reported prior to the best of our knowledge.

A thrombus can be seen in inferior temporal
retinal artery as revealed by a line scan orientated
over the glistering reflection visible in the cSLO
image. This thrombus appears to be located just
outside the blood vessel wall. Thrombi occluding
the microvasculature can be a blood clot, an ath-
eromatous fragment, or other circulating debris.
The mechanism thought to be responsible for a
thrombus appearing adjacent to a blood vessel is
called angiophagy [19].

This patient has a diagnosis of an embolic
BRAO and was started on anticoagulation [18].

Hemiretinal Vein Occlusion
A 39-year-old male patient noticed dark spots
in his superior visual field on the right. Within
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Fig. 5.16 Large embolic BRAO in a 75-year-old male.
There is profound loss of retinal layers corresponding to
the vascular territory of the inferior temporal retinal

14 days his BCVA had decreased to 6/24 (20/80)
on the right and there was periocular discomfort.
On funduscopy there was a swollen optic disk on
the right (Fig. 5.17). There are peripheral venous
hemorrhages in the inferior retina on the right.
There are optic disk splinter hemorrhages on the

thrombus

artery. The thrombus (arrow) can still be seen in the cSLO
image and OCT image

right and a large cotton wool spot is seen at the
site of the first bifurcation of the inferior retinal
vein. The left eye was normal.

The corresponding OCT ONH volume scan
demonstrates more severe optic disk swelling
inferiorly. Inferior venous extension can also be
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Fig.5.17 Hemiretinal vein occlusion in a 39-year-old male

appreciated. The ring scan illustrates the distribu-
tion of optic disk swelling, which involves the
superior disk to the venous outflow problem
causing stasis of axonal flow. The longitudinal
macular volume scans from the right eye finally
show resolution of the inferior hemiretinal swell-
ing within 1 month.

He has a diagnosis of a hemiretinal vein occlu-
sion at level of the lamina cribrosa [20].

CVA

A 78-year-old male noticed a sudden onset
shadow in his right visual field (Fig. 5.18). He
has multiple vascular risk factors and a past med-
ical history of triple bypass surgery and pulmo-
nary embolism (PE). For the latter he was on
macumar, which had been stopped. On examina-
tion there was a right homonymous hemianopia.
The OCT demonstrates RNFL loss nasally on the
right and temporally on the left. This is consistent
with retrograde transsynaptic axonal degenera-
tion following an ischemic cerebrovascular acci-
dent (CVA) [21, 22].

The OCT scan is shown in Fig. 5.16.

Systemic Disease

Sarcoidosis Optic Neuropathy

A 33-year-old male was referred with worsening
visual symptoms following tapering out of pred-
nisone treatment for an episode of optic neuritis
on the right. He developed pain on eye move-
ments (VAS 7/10), which was followed by dys-
chromatopsia within a day. On increase of
steroids the pain stopped. There was no RAPD,
and BCVA was 6/4 (20/13.3) bilaterally. He was
able to read all Ishihara charts, but there was red
desaturation on the right. Despite his good vision
and only right-sided symptoms, OCT demon-
strated severe bilateral optic atrophy, worse on
the right (Fig. 5.19). Chest imaging suggested
sarcoidosis, which was biopsy proven.

He has a diagnosis of bilateral sarcoidosis
optic neuritis. About 5 % of patients with sys-
temic sarcoidosis will have optic nerve involve-
ment at some time [23, 24]. It is important to
exclude that loss of vision is not due to uveitis
[25, 26] or granuloma in the orbit or visual path-
way [27, 28].
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Fig.5.19 Sarcoidosis ON in a 35-year-old male

In this patient the RAPD was absent because
of bilateral pathology. Testing for red desaturation
can be clinically more sensitive for recognizing an
acquired optic neuropathy than using Ishihara
charts, which have been designed to detect con-
genital color deficiencies. He is under immuno-
suppression with methotrexate 17.5 mg once
weekly and a tapering regime with prednisone.

Ocular

Maculopathy

A 40-year-old male was referred for a suspected
optic neuropathy on the right (Fig. 5.20). He
describes an 11-month history of blurred vision
and dyschromatopsia on the right. There was
never pain on eye movements and the symptoms
are progressive. VA was down to CF and he only
managed to read the Ishihara control plate on the
right. On funduscopy the optic disks looked
healthy. But the OCT macular volume scan dem-
onstrates pathology of the outer retinal layers,

which is not seen with neuropathies but with
maculopathies (Fig. 5.20). Electrodiagnostic
testing showed mild generalized cone and rod
system involvement on the right causing second-
ary VEP abnormalities (VEP RE 125 ms 5 uV,
LE 107 ms 7 uV).

Optic Neuropathy Following Diving

A 21-year-old male had been referred with unex-
plained progressive, painless visual loss 2 weeks
following a 30-m deep dive. The BCVA were OD
6/60 (20/200), OS HM and bilateral dense central
scotoma (Fig. 5.21).

The OCT demonstrates almost complete loss
of the axons projecting to the macular bilaterally
(Fig. 5.21). The inner nuclear layer and outer reti-
nal layers remain preserved. Electrodiagnostic
testing confirmed severe bilateral optic nerve and
retinal ganglion cell dysfunction. He is currently
under investigation for mitochondrial genetics.
Taken together the combined OCT and electrodi-
agnostic investigation all point to an optic
neuropathy.
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Fig.5.21 Optic neuropathy in a 21-year-old male

Multiple Evanescent White-Dot Syndrome

A 53-year-old female developed photopsias and a
gray-shaded, relative scotoma in the central
visual field of her left eye. There was BCVA OD
6/6 (20/20), OS 6/12 (20/40). Optic disks were
normal. The OCT showed a defect of the inner
segment/outer segment (ISOS) in the left eye
(Fig. 5.22). Corresponding fundus autofluores-
cence demonstrated hyper-reflective areas para-
foveally (AF images to the far right in Fig. 5.22).
These areas corresponded to a small degree of
leakage on fluorescence angiography (not
shown). Her vision recovered to BCVA OS 6/6
(20/20) within 5 months. Likewise, the OCT
image normalized. She has a diagnosis of multi-
ple evanescent white-dot syndrome (MEWDS)
which belongs to the big blind spot syndromes
listed in Table 5.1 [29].

Vitreomacular Traction
A 76-year-old male with a previous diagnosis of
NAION developed a new “grayish curtain” in the
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central visual right eye. His VA on the right is 6/9
(20/30) with N18. The Amsler chart shows a hazy
central visual field defect extending 7° of visual
angel vertically and 8° horizontally. He can still
see the lines and describes metamorphosia.

The OCT is shown in Fig. 5.23. There is vit-
reomacular traction (VMT) in the right eye. His
new symptoms are due to VMT. A possible
association between NAION and traction at the
vitreoretinal interface has recently been pro-
posed [16].

Hereditary

LHONm.1313G>A

This 14-year-old female developed acute, pain-
less visual loss, first on the right (BCVA 6/9
(20/30)) and 5 months later on the left (6/60
(20/200)). Sequence analysis and mutation scan-
ning detected a new mtDNA nucleotide variant
(m. 1313G>A).
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Fig.5.23 Vitreomacular traction in a 76-year-old male with a past medical history of NAION

The OCT scan shown in Fig. 5.24 was taken
when vision was lost on the left and compared to
OCT scans taken 5 months earlier. The macular
scans taken show inhomogeneity of the OPL,
which appears like small axial columns. The lon-
gitudinal ONH ring scans show more severe peri-
papillary RNFL loss on the right compared to the
left (area between bold and thin black lines in the
thickness diagram). This is because there was

more time (5 months) for anterograde axonal
degeneration to develop on the right.

Traumatic Optic Neuropathy
A 41-year-old man received a blunt hit to the

right side of his head during a football match. His
vision went immediately black and never
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Fig. 5.24 Bilateral LHON in a 14-year-old female. The
macular volume scans are shown at the top and the ring
scans at the bottom of the image. The thickness diagram

Fig.5.25 Traumatic ON in a 41-year-old male

recovered. There was BCVA OD NPL, LE 6/6
(20/20). There was no pupil reaction on the right
and the optic disk was pale.

The OCT is shown in Fig. 5.25. The OCT
demonstrated presence of microcysts in the right
perimacular rim. These microcysts are indicative
of a retrograde maculopathy (see also Chap. 10)
[30, 31].

77

to the bottom summarized the peripapillary RNFL data at
first presentation (thin black line) and 5-month follow-up
(bold black line)

Idiopathic Intracranial Hypertension

A 44-year-old lady presented with visual obscu-
ration and headaches (VAS 7/10).

The OCT is shown in Fig. 5.26. The OCT
shows bilaterally swollen disks. There is
venous congestion, too. In addition, the angle
of Bruch’s membrane opening is pushed
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Fig.5.27 Developmental CNS abnormality associated with inner retinal layer atrophy in a 27-year-old male

inward. For comparison see Fig. 5.11 where
Bruch’s membrane is angulated outward. She
has a diagnosis of idiopathic intracranial
hypertension (ITH).

Cerebral Cyst

A 27-year-old man presents with a left hom-
onymous superior quadrantanopia. The OCT
showed corresponding loss of the RNFL tem-
porally on the right and nasally on the left.
This was caused by a developmental malfor-
mation in the visual pathways in the right
temporal lobe. The MRI showed a CSF-filled
cyst with surrounding polymicrogyria. Note
the virtual absence of the RNFL and GCL
with preserved INL and ONL in the OCT
(Fig. 5.27).

Choroidal Nevus

A 28-year-old female presented with visual snow
following use of malaria prophylaxis with atova-
quone and proguanil. The cSLO image revealed a
choroidal nevus in the middle of the superior
arcade on the left (Fig. 5.28). The nevus was flat,
without orange pigment, and absence of subretinal
fluid on OCT. She remains under observation.

Choroid Plexus Papilloma

Optic atrophy with preservation of the INL in a
21-year-old male who suffered extensive damage
to his posterior visual pathways following com-
plicated neurosurgery for a choroid plexus papil-
loma at the age of 5 years. There was VA OD
HM, OS PL.
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Fig.5.28 Choroidal nevus (arrow) in a 28-year-old female with visual snow
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Fig. 5.29 Transsynaptic retrograde axonal degeneration stopping at the INL, in a 21-year-old male with a choroid

plexus papilloma

The preservation of the INL in this blind
patient strengthens the argument of the preserva-
tion of the INL as a physiological barrier to
transsynaptic ~ degeneration  (Fig.  5.29).
Originally described in MS and MSON [32], we
have observed it in a larger range of patholo-
gies—some of which are presented in this
chapter.

Neurodegenerative Disease

Alzheimer’s Disease
A 67-year-old man was referred with progressive
visual loss and cognitive problems.

The retinal OCT demonstrates severe bilat-
eral optic atrophy (Fig. 5.30). There is also
widespread loss of ganglion cells. In addition,
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Fig.5.30 Optic atrophy in a 67-year-old male with Alzheimer’s disease

AF suggests reduced reflectivity, which has
been discussed as a possible sign of retinal
amyloid plaque deposition. Also the choroid
was thin, another observation anecdotal ally
associated with Alzheimer’s disease (AD).
Cognitive testing demonstrated reduced func-
tioning in multiple cognitive domains on the
CAMCOG psychometric and MRI brain scan-
ning showed globally distributed atrophy. A
diagnosis of AD was made and he was started
on galantamine.

The OCT findings were seductive, but it
appeared that he had visual problems since
childhood and optic atrophy had been noted
many years back. Taken together, the sequence
of events does argue against a causal relation-
ship of optic atrophy and AD in his case. More,
the longstanding optic atrophy will mask any
possible more subtle degree of retrograde trans-
synaptic axonal degeneration under current
investigation in the scientific literature as a

potential surrogate for neurodegeneration in
AD [33].

Corticobasal Degeneration

Optic atrophy is seen in a 58-year-old male with
possible corticobasal degeneration (CBD). Rapid
loss of praxic skills and cognitive abilities over a
2-year period coincided with progressive dys-
chromatopsia. The patient has stopped working.
There were VA OD 6/6 (20/20), OS 6/12 (20/40)
and Ishihara OD 17/17, OS 2/17. There was a left
RAPD. Saccades were slow to initiate, hypo-met-
ric, and substituted by head movements.

The OCT shows inner retinal layer atrophy in
both eyes (Fig. 5.31). The extent of optic atrophy
is suggestive of late-stage retrograde transsynap-
tic axonal degeneration in the context of more
widespread CNS degeneration involving the
visual pathways. The yellow arrows indicate
presence of microcysts in the INL indicative of a
retrograde maculopathy [30, 31].
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Fig.5.31 Corticobasal degeneration in a 58-year-old male
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Olivier Outteryck and Patrick Vermersch

Introduction

Neuromyelitis optica (NMO) is an inflammatory
demyelinating autoimmune disease of the cen-
tral nervous system (CNS), classically affecting
optic nerve(s) uni- or bilaterally and the spinal
cord with an extensive involvement. It can be
monophasic, but most of the time relapsing.
Progressive form seems very rare (<1 %) and
questionable. For a long time, NMO has been
thought to be a variant of multiple sclerosis
(MS), but clinical, neuroimaging, immunologi-
cal, and pathological findings enable us nowa-
days to strictly distinguish both of them [1].
NMO affects older people than MS (mean age of
40 years old)—most often female patients (sex
ratio F/H=9). Clinical relapse of optic neuritis
and myelitis is considered more severe than in
MS because of usually incomplete recovery [2,
3]. All patients suffering from neuromyelitis
optica (NMO) had a past history of clinical optic
neuritis [4]. In the last decade, knowledge about
NMO physiopathology has much improved,
notably with the discovery of an NMO-specific
autoantibody directed against aquaporin 4
(AQP4) protein, which is the main channel regu-
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lating water homeostasis in CNS [5, 6]. New rare
phenotypes have also been described, involving
the brain in an extensive manner [7, 8] or involv-
ing more specifically locations with high expres-
sion of AQP4 (periaqueductal, periventricular;
[7, 9-11]). More sensitive tests for anti-AQP4
antibody (Ab) detection have been developed
[12]. It has been demonstrated that patients pre-
senting only 1 episode of transverse myelitis
[13] or 2 or more episodes of isolated optic neu-
ritis [14] being positive for anti-AQP4 Ab have a
high risk to develop other severe relapses and
NMO. In the same way, up to 5-6 % of patients
suffering from chronic relapsing ON or single
isolated ON or relapsing isolated ON presented
anti-AQP4 Ab [15]. Thus, a concept of high-risk
syndrome for clinical NMO conversion has
emerged and allowed early therapeutic interven-
tion in a disease where sequelae are the conse-
quence of relapse and not the consequence of
progressive lesion accumulation. For all these
reasons, NMO criteria have to evolve, and
recently the Mayo Clinic Research Group with
other international experts proposed modified
criteria for neuromyelitis optica spectrum disor-
ders (NMOSD) [16]. This classification should
replace the historical notion of Devic disease. In
these new proposed criteria, anti-AQP4 Ab
detection takes a major place. Thus, patients
without ON can be diagnosed as NMOSD.
Except in Asian countries, NMOSD remains
arare disease and more rare than MS. While the
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first optical coherence tomography study (OCT)
in MS was published in 1999 [17], the first OCT
studies in NMO were published a decade later
[18, 19]. As NMOSD is not yet considered as
a variant of MS, OCT findings in NMOSD are
also quite different from MS. OCT may help to
distinguish NMOSD patients from MS patients
and appears as a wonderful outcome measure
to evaluate retinal axonal loss and efficacy of
potential aggressive therapies in NMOSD.

In this review, we will firstly focus on eyes
with past history of optic neuritis (ON eyes) in
NMOSD and then develop the arguments in favor
or against a subclinical retinal axonal loss in non-
ON eyes (NON eyes) of NMOSD patients. We
will also consider the potential correlations
between OCT values and disability and the added
value of optic ways magnetic resonance imaging
(MRI).

Optic Neuritis Eyes of NMOSD
Patients

Most of the published NMOSD studies investi-
gating anterior visual pathways damage by
OCT in comparison to healthy controls (HC) or
MS patients reported a severe retinal axonal
loss versus HC [18-26] and a more severe reti-
nal axonal loss in NMOSD than in MS [19-22,
24, 25, 27-31] as illustrated in Fig. 6.1. One
study was interested only in NMOSD patients
[32]. Up to now, all OCT studies in NMOSD
involved adult patients. No study has been
interested in OCT findings of pediatric NMOSD
patients.

NMOSD Versus HC

All studies including NMOSD patients and HC
demonstrated that peripapillary retinal nerve
fiber layer (pRNFL) and total macular volume
(TMV)/macular thickness were significantly
reduced after 1 or more clinical episodes of ON
versus HC. Ratchford et al. reported that a single
episode of ON in NMOSD causes an estimated
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decrease of 31 pm in pRNFL thickness compared
to an estimated decrease of 10 pm in RRMS [20].
All studies reporting subanalysis of pRNFL
quadrants reported significant atrophy in all
quadrants for comparison of NMOSD and HC
[18, 19, 24-26].

NMOSD Versus MS

Most of the studies including NMOSD and MS
patients demonstrated that global pRNFL and
TMV/macular thickness were significantly reduced
after ON in both diseases but with a significant
greater extent in NMOSD [19-22, 24, 25, 27, 29,
33], which is in agreement with consideration that
ON is clinically more severe in NMOSD than in
MS [2, 3]. Moreover visual disability of
NMOSD-ON eyes is worse than in MSON eyes [3,
20, 24, 25, 27, 29, 31]. One additional study high-
lighted no significance but only a trend toward sig-
nificance about a decreased VA in NMOSD-ON
eyes versus MSON eyes [28]. Most of the previous
OCT studies in NMOSD did not adjust for the
number of clinical ON [19-22, 24, 25, 28, 29, 31]
and/or did not perform statistical analysis with gen-
eralized estimation equation (GEE) models. The
number of ON episodes increases the retinal axonal
loss [29] and GEE is the best adapted statistical test
for data with hierarchical structure including clus-
ters of eyes on an individual level. Nevertheless, 1
study involving NMOSD and MS patients with
only 1 MSON episode showed a greater pRNFL
decrease in NMOSD [20] and another one with
adjustment to the number of ON episodes showed
more global pRNFL in NMOSD [27].

If post-ON retinal axonal loss seems to be
higher in NMOSD than in MS, it seems not to
involve all pRNFL quadrants with the same mag-
nitude or as in MS. Compared to MS patients,
NMOSD patients present frequently an inferior
[19, 22, 24, 25, 27, 29] and a superior [22, 24, 27,
29] pRNFL atrophy after ON. Since temporal
pRNFL atrophy is predominant in MSON eyes,
comparison of NMOSD-ON eyes and MSON
eyes rarely found more marked temporal pRNFL
atrophy in NMOSD-ON eyes [19, 24, 25].
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Fig. 6.1 Peripapillary and macular OCT scan from a
healthy control (HC; female 30 years old), a multiple scle-
rosis associated optic neuritis eye (MSON eye; female 32
years old), and a neuromyelitis optica spectrum disorder
associated optic neuritis eye (NMOSD-ON eye; 28 years
old). MS and NMOSD-ON eyes suffered from 1 episode
of clinical ON. Patients’ ON eyes presented peripapillary

Merle et al. found temporal pRNFL atrophy in
NMOSD eyes versus MS eyes but ON and NON
eyes were mixed for both populations [19].
Interestingly nasal/temporal (N/T) pRNFL ratio
in NMOSD remains in normal range [24, 26]
arguing in favor of a more overall atrophy in
NMOSD than in RRMS.

Only three studies did not show significant
difference in retinal atrophy between NMOSD
and MS [23, 26, 34]. In the first study, the authors
compared ON eyes affected by only 1 episode of

retinal nerve fiber layer (pRNFL), macular ganglion cells
layer (mGCL) atrophy, and macular inner nuclear layer
(mINL) thickening versus HC. In MSON eye, pRNFL
atrophy predominates on temporal quadrant with an
increased nasal/temporal (N/T) ratio. In NMOSD-ON eye,
all pRNFL quadrants are involved by atrophic process and
N/T ratio is normal

ON between NMOSD and MS and showed no
difference in macular RNFL and GCIP thick-
nesses. However, INL thickness of NMOSD pop-
ulation was significantly thicker than in the MS
population, and the NMOSD population closed
to that already published in another paper [22]
presented significantly more pRNFL atrophy
than MS. The second study [34] did not highlight
significant pRNFL differences between ON eyes
of NMOSD and MS (p=0.46). Indeed, it seems
that patients with NMOSD presented more ON
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episodes than MS patients. The third study [26]
found pRNFL thinning in some nasal quadrants
with a TMV decreasing in NMOSD versus MS,
but after adjustment, notably including the num-
ber of ON episodes in GEE analysis, differences
did not persist any longer.

It remains quite difficult to summarize all pre-
viously referenced NMOSD-OCT studies
because all of them have not included MS patients
or HC and because comparison sometimes
included mixed MSON and NON eyes or specifi-
cally investigated MSON eyes or NON eyes or
both.

Microcystic Macular Edema

For highlighting microcystic macular edema
(MME), it is mandatory to perform OCT with a
4th-generation OCT (spectral-domain OCT). In
MS, MME might occur in the absence of any
clinical MSON episode [35-37]. However, these
three studies did not report optic nerve imaging
of the MME eye without MSON, and it is diffi-
cult to consider that MME and severe pRNFL
thinning could be due to only retrograde trans-
synaptic degeneration. Five studies investigated
specifically or reported MME in NMOSD. All
these studies showed that NMOSD patients with
MME have always presented at least 1 clinical
episode of ON [24, 26, 30, 32, 36]. MME is most
often located in the inner nuclear layer (INL) and
sometimes the inner plexiform layer (IPL). It is
not specific of neuroinflammatory diseases [38],
but it is a marker of severe optic neuropathy as
illustrated in an NMOSD patient in Fig. 6.2a—e.
The proportion of NMOSD patients present-
ing MME is ranged between 8.7 and 25.6 % and
the proportion of NMOSD-ON eyes with MME
between 6.3 and 29.8 % [24, 26, 30, 32, 36]
(Table 6.1) [19, 21, 24, 26, 30, 32, 35-39]. MME
seems more frequently observed in NMOSD than
in MS [32, 36]. NMOSD patients with MME
presented thinner pRNFL than NMOSD patients
without MME [32]. In agreement with this last
finding, it has been shown that patients with MME
have presented more episodes of ON than those
without, but these latter were younger [30]. All
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pathologies included MS, CRION, and Whatever
the cause of ON (MS, NMOSD, Chronic
Relapsing Inflammatory Optic Neuropathy) is,
MME is associated with a thinner pRNFL than
the contralateral eye not affected by ON, but not
with a lower total macular volume [36]—proba-
bly because of the slight INL thickening observed
on ON eyes in this cohort. In MS, INL thicken-
ing is observed in MME eyes but also in MSON
eyes without MME compared to contralateral
NON eyes [35]. Fernandes et al. did not report
MME in their cohort but interestingly reported
the same INL thickening in NMOSD eyes with
only 1 episode of ON versus HC but also versus
MS patients with only 1 episode of MSON [23].
INL thickening seems to be of greater magnitude
in NMOSD versus MS. MME is not always high-
lighted on an OCT scan, whereas ocular fundus
may show macular changes (Fig. 6.2c—e). Inner
nuclear layer thickening may be the ultimate step
before microcyst formation.

In MS, the “outer” retinal layers (ORL; INL to
photo receptor layer) seem not to be involved in
the retinal atrophic process [21, 26, 40]. Balk and
coworkers discussed a potential retinal neuro-
plasticity [40, 41]. In NMOSD, the same external
retinal conservation has been found [26] whereas
the thickness of ONL, which takes part of ORL,
has been reported significantly increased in
NMOSD-ON eyes presenting MME [24]. A
recent study coupling OCT and optic nerve imag-
ing in a MS/NMOSD/idiopathic ON cohort sug-
gested that optic nerve with clinical or subclinical
T2 lesion might be associated with an INL and
ONL thickening whatever the presence of MME
[42]. If ORL in NMOSD-ON eyes did not suffer
from a retinal atrophic process, a thickening pro-
cess may be discussed.

Non-optic Neuritis Eyes of NMOSD
Patients: Is There Any Subclinical
Retinal Involvement in NMOSD?

If a large majority of OCT studies considered that
NMOSD patients affected by ON presented a
more severe retinal atrophy than MS patients,
subclinical retinal axonal loss in NMOSD is more
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Fig. 6.2 Peripapillary and macular OCT scan from an
NMOSD patient who alternatively experienced multiple
optic neuritis on both sides. Clinical episodes were more
severe on the left side. (a) Right peripapillary OCT scan
showing slight pRNFL atrophy and normal N/T pRNFL
ratio. (b) Left peripapillary OCT scan showing profound
pRNFL atrophy and normal N/T pRNFL ratio. (¢) Ocular
fundus OCT image centered on fovea showing macular
changes. (d) Ocular fundus OCT image centered on fovea

discussed. Only studies including HC [18-26]
enable us to really discuss whether or not a sub-
clinical retinal axonal loss in NMOSD exists.
However, Park et al. [25] did not show interest in
NMOSD-NON eyes, and in two other studies [22,
23], all NMOSD eyes presented past history of
ON. Regardless of the very few patients without
ON in the NMOSD group, the French collabora-
tive work was not able to do a statistical compari-
son, but pRNFL values between HC and

vy

S ———

(red arrow) showing macular changes (circled in yellow)
and papilla (white arrow). (e) Vertical OCT macular scans
showing microcystic macular edema (MME) in the inner
nuclear layer (white arrows) and in the inner plexiform
layer (yellow arrow). Red arrows indicated areas without
any individualized cystic lesions typical of MME at a
location with macular changes on ocular fundus (possible
INL thickening)

NMOSD-NON eyes were very comparable [18].
Global peripapillary RNFL [24, 34] and total
macular volume [24] of NMOSD-NON eyes
appear in some studies similar to HC eyes. In
other studies, macular involvement in NMOSD-
NON eyes is highlighted [21, 26, 30]. GCIP [21,
30], average macular thicknesses/TMV [21, 30],
and GCL volume [26] are reduced in NMOSD-
NON eyes versus HC. Merle et al. [19] showed
that global pRNFL value was significantly
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Table 6.1 Clinical and OCT characteristics of eyes with or without optic neuritis in NMOSD and MS [19, 21, 24, 26,
30, 32, 35-39]

Optic neuritis eyes Non-optic neuritis eyes

Disease NMOSD? MSP NMOSD? MSP

Visual disability Moderate to severe Slight to severe Absent Slight
pRNFL thickness NN\ N\ =d N
Nasal/temporal ratio = ) = /

Total macular volume NN\ N\ =d \

Inner retinal layer volume NN\ N\ =d AV

Outer retinal layer volume Va Va = =

Median proportion of eyes 20 % [6.3-29.8] 4.42 % [0-6.4] 0 % [0-0] 0.2 % [0-2.7]

with microcystic macular
edema*

Macular inner retinal layers (IRL) include retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner plexi-
form layer (IPL). Macular outer retinal layers (ORL) include inner nuclear layer (INL), outer plexiform layer (OPL),
and outer nuclear layer (ONL)

NMOSD neuromyelitis optica spectrum disorder, MS multiple sclerosis, pRNFL peripapillary retinal nerve fiber layer
aReferences for NMOSD: Gelfand et al. [32], Sortichos et al. [30], Schneider et al. [24], Kaufhold et al. [36], Outteryck
et al. [26]

bReferences for MS: Gelfand et al. [39], Saidha et al. [35], Kaufhold et al. [36], Burggraaff et al. [37], Schneider et al.
[24], Abegg et al. [38]

‘Predominantly in temporal quadrant

dFew papers reported subclinical retinal axonal loss in NMOSD on pRNFL (Merle et al. [19]) or macular parameters
(Syc et al. [21], Sortichos et al. [30], Outteryck et al. [26]). Subclinical retinal axonal loss in NMOSD remains matter
of debate but seems of lower extent than in MS

By considering the patient as statistical unit, macrocystic macular edema is reported in 20 % (8.7-25.6) within NMOSD patients
and in 3 % (2.7-6.1) within MS patients. These percentages depend in each cohort on the number of included MS patients

without past history of optic neuritis and on the number of included NMOSD patients with only spinal cord involvement

reduced in NMOSD-NON eyes versus HC, and a
recent work [26] only found significant atrophy in
temporal and naso-inferior quadrants of pRNFL.

If subclinical retinal involvement may be dis-
cussed in NMOSD, it seems that it is probably of
a lesser extent than in MS since it has been
reported that there are lower global pRNFL [27]
and temporal pRNFL [26] values in MS-NON
eyes than in NMOSD-NON eyes.

Astroglial cells and Miiller cells are AQP4-
expressing cells. Miiller cells are located inside
the retina and astroglial cells inside the RNFL
and the optic nerve [43, 44] but also in the chi-
asma, optic tract, and brain. Without any clinical
ON episode, anti-AQP4 Ab may induce their
pathological process directly on these cells inside
the different retinal layers (astrocytes and Miiller
cells) and on the rest of the optic ways (astro-
cytes). Some NMOSD studies have already
described extensive [8] or more located brain
abnormalities [7, 10], particularly in the brain-
stem and near the lateral ventricules where the
lateral geniculate nucleus and the posterior part

of optic radiations (OR) are located, respectively.
As it has been demonstrated in MS [45], a retro-
grade transsynaptic degenerative process cannot
be excluded in NMOSD.

How Could OCT Help to Distinguish
NMOSD and MS?

Firstly, we propose to focus on ON eyes and
what could be in favor of NMOSD (versus MS)
is the presence of more severe pRNFL atrophy
in global analysis but more particularly in
another quadrant than temporal quadrant and a
more frequent maculopathy (more atrophy,
more MMO) associated with worse visual dis-
ability. Secondly, we propose to focus on NON
eyes and an absence of temporal pRNFL atro-
phy would be in favor of NMOSD. In Table 6.1,
the main results of OCT studies in NMOSD and
MS are summarized.

Kim recently proposed that after a first episode
of ON, global pRNFL less than 78.9 pm associ-
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ated with a high-contrast visual acuity of less
than 0.4 logMar leads to a specificity of 100 % in
favor of NMOSD diagnostic [33].

Further multicentric collaborative studies with
spectral-domain OCT and larger cohorts would
be able to examine the question in more detail
and to confirm or not the results of all previous
exploratory OCT studies in NMOSD.

OCT and Magnetic Resonance
Imaging in NMOSD

Another imaging biomarker that may help to dis-
tinguish these two diseases is optic nerve mag-
netic resonance imaging (MRI). In NMOSD,
demyelinating lesion seen on MRI may involve
more frequently the posterior part of the optic
nerve and the chiasma [46, 47] with a greater
extent [47] than in MS. To date no study has cou-
pled optic nerve MRI and OCT assessments in
NMOSD. One could expect that T2 lesion length
in NMOSD may be higher in NMOSD than in
MS, but these 2 latter studies with semiquantita-
tive measurements remain contradictory. It was
recently shown that 3D Double Inversion
Recovery (DIR) sequence was superior to coro-
nal 2D Short Tau Inversion Recovery - Fluid
Attenuated Inversion Recovery (STIR-FLAIR)
sequence in the detection of T2 optic nerve lesion
[48]. This 3D sequence allows a direct T2 hyper-
signal length measurement, strongly associated
with retinal axonal loss in a MS/NMOSD/idio-
pathic ON cohort [42] as illustrated in an
NMOSD patient in Fig. 6.3a—e.

If similar metabolic measurement by
proton(H+)-magnetic resonance spectroscopy
(H-MRS) in NMOSD and HC argued in favor of
brain white matter (WM) sparing in NMOSD
[49], many diffusion tensor imaging (DTI) stud-
ies [50] showed altered DTI parameters in
NMOSD versus HC in many tracts and notably
optic radiations [50-53]. In addition, voxel-based
morphometry studies [50, 54-56] showed atro-
phic process in WM and grey matter of NMOSD
patients. Recently, a Brazilian study group
showed for the first time a high correlation
between average pRNFL thickness and perical-

carine cortical thickness [56]. In this study, many
other cortical areas were reduced in NMOSD
versus HC. In MS associated ON, a relationship
between retinal thicknesses and occipital cortex
thickness seems to be weaker [40, 41].

Disability in NMOSD and OCT
Correlations

In NMOSD, mild to very good correlations
between retinal thicknesses (peripapillary RNFL
and/or macular thicknesses) and visual disability,
scored by high-contrast visual acuity or low-
contrast visual acuity or visual field or P100
latency, have been found [18-22, 24, 26, 29].
These correlations were stronger and more likely
to be observed specifically in the ON eye group.

Correlation studies between OCT values and
EDSS remain contradictory. Very few studies
investigated this issue [18, 19, 26, 34, 56]. No
[19] or moderate correlations with trend toward
significance (pRNFL in ON eyes [34]) or moder-
ate significant correlations between EDSS (visual
FS included) and few OCT parameters (TMV
and GCC [26]) but also excellent correlation
(global pRNFL/EDSS without visual FS [18],
global pRNFL/EDSS [56]) have been reported.
No correlations were observed by focusing on
NON eyes [26, 34]. Furthermore, NMOSD
patients with MME did not present higher clini-
cal disability [30]. Since there are an obvious link
between disease duration and the age of the
patient but also the probability for the patient to
present with an ON episode, lower RNFL values
were reported significantly associated with lon-
ger disease duration [34]. Expanded disability
status scale is a disability scale established for
MS patients [57]. It includes visual, brainstem,
pyramidal, sensory, cerebellar, bladder/bowel,
and cognitive functional scores. It does not seem
to be the best adapted disability scale for
NMOSD, whereas it is the most widely used.
Neurologists are used to performing EDSS scores
during their consultation and other disability
scales require more time to be performed. There
is a need for the development of a more specific
disability scale in NMOSD [58], A more specific
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Peripapilary RNFLT Classification Peripapiary RNFLT Classification

Fig.6.3 Brain 3D double inversion recovery (DIR) MRI
sequence and peripapillary OCT scans of an NMOSD
patient with past history of severe bilateral optic neuritis.
(a) Coronal reconstruction centered on optic nerves show-
ing bilateral T2 hyperintensities (yellow and red arrows
for the right and left optic nerves, respectively) in retro-
bulbar (fop image) and orbital (bottom image) portions.
(b) Axial reconstruction showing bilateral extended T2
hyperintensities on optic nerves. The length of T2 hyper-
intense lesion measured between both colored dotted lines

is 38 mm for both sides. (¢) Oblique reconstruction along
the right (yellow arrow) and the left (red arrow) optic
nerves showing extended T2 hyperintensities. (d) Right
profound global pRNFL atrophy (40 pm) with nasal/tem-
poral pRNFL ratio in normal ranges according to
Heidelberg Spectralis Healthy Controls database. (e) Left
profound global pRNFL atrophy (37 pm) with nasal/tem-
poral pRNFL ratio in normal ranges according to
Heidelberg Spectralis Healthy Controls database
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disability scale may be validated in the future but,
OCT will probably remain a better biomarker of
brain axonal loss in MS than in NMOSD.

Follow-Up Study of NMOSD
Population

There is only one study reporting longitudinal
OCT follow-up in NMOSD population [59]. With
3rd-generation OCT (time domain), the authors
found significant retinal axonal loss in global
pRNFL and all 4 classical pPRNFL quadrants by
comparing 2 different OCT assessments of a
NMOSD cohort (n=30). The 2 OCT assessments
were spaced 18 months in mean. Retinal axonal
loss was only observed on eyes affected by ON
previous to the first assessment and may occur
independently of relapses (ON or not) during the
follow-up. This pRNFL decreasing is difficult to
explain but we can make different hypotheses.
Peripapillary RNFL decreasing may be secondary
to ON that occurred previous to the first assess-
ment (<3 months after relapse) because pRNFL
decrease in MSON eyes begins at the third month
and seems maximal at 6 months, with some data
in favor of a continuing axonal loss in the affected
eye for at least 12 months [60, 61]. The authors
argued also that new ON occurring in ON eyes
have potentially been missed by both patient and
neurologist and that few patients presented ON
during the follow-up. Up to now, no OCT study
with SD-OCT and longitudinal NMOSD follow-
up has been published. Because of its higher defi-
nition (<5 pm) and higher reproducibility [62,
63], SD-OCT will be better than TD-OCT to
appreciate retinal axonal loss in a follow-up study.

Difficulties of OCT Studies
in NMOSD

Optical coherence tomography studies in
NMOSD remain more difficult to perform than
in MS. NMOSD is a rare disease and most of the
monocentric studies already published included
small-sized population (n<30). Multicentric
OCT studies have to emerge in NMOSD in order

to increase the power of statistical analyses, but
an additional difficulty in a multicenter study
will be to perform OCT scans with the same 4th-
generation OCT device. However, the Baltimore
OCT study group recently showed a good con-
cordance between CIRRUS (Zeiss) and
Spectralis (Heidelberg) OCT scan for retinal
segmentation using an open source segmentation
algorithm [64].

Optic neuritis in NMOSD are more severe
than MS and, in spite of aggressive therapeutic
management, it is not unusual to observe severe
sequelae and some cases of blindness. It has been
previously reported that up to 54 % of
NMOSD-ON eyes with monophasic disease
course were totally blind [2] and that bilateral
severe visual loss (<1/10) appeared in a median
time of 13 years [3]. Weak residual visual func-
tion after ON leads to difficulty in the acquisition
of OCT and to an OCT of lesser quality.

Another difficulty is to know if we have to
consider  anti-AQP4  Ab-negative  and
Ab-positive patients together or if they are two
different types of NMOSD disease. Recently, it
has been discussed that NMOSD patients nega-
tive for anti-AQP4 Ab could have anti-myelin-
oligodendrocytes-glycoprotein Ab [65] or that
NMOSD patients could have both anti-AQP4
and anti-KIR4.1 Ab [66]. Kir4.1 is a ubiquitous
potassium channel notably coexpressed with
AQP4 by Miiller cells.

Indeed, NMOSD patients are older than MS
patients. Older patients have greater chance to
have other confounding ocular pathologies and
naturally thinner retinal thickness [67].
Obviously, complete ophthalmological evalua-
tions may exclude these confounding factors.

NMOSD is more frequent in Asian countries
and Afro-Caribbean populations [1]. Peripapillary
RNFL thickness and macular volume are known
to vary according to ethnic origin [68—70]. As an
example, Asian, Hispanic, and Indian people
have thicker pRNFL than European people. Thus,
cautiousness is required for comparing OCT
studies with Caucasian patients and OCT studies
with Asian patients. It has to be taken into account
when matching to HC or MS patients is per-
formed—notably for future multicentric studies.
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Advantages of OCT Studies
in NMOSD

Benign MS are very rare in NMOSD. Thus it
seems unlikely to miss (physician) or to forget
(the patient) any ON episode. It is very important
in OCT study to know how many ON episodes
occurred because the more ON episodes occur,
the more atrophy you observed.

Subclinical retinal involvement (directly
within the retina or as a result of optic ways
involvement) remains discussed in NMOSD and
very probably of a lesser extent in NMOSD than
in MS. In MS, it is difficult to know if retinal
atrophy occurring without any clinical episode of
ON is due to subclinical MSON or to axonal ret-
rograde transsynaptic degeneration. For testing
potential neuroprotective drugs at the acute phase
of ON, this could be an advantage of studies in
NMOSD versus studies in MS.

Conclusion

OCT is a wonderful tool for evaluating retinal
axonal secondary to ON in neuroinflamma-
tory diseases affecting the optic nerve—nota-
bly NMOSD. OCT may help to differentiate
NMOSD and MS. In future NMOSD thera-
peutic trials, OCT has to be an evaluation cri-
terion. Multimodal studies (OCT, optic nerve
and brain MRI, visual evoked potentials) are
still lacking in NMOSD and are necessary to
better understand the optic ways involvement
in NMOSD. Multicentric follow-up studies
will be able to clearly confirm or not a sub-
clinical axonal loss in NMOSD, particularly
in macula.
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Fiona Costello

Introduction
What Is “Early” Multiple Sclerosis?

Multiple sclerosis (MS) is an inflammatory disor-
der of the central nervous system (CNS) that
causes progressive neurological disability over
time [1, 2]. Affecting more than two million peo-
ple worldwide, MS is recognized as the leading
cause of nontraumatic neurological disability in
young adults [2, 3]. For many patients, clinical
manifestations involve the motor, sensory, visual,
and autonomic systems, but less localizing symp-
toms and signs are also common, with fatigue
being foremost among them [1, 2]. The diagnosis
of MS can often be established on clinical
grounds for patients who experience recurrent
neurological events consistent with multifocal
CNS inflammation [4, 5]. Since the publication
of the original McDonald criteria and subsequent
iterations [6—8], radiological endpoints have been
used to confirm the diagnosis of MS in the
absence of recurrent clinical events.

In truth, it is difficult to know when MS begins
for any given patient, because many inflamma-
tory CNS lesions cause no clinical symptoms.
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Accordingly, it is challenging to define “early”
MS, because onset of awareness that a problem
exists is not synonymous with onset of the actual
problem (Box 7.1). For 85 % of young adults,
MS is heralded with a clinically isolated syn-
drome (CIS) of the optic nerves, brainstem, or
spinal cord [9]. Thereafter, the majority (85 %) of
MS patients manifest episodes of relapsing remit-
ting neurological dysfunction [1, 2, 4-10], before
transitioning to a secondary progressive course
(SPMS) of the disease [1, 2, 9—11]. During this
time, patients accumulate neurological disability
with or without relapses.

Box 7.1

It is challenging to define “early MS”
because onset of awareness that a problem
exists is not synonymous with onset of the
actual problem.

Approximately 15 % of MS patients experi-
ence a primary progressive course from onset
(PPMS) [2]. While the acronyms RRMS, SPMS,
and PPMS are embedded in the lexicon of neu-
rologists, these labels are merely clinical descrip-
tors and tell us nothing about underlying
differences in pathobiology that distinguish MS
phenotypes. At best, they represent our clinical
perceptions of different ages and stages of the
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disease [2, 10]. In reality, the driving force behind
progression and the variables that affect transi-
tion from the relapsing remitting phase to the
treatment-resistant progressive course in MS
remain obscure. The context of this uncertainty
has important implications because approved MS
treatments act predominantly by targeting inflam-
mation within the brain and spinal cord with an
implicit assumption that recurrent, chronic
inflammatory disease activity exacts a toll on the
structural integrity and functional eloquence of
the CNS over time.

Optic Neuritis: The Best
Characterized Clinically Isolated
Syndrome

Optic neuritis (ON) refers to an inflammatory injury
of the optic nerve, which can manifest as a CIS or,
in some cases, represent a harbinger for the diagno-
sis of MS. With an incidence of 1-5 per 100,000 per
year [2, 11, 12], ON is a common cause of acquired
vision loss in young adults and the best-character-
ized CIS [9]. In fact, 1 in every 5 MS patients pres-
ents with MS associated (MSON) as the first clinical
manifestation of their disease [9]. Much of what we
have come to understand in terms of the epidemiol-
ogy and clinical presentation of typical MSON has
been based on the initial experience and subsequent
follow-up from the Optic Neuritis Treatment Trial
(ONTT) [13, 14]. This randomized, multicenter
study was initially designed to compare the benefits
of treatment with either intravenous methylpred-
nisolone (IVMP) (250 mg administered every 6 h
for 3 days followed by oral prednisone [1 mg/kg/
day] for 11 days), oral prednisone (1 mg/ kg/day),
or oral placebo in 457 patients with acute ON [2].
From the ONTT, we learned that most MSON
patients are Caucasian (85 %) women (77 %), with
a mean age of 32 years [2, 13, 14]. In adults, the
majority of ON cases are unilateral, but occasion-
ally bilateral simultaneous vision loss is observed.
Yet, in this setting, ON mimics need to be consid-
ered including: neuromyelitis optica (NMO), toxic—
metabolic optic neuropathies, and Leber’s hereditary
optic neuropathy (LHON).

F. Costello

From the point of view of their clinical pre-
sentation, MSON patients often report subacute
onset vision loss that worsens over hours to
days. Ninety-two percent of affected individu-
als experience pain within the 1st week of
symptom onset, which is frequently provoked
by eye movements [2]. Approximately one-
third of individuals affected by MSON note
flashes of light in the affected eye, known as
photopsias or phosphenes [15, 16], albeit they
may not divulge this information without
prompting. When the diagnosis is suspected,
there are several localizing features on initial
examination, which are key to securing the
diagnosis. Initially, the severity of vision loss in
the affected eye (MSON eye) may range from
mild (Snellen visual acuity equivalent of 20/20)
to no light perception. In patients with unilat-
eral optic nerve involvement, a relative afferent
pupil defect (RAPD) will be apparent in the
MSON eye. Visual field defects follow the
topography of the retinal nerve fiber layer
(RNFL). Cecocentral, altitudinal, and arcuate
patterns of vision loss are often observed.
Dyschromatopsia, or decreased color vision, is
also common. This finding can be particularly
helpful in localizing the diagnosis in patients
with mild central vision loss and disproportion-
ate deficits in color vision function [2]. In cases
of retrobulbar MSON, the fundus examination
is initially normal, whereas patients with ante-
rior MSON (sometimes referred to as “papilli-
tis”) manifest mild to moderate optic disc
swelling acutely. The ONTT demonstrated that
severe optic disc edema, vitreous cell, and hem-
orrhage are relatively uncommon findings in
MSON patients and may herald a mimic such as
neuroretinitis. Not surprisingly, these atypical
fundus features are associated with a reduced
risk of developing MS, potentially because the
patient does not in fact have MSON. The prog-
nosis for recovery after MSON is generally
favorable, with approximately 95 % of patients
achieving a visual acuity of 20/40 vision in their
affected eye a year after clinical presentation [2,
11, 17]. Despite regaining ‘“normal” vision,
however, many MSON patients report persistent
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problems including fatigue and heat-induced
(Uhthoff’s phenomenon) vision loss, altered
motion and depth perception (Pulfrich phenom-
enon), and decreased spatial vision at low-con-
trast levels [2]. There is therefore discordance
between what patients report versus what is
captured with standard ophthalmic testing in
the setting of post-acute MSON, indicating a
need for more sensitive measures of vision loss
in this patient population.

The Afferent Visual Pathway:
A Clinical Model of Multiple
Sclerosis

As a putative model of MS, the afferent visual
pathway (AVP), with MSON as its relapse “pro-
totype,” offers several potential advantages. First
and foremost, there is the benefit of precise
localization. In the setting of acute ON, the AVP
model provides objective evidence of a symp-
tomatic lesion in any optic nerve, which can be
anatomically localized in the CNS [2]. As a sec-
ond point of merit, more than 90 % of ON
patients report pain at initial presentation. In
light of the highly specialized nature of the affer-
ent visual pathway, any perturbation in the sys-
tem that interferes with visual perception,
particularly central vision, will be noticed and
reported by affected individuals. Functional
recovery can therefore be monitored from a rela-
tively precise point of onset in the AVP model of
MS [2]. Thirdly, the afferent visual pathway is a
functionally eloquent CNS system and deficits
can be captured with reproducible measures of
visual function including high- and low-contrast
visual acuity, automated perimetry, and color
vision testing. Furthermore, optical coherence
tomography (OCT) provides structural measures
of neuronal and axonal integrity. By pairing
OCT measures with quantitative visual out-
comes, it is possible to devise a structural—
functional paradigm to elucidate the temporal
evolution and relative contributions of inflam-
mation, axonal loss, neuronal damage, and corti-
cal compensation to post-MSON recovery in the
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AVP model of MS [2]. Finally, previous patho-
logical studies have shown that tissue-specific
injury in the AVP mirrors global CNS effects in
MS patients [2, 18]. Simply put, the back of the
eye is the front of the brain. At the time of an
acute MSON event, cytokine release induces
transient conduction block, likely induced by
nitric oxide [2, 19]. When myelination and axo-
nal integrity are intact, recovery ensues with the
removal of inflammatory mediators. During
recovery from MSON, remyelination improves
saltatory conduction through sodium channels,
which are distributed along the demyelinated
optic nerve segment [9]. Cortical plasticity is
also believed to play a role in optimizing func-
tion in the more chronic phases of recovery,
albeit the timeline and mechanisms involved
therein are not well understood. The AVP model
can therefore be interrogated to monitor tissue-
specific factors that underpin CNS injury and
repair in MS patients [2].

Optical Coherence Tomography:
An In Vivo Optical Biopsy?

Optical coherence tomography (OCT) provides a
noninvasive means of measuring neuroaxonal
injury in the anterior visual pathway [20-22]. As
the “optical analog” of ultrasound B-mode imag-
ing, OCT facilitates in vivo imaging of retinal
structures including the retinal nerve fiber layer
(RNFL), ganglion cell layer (GCL), and inner
nuclear layer (INL). Since the retina is typically
devoid of myelin, OCT measures provide an
ideal opportunity to capture the manifestations of
CNS neurodegeneration, neuroprotection, and,
potentially, neurorepair. Decrements in peripapil-
lary RNFL thickness as measured by OCT have
been interpreted to represent axonal damage [2].
Because the macula contains a large proportion
of retinal ganglion cell neurons (about 34 % of
total macular volume) [22], changes in macular
volume and, more recently, GCL thickness have
been interpreted to represent altered neuronal
integrity in the afferent visual pathway.
Widespread availability of spectral-domain OCT
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has allowed us to obtain high-resolution imaging
(57 pm) of retinal structures 50-fold faster than
previous time-domain OCT models [21, 22].
As OCT continues to evolve, future studies will
be able to employ novel techniques including
longer wavelength and swept source technology,
ultrahigh-resolution OCT, en face imaging, and
polarization-sensitive OCT that will enhance our
ability to diagnose, monitor, and treat MS
patients [23].

Optical Coherence Tomography
in Optic Neuritis

At the time of an acute MSON event, when vision
loss is at its nadir, patients often manifest peri-
papillary RNFL measurements that are increased
in their MSON eye relative to their non-MSON
eye [2]. Correspondingly, the optic nerve in the
MSON eye may be mildly edematous or hyper-
emic secondary to axoplasmic flow stasis. In con-
trast, at baseline OCT-measured macular volume
and GCL measures are symmetric between
MSON eyes and non-MSON eyes in the setting
of acute ON [2]. Ganglion layer (GCL) thinning
may be the first manifestation of retrograde neu-
ronal loss detectable in the AVP model, because
the ganglion layer “signal” is not obscured by
superimposed edema [24]. In the ensuing 2-3
months, RNFL, GCL, and macular volume thin-
ning evolve, with earliest signs of significant
RNFL atrophy often manifesting in the temporal
region [2]. These OCT-measured changes are
commensurate with the evolution of optic disc
pallor. Collectively the studies to date have shown
that RNFL, GCL, and macular volume continue
to decrease for 6-12 months after symptom
onset, plateauing thereafter [2]. Yet, visual recov-
ery 12 months after ON has not been linked to the
extent of peripapillary RNFL swelling seen
acutely but has instead been associated with the
amount of RNFL, macular volume, and ganglion
layer loss observed 6—12 months after symptom
onset [2].

In the era of retinal segmentation with
spectral-domain OCT, INL thickening and micro-
cystic macular edema have been explored as
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potential markers of inflammation in ON patients
[25, 26]. In a study by Kaushik and colleagues
[26], INL thickening was shown to correlate with
lower RNFL values and reduced GCL thickness
in ON eyes. Thus, more severe inflammation in
the retina may be associated with more severe
neuroaxonal injury in the afferent visual pathway
of ON patients.

Prognosis for Recovery After MSON

As previously stated, the natural history of
MSON is favorable, with the vast majority of
patients achieving 20/20 or better Snellen acuity
equivalent visual function in their MSON eyes a
year after the acute event [11]. Kupersmith and
colleagues [27] identified early functional and
structural markers that may help predict recov-
ery after MSON. Specifically, 1 month after pre-
sentation, high-contrast visual acuity values less
than or equal to 20/50, contrast sensitivity mea-
sures less than 1.0 log units, and visual field
mean deviation measures less than or equal to
—15.0 dB (as determined by automated perime-
try) predicted moderate to severe outcomes for
each of these measures at 6 months. In a pro-
spective study involving 25 MSON patients,
Kupersmith [28] also demonstrated that early
OCT-measured RNFL loss at 1 month was pre-
dictive of RNFL thinning at 6 months in MSON
eyes [28]. Other studies have shown that a year
after an isolated ON event, peripapillary RNFL
measurements are reduced by approximately
20 % relative to the fellow eye [2]. In a meta-
analysis of time-domain OCT studies [14 studies
(2,063 eyes),] RNFL values were reduced from 5
to 40 pm (averaging 10-20 um) in MSON eyes
[29]. Furthermore, comparing MSON eyes with
the eyes of healthy controls showed an estimated
average RNFL loss of 20 pm [29]. Lower RNFL
values have been shown to correlate with reduced
visual acuity, visual field mean sensitivity, and
color vision scores [2], reinforcing the notion
that form and function are lightly linked in the
AVP model of MS. For patients selected without
recruitment bias, an OCT “cutoff” of 75 pm has
been shown to represent a threshold of RNFL



7 OCT and Early MS: Clinically Isolated Syndromes (CIS)

integrity that can predict the extent of visual
recovery after MSON [30]. The findings to date
suggest that MSON may be the “relapse proto-
type” in the AVP model through which the acute
consequences of an optic nerve injury can be
tracked, and structural-functional correlations
can be established over a defined time period. To
this end, the impact of patient-related factors
including age, gender, and ethnicity on recovery
from a relapse event may also be explored in the
AVP model. In a prospective study involving 39
men and 105 women with acute ON, men showed
more apparent loss of RNFL thickness in their
ON eyes from baseline to 6 months than women
[31]. These findings raise interesting questions
about the potential influence of gender in MS,
which may be explored in future studies.

Optical Coherence Tomography:
Other Clinically Isolated Syndromes

Optical coherence tomography studies have
also revealed evidence of afferent visual path-
way involvementin patients with nonvisual CIS,
which raises interesting questions regarding
mechanisms of subclinical neuroaxonal injury
in the CNS of MS patients. Oberwahrenbrock
and colleagues [32] used spectral-domain
OCT to compare 45 CIS patients with age/
sex-matched controls. Patients were stratified
into categories based upon the presence or lack
thereof of prior MSON by history. The sub-
groups in this study included CIS eyes with
clinical MSON, CIS eyes with suspected sub-
clinical MSON and CIS eyes unaffected by
MSON. Interestingly, the eyes of CIS patients
with no evidence of clinical or subclinical
MSON showed significant reduction of GCL
and INL layer thicknesses, with a topography
similar to that of MSON eyes. Moreover, CIS
eyes with suspected subclinical MSON showed
significant RNFL thinning, albeit the most pro-
nounced thinning was noted in CIS eyes with
an established history of MSON. The observa-
tion that GCL damage is detectable in CIS eyes
without clinical history of MSON, was inter-
preted to support the concept that neuroaxonal
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loss can occur in the CNS of MS patients with-
out preceding or concomitant demyelination.
Thus, it is conceivable that OCT may be used
to detect evidence of primary neurodegen-
eration in the AVP Model of MS. Finally, in
this study, loss of GCL thickness in the eyes
of nonvisual CIS patients also showed that
neurodegeneration is not limited to advanced
disease stages but a feature that occurs early
in disease development [32]. Notably, the find-
ings described by Oberwahrenbrock et al. [32]
were in disagreement with prior reports, which
have shown equivocal results perhaps owing to
the limits of time-domain OCT technology [33,
34]. For example, in a time-domain OCT by
Outteryck et al. [33], peripapillary RNFL val-
ues and macular volumes failed to distinguish
CIS patients (n=56, including 18 patients with
MSON and 38 patients without MSON) from
control subjects.

Optical Coherence Tomography
and Future Risk of Multiple
Sclerosis

Few studies have explored the association
between OCT measures in the afferent visual
pathway at the time of an acute inflammatory
relapse and future risk of MS. In a prospective
study of 50 CIS patients with isolated MSON,
there were no significant differences in RNFL
thickness in either MSON eyes or non-MSON
eyes observed between CIS patients who devel-
oped clinically definite MS (42 %) and those who
did not develop MS (58 %) during the 2-year
study period [35]. Moreover, a link between ini-
tial RNFL values and baseline evidence of CNS
inflammation on magnetic resonance imaging
(MRI) as future predictors for the development of
MS in CIS patients has not been proven. In a pre-
vious study, 50 patients who experienced MSON
as a CIS were followed for a mean period of 34
months with OCT testing [36]. RNFL values in
MSON eyes and non-MSON eyes were com-
pared between patients with MRI evidence of
white matter lesions and patients with normal
baseline MRI findings, over a 2-year period.
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Twenty-one patients (42 %) developed clinically
definite MS (CDMS) during the study. After 2
years, temporal RNFL values were thinner in
MSON patients with MRI lesions at baseline, but
the results were not significant. In a time-domain
OCT study, Outteryck [33] evaluated 56 CIS
patients and 32 control subjects to investigate
whether OCT measures of RNFL thickness and
macular volume revealed early axonal loss in the
afferent visual pathway. In this prospective case
series, there was no link between RNFL and MRI
evidence of CNS inflammation at baseline, dis-
seminated CNS inflammation according to the
revised McDonald criteria, gadolinium enhance-
ment on initial MRI, multifocal CIS presentation,
altered visual-evoked potentials, or development
of “McDonald”-proven MS at 6 months. These
investigators concluded that OCT does not pre-
dict conversion to MS at 6 months in CIS patients
[33]. Yet, in a more recent spectral-domain OCT
study performed by Perez-Rico et al. [37] involv-
ing 29 CIS patients without MSON, OCT-
measured RNFL thickness was found to be an
independent predictor of clinically definitive MS
diagnosis at 12 months. Based upon their find-
ings, the authors concluded that retinal axonal
loss measured by OCT is an important prognostic
factor of conversion to MS in patients with CIS in
the absence of symptomatic MSON [37]. Again,
there may be discrepancies between published
reports that reflect differences in the CIS patient
population being evaluated, as well as disparity
between the generations of OCT technology
being used. As OCT continues to evolve, it may
be possible to pair RNFL, GCL, INL and other
paraclinical measures of CNS neuroaxonal integ-
rity to identify which CIS patients manifest sub-
clinical dissemination of lesions in space and
time that portend a greater risk for developing
MS.

Optical Coherence Tomography
in Multiple Sclerosis

For most MS patients, the hallmark of the diagnosis
is change, both in terms of neurological disability
and the MRI-measured burden of disease over time.
At this point, a role for OCT in complementing
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conventional tools used to diagnose and monitor
disease activity is beginning to emerge.

Using Optical Coherence Tomography
to Detect Optic Neuritis in MS
Patients

For all intents and purposes, RNFL changes after
MSON in MS patients parallel those in patients
with CIS because MSON has a deleterious impact
on RNFL integrity that is directly proportional to
the severity of the event and is less dependent
on the diagnosis of MS or indeed MS subtype
[20]. Therefore, a CIS patient with severe MSON
and poor clinical recovery may manifest worse
RNFL and GCL loss than an MS patient with a
relatively mild MSON event. The key difference
in distinguishing MS patients with MSON from
CIS patients is that the former are more likely to
have reduced RNFL and GCL findings in both
their MSON and non-MSON eyes [20]. A meta-
analysis of prior time-domain OCT studies (14
studies [2,063 eyes]) demonstrated that RNFL
values are reduced from 5 to 40 pm (averaging
1020 pm) in MSON eyes [29]. Furthermore,
comparing MSON eyes with the eyes of healthy
controls showed an estimated average RNFL
loss of 20 pm (95 % confidence interval [CI],
—23 to —18) [29]. In 27 studies comparing RNFL
values in MSON eyes to the non-MSON eyes
of the same patients (4,199 eyes), there was an
estimated RNFL loss of 14.6 pm (95 % CI, —17
to —13) in MSON eyes compared to a 7.1 pm
reduction in RNFL thickness in non-ON eyes
relative to control eyes [29]. Thus, MS patients
with MSON may manifest less inter-eye asym-
metry with respect to RNFL and GCL thickness
relative to CIS patients because changes in RNFL
integrity are more likely to be bilateral in the
former [20]. In light of the fact that neuroxonal
loss may manifest insidiously and perhaps inde-
pendently of relapses in MS, the utility of OCT
in detecting subclinical damage in the afferent
visual pathway is paramount if the technology is
to represent a structural marker of CNS integrity.
It the current era, RNFL, GCL, and potentially
INL values could eventually be used to capture
clinically silent disease activity, providing there
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is consensus regarding the amount of progressive
RNFL thinning that constitutes paraclinical evi-
dence of afferent visual pathway pathology and
assurance that the increments of change in RNFL
thickness can be distinguished from the test—
retest variability of the OCT technology being
used [20].

Optical Coherence Tomography
in Benign Multiple Sclerosis

Benign MS is a term that has traditionally been
used to describe MS patients with an Expanded
Disability Status Scare (EDSS) score measuring
less than or equal to 3 (out of a total of 10) and
disease duration equal to or greater than 15 years
[38]. The benign variant of MS is thought to fol-
low a milder course, yet recent spectral-domain
OCT studies have shown that “benign” MS
patients have the same RNFL loss, low-contrast
letter acuity impairment, and decreased quality of
life scores as MSON eyes, calling into question
the moniker “benign” [38, 39]. Lange and col-
leagues [39] used spectral-domain OCT to follow
29 benign MS patients and 29 healthy controls.
In this study, reduced RNFL thickness was asso-
ciated with a history of MSON, but not with
EDSS score or disease duration. Yet, RNFL val-
ues were lower in patients with benign MS than
healthy controls, regardless of the previous his-
tory of MSON. Indeed, while overall neurologic
impairment may be mild in benign MS patients,
visual dysfunction (which is not well captured by
the EDSS) accounts for a substantial degree of
disability. The dichotomy between RNFL values
and disability scores was highlighted in a cross-
sectional, time-domain OCT study comparing
different MS subtypes (63 patients with MSON
as a CIS, 108 RRM patients, 13 SPMS patients,
and 9 PPMS patients) [40]. There were signifi-
cant correlations between RNFL thickness and
the extent of neurological disability for RRMS
and CIS patients in this study, but this relation-
ship did not hold true for progressive MS sub-
types [40]. These data suggest that there may be
concordance between the extent of axonal dam-
age in the anterior visual pathway and measures
of neurological impairment for MS patients with
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mild to moderate neurological disability, but not
for patients with either mild or advanced disease
[40]. Patients with progressive MS may have
more extensive axonal damage in a functionally
eloquent region such as the spinal cord, with rela-
tive sparing of other CNS systems, including the
afferent visual pathway. This is one possible
explanation for the lack of correlation in structure
and function between imaging modalities such as
OCT and global measures of neurological dis-
ability in some MS patients.

Using Optical Coherence Tomography
to Track Longitudinal Changes in MS

One of the major challenges in MS is to find a
structural marker of progressive neuroaxonal dam-
age that is sensitive to insidious changes over time,
in which the “signal” of pathology can be distin-
guished from the inherent “noise” of the technol-
ogy. In longitudinal time-domain OCT study,
Talman and colleagues [41] followed 299 MS
patients (84 % RRMS) and showed through pooled
analysis that each year of follow-up was associ-
ated with a 2 pm decrease in RNFL integrity in
MS eyes. In contrast, control subjects showed an
average RNFL thinning of 0.5 % over the 3-year
follow-up period [41]. The investigators concluded
that RNFL thinning occurs as a consequence of
subclinical axonal loss in the anterior visual path-
way in MS and suggested that OCT could be used
to potentially evaluate the effectiveness of neu-
roprotection protocols in MS [41]. Yet, caution
should be employed when generalizing the time
course of RNFL loss to a given individual from
cross-sectional data [20, 29], particularly when the
estimated yearly thinning of overall RNFL (2 pm)
is below the detection limit of the time-domain
OCT technology being used. Narayanan and col-
leagues [42] studied 133 RRMS patients (149
non-MSON eyes and 97 MSON eyes) (93 patients
were scanned at 2 visits). Relations between RNFL
and GCL thicknesses with MS duration and fol-
low-up were assessed. Both RNFL and GCL val-
ues decreased with MS disease duration, and this
observation was noted for both non-MSON eyes
and MSON eyes. These findings were interpreted
to indicate that in RRMS eyes without clinically
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evident inflammation, progressive loss of RNFL
and GCL thicknesses occurred [42]. Ideally, future
longitudinal studies with spectral-domain OCT
will incorporate associated hardware and software
improvements that minimize repeat measurement
variability. In this context, OCT may compliment
emerging technologies and be used to capture reli-
able, reproducible evidence of neuroaxonal dam-
age arising from clinical and subclinical disease
activity in MS.

Ganglion Layer Analysis as a Marker
of Neuronal Integrity in MS

In the era of retinal segmentation, spectral-
domain OCT measures of GCL have emerged as
a marker of neuronal integrity in the afferent
visual pathway. Multiple sclerosis patients with
evidence of active disease activity defined as
relapses, new gadolinium-enhancing lesions, and
new T2 lesions have shown faster rates of annual-
ized GCL thinning [43]. Studies have also shown
that annual GCL thinning occurs 37 % faster in
MS patients with disability progression and 43 %
faster in those with disease duration measuring
less than 5 years versus greater than 5 years [43].
In patients with new gadolinium-enhancing
lesions, new MRI-measured T2 lesions, and dis-
ease duration less than 5 years, GCL thinning
was 70 % faster relative to patients who lacked
these 3 cardinal characteristics [43]. Multiple
sclerosis patients with clinical and/or radiologic
non-ocular disease activity, particularly early in
the disease course, exhibited accelerated gan-
glion layer thinning [43]. These findings indi-
cated that retinal changes in MS reflect global
CNS processes and that OCT-derived ganglion
layer measurements may have utility as an out-
come measure for assessing neuroprotective
agents, particularly in early, active MS [43].

Transsynaptic Degeneration
in Multiple Sclerosis

For any given MS patient, it is difficult to know
whether inner and outer retinal damage arise as a
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primary “neuronopathy” or whether damage to
retinal ganglion cells and deeper neuronal ele-
ments occur as a dying back consequence of ret-
rograde axonal degeneration from a retrobulbar
optic nerve injury or a more posterior visual path-
way lesion. The distinction has relevance,
because evidence of primary neuronal loss in the
retina would support the hypothesis that neurode-
generation can occur in the absence of demyelin-
ation in MS. In a previous pathological study of
82 eyes from MS patients, Green and colleagues
[18] observed shrunken neurons, dropout of reti-
nal ganglion cells (in 79 % of MS eyes), and INL
atrophy (in 40 % of MS eyes). The finding of INL
atrophy indicated that neuronal pathology in MS
is not restricted to the retinal ganglion cell layer
and that retinal injury is more widespread than
previously appreciated [18]. In this study, the
severity of retinal atrophy was significantly asso-
ciated with postmortem brain weight, and there
was an association with disease duration, sug-
gesting that the retina pathology may reflect
global changes occurring in the CNS of MS
patients over time [18]. This study was instru-
mental in showing that with the exception of
demyelination, virtually all manifestations of
brain tissue injury in MS can be found in the ret-
ina. Thus, using OCT in the AVP model may help
us decipher different types of retinal pathology
and enhance our understanding of the factors that
drive both inflammation and tissue atrophy in MS
[2]. At this point, it is not known whether struc-
tural disruption occurs in retinal layers deeper
than the inner nuclear layer in MS. If MS affects
the outer retina directly, it could indicate that pri-
mary retinal neuronal pathology is a pathogenic
feature of the disease [2]. Alternatively, loss of
retinal neuronal constituents could arise from
transsynaptic neuronal degeneration from more
distal, retrogeniculate lesions in the afferent
visual pathway [18]. Anterograde transsynaptic
damage from an optic nerve injury leading to
neuronal loss in the lateral geniculate nucleus has
been described in MS, glaucoma, and after chem-
ical injury to the optic nerve [2]. Recently retro-
grade transsynaptic degeneration has been
interpreted from OCT manifestations of RNFL
layer thinning in patients who suffered injury to
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the posterior visual pathways [2]. Further investi-
gations are needed to validate the phenomenon of
bi-directional trans-synaptic axonal degeneration
in the AVP, which could inform our understand-
ing of mechanisms underpinning diffuse axonal
loss in MS, which arise distal from remote or
active sites of inflammation [2].

Microcystic Macular Edema and Inner
Nuclear Layer Thickness

Interrogating the retina for evidence of MS-related
pathology has prompted recent interest in micro-
cystic macular edema located in the INL, which
has been reported to occur in 5-6 % of MS
patients [2]. First proposed by Gelfand and col-
leagues [44], retinal microcysts and associated
thickening of the INL have been interpreted to be
signs of inflammation in MS eyes. Subsequent
work has shown that MS patients with microcys-
tic macular edema and INL thickening have
higher baseline multiple sclerosis severity scores
and an increased predilection to develop MRI-
measured contrast-enhancing lesions, new T2
lesions, relapses, and disability progression [45].
Thus, INL thickening may be a structure marker
of retinal inflammation in MS eyes that can be
correlated with global metrics of disease activity
in these patients. This awaits further study.

Juvenile and Pediatric Multiple
Sclerosis

Multifocal CNS demyelination has been reported
to occur in approximately 0.4 per 100,000 of the
pediatric patient population [46, 47]. Similar to
adults, MSON is a relatively common occurrence
in pediatric patients such that 22 % of children
experience MSON as their first demyelinating
event and 35 % of children who eventually
develop MS experienced MSON during their first
clinical episode [46]. In a pediatric ON study,
Wilejto and colleagues [47] reported unilateral
optic nerve involvement in the majority (58 %) of
pediatric patients (n=36). Visual recovery after
ON was considered complete in 39 of 47 affected
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eyes (83 %) [47]. Cranial MRI scans demon-
strated white matter lesions separate from the
optic nerves in 54 % of children. In this study, the
risk of MS was 36 % at 2 years, and bilateral ON
was associated with a greater future risk of MS
[47]. Clinical findings extrinsic to the visual sys-
tem on baseline examination and MRI evidence
of white matter lesions outside the optic nerves
were strongly associated with a future diagnosis
of MS [47]. Yeh and colleagues [48] used OCT in
a cross-sectional study of 38 consecutive children
(age <18 years) who had at least 1 documented
clinical episode of an acquired demyelinating
event and 2 control groups, including (1) 15 nor-
mal healthy children (30 eyes) with no history of
neurological or other chronic disease and (2) 5
children (10 eyes) with other nondemyelinating
disorders. In MS patients, RNFL thickness was
99 pm in non-MSON eyes and 83 pm in MSON
eyes [48]. Children with acute disseminated
encephalomyelitis and transverse myelitis had
lower RNFL values in their ON eyes (67 pm)
relative to non-ON eyes (102 pm) [48]. Macular
volumes were markedly lower in ON eyes of
children with acute disseminated encephalomy-
elitis/transverse myelitis and chronic relapsing
inflammatory optic neuropathy, suggesting a
more severe disease process in these clinical enti-
ties [48]. All subgroups with a clinical history of
ON had lower average RNFL values than con-
trols. On the basis of their findings, the investiga-
tors concluded that OCT may be a valuable tool
for monitoring anterior optic pathway dysfunc-
tion in children with demyelinating disease. In a
more recent spectral-domain OCT study, Yeh
[49] compared GCL and RNFL values to other
functional measures of afferent visual pathway
integrity in a pediatric population with demyelin-
ating disorders (37 children, aged 8-18 years,
n="74 eyes) and 18 healthy controls (n=36 eyes).
Mean RNFL thickness was 26 pm (25.6 %) lower
in patients with demyelinating syndromes
(76.2 pm [3.7]) compared to controls (102.4 pm
[2.1]) (p <0.0001). Mean GCL thickness was
20 % lower in patients as compared to controls (p
<0.0001). Mean GCL and RNFL thickness were
strongly correlated, yet in contrast to RNFL
thickness, no differences in GCL thickness were
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noted between optic neuritis (ON) eyes and non-
ON eyes of patients. These findings indicated
that the retina may be a site of primary neuronal
injury in pediatric demyelination.

Huhn and colleagues [50] evaluated the impact
of neuroaxonal loss in the anterior visual path-
way of patients with early-onset MS (defined as
onset before the age of 18 years), with mean dis-
ease duration of 11.6 years using spectral-domain
OCT. In comparison with controls, early-onset
MS patients displayed significant reductions in
RNFL thickness and macular volumes, which
occurred independently of MSON history [50].
In a generalized estimating model, the early-onset
MS group displayed a similar correlation between
disease duration and RNFL compared to MS
patients with later-onset disease. These data sug-
gested that OCT may provide a structural basis
for the observation that early-onset MS patients
reach states of irreversible disability at a younger
age than patients with later-onset disease.

Optical Coherence Tomography
and Recurrent Optic Neuritis

It can be difficult to detect OCT-measured RNFL
and GCL changes in the setting of recurrent ON,
because the extent of cumulative retinal damage
can be severe and the corresponding visual out-
comes dire. In a recent time-domain OCT study
of 193 MS patients, RNFL values were com-
pared between 29 eyes affected by 2 or more
MSON events, 125 eyes affected by a single
MSON event, and 232 eyes without MSON. The
mean RNFL values were significantly lower in
recurrent MSON eyes (64.2 pm) relative to sin-
gle MSON eyes (86.3 pm) (P <.0001) and eyes
without MSON (100.1 pm) (P <.0001) [35]. In a
time-domain OCT study of pediatric patients
with demyelinating syndromes, the average
RNFL thickness decreased with increasing num-
ber of ON episodes [48]. This observation sup-
ported the premise that recurrent inflammatory
events have a cumulative impact in eroding axo-
nal integrity in the anterior visual pathway. A
more recent spectral-domain OCT pediatric
study showed that when classified by number of
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ON events (0, 1, 2, or more episodes), mean
RNFL thickness declined by approximately
9 mm per ON episode [49]. Interestingly, no dif-
ference was seen in the mean GCL thickness
between patients with 0, 1, or 2 or more episodes
of ON [49], for reasons that were not entirely
clear. It is possible that an isolated ON event in
the pediatric population may be so profoundly
detrimental to neuronal integrity in the afferent
visual pathway that further episodes have a lim-
ited capacity to injure the limited residual tissue.
Alternatively, there may be a floor effect with
some OCT machines, such that detecting new
damage to the ganglion layer may be difficult in
the context of preexisting GCL thinning.

Optical Coherence Tomography
and Other Paraclinical Measures

The AVP model with MSON as its relapse proto-
type has relevance to MS if the structure-func-
tion correlations therein can be captured with
other testing modalities and reflect what is hap-
pening on a more global level of the CNS for
these patients.

Visual-Evoked Potential Testing

The VEP is a response of the brain to repeated
visual stimulation and has traditionally been
recorded when visual field is stimulated with a
single checkerboard pattern [2]. The VEP is gen-
erated at the level of striate cortex by the combined
activity of postsynaptic potentials. The magni-
tude of the VEP reflects the number of functional
afferent fibers reaching the striate cortex [2]. In
MSON patients, diminished VEP amplitudes
indicate inflammation-induced conduction block,
axonal atrophy, or a combination of both [2].
Subsequently, VEP amplitudes increase due to
resolution of inflammation and edema or possibly
expansion of synaptic activity along the visual
pathway up to the level of V1 in the visual cor-
tex [2]. Delayed VEP conduction is recognized as
one of the earliest features of acute MSON, with
the subsequent shortening of latency thought to
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represent the process of remyelination. Because it
is a summation of a large number of neuronal ele-
ments, the full-field VEP is greatly dominated by
the macular region due to its cortical overrepre-
sentation [2]. Moreover, the waveform of the full-
field VEP is prone to cancellation and distortion,
which sometimes leads to apparent, rather than
real, latency delay [2]. In contrast, the multifocal
VEP (mfVEP) allows stimulation of small areas
of the visual field. The result is a detailed topo-
graphical assessment of small groups of axons
within the optic nerve and visual cortex, which is
resistant to waveform distortion. Klistorner and
colleagues [51] used mfVEP and OCT testing to
prospectively study 25 subjects with acute uni-
lateral MSON. While mfVEP amplitude asym-
metry at baseline varied significantly among the
patients, it was, on average, very high, indicating
considerable reduction of amplitude in MSON
eyes. The inter-eye asymmetry in mfVEP ampli-
tude decreased over time indicating continuous
functional recovery [51]. There was an insignifi-
cant correlation between the inter-eye asymmetry
of OCT-measured RNFL thickness and that of
mfVEP amplitude at 1 month. This was consis-
tent with vasogenic edema in the acute phase,
causing an increase in RNFL thickness, with a
corresponding reduction in mfVEP amplitude
[51]. Over the course of recovery, the correla-
tion became more robust, indicating a diminish-
ing role of optic nerve edema in measured RNFL
thickness and unmasking the association between
RNFL atrophy and low mfVEP amplitude [51].
The potential correlation between OCT-measured
RNFL values and mfVEP measures of anterior
visual pathway damage was demonstrated by the
same group, who evaluated 32 patients with uni-
lateral MSON and 25 control subjects [52]. The
mean RNFL thickness in MSON eyes (85 pm)
was reduced by 19 % compared with control
eyes (104 pm), and there was a 40 % reduction
in the amplitude of the mfVEP in MSON eyes
relative to control eyes [52]. In addition to dem-
onstrating the utility of mf VEP in tracking optic
nerve injury in MSON patients, this study further
confirmed the significant correlations between
structural and functional measures of optic
nerve integrity and showed that demyelination
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contributes to axonal loss [52]. It may therefore
be feasible to pair mfVEP measures with OCT
testing to capture the synergistic effects of acute
demyelination and axonal loss over time in ON/
MS patients. Furthermore, the putative relation-
ship between the VEP latency and axonal loss
encourages the notion that therapeutic interven-
tions aimed at reducing the effects of demyelin-
ation or enhancing remyelination may be trialed
in the AVP model.

Magnetic Resonance Imaging

MRI studies have shown that OCT-measured
RNFL atrophy correlates with worse disability and
longer disease duration in MS patients. Sepulcre
[53] studied 61 MS patients and 29 matched con-
trols over a 2-year period and observed that tempo-
ral RNFL atrophy was associated with the presence
of new relapses. Furthermore, RNFL thickness
was correlated with white matter volume and gray
matter brain volumes [53]. A more recent study
aimed to determine the relationships between con-
ventional and segmentation-derived RNFL mea-
sures with intracranial volume [54]. Among 84
MS patients and 24 controls, peripapillary RNFL
and GCL thicknesses in MS eyes without a history
of MSON were associated with cortical-gray mat-
ter and caudate volumes [54]. Inner nuclear layer
thickness in MS eyes without a prior history of ON
was associated with FLAIR-lesion volume and
inversely associated with normal-appearing white
matter volume in RRMS patients [54]. Thus, OCT
measures may reflect global CNS pathology,
which can be captured with MR imaging in MS
patients.

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is sensitive to
water molecular diffusion in white matter and has
been shown to be altered at the earliest stages of
MSON [55, 56]. Optic neuritis eyes with
increased radial diffusivity have greater degrees
of RNFL thinning by OCT, which is in turn
related to worse visual acuity outcomes [55]. In a
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recent study of acute MSON, radial diffusivity of
the optic nerve measured by DTI was associated
with proportional decline in vision after MSON
and was shown to distinguish controls’ eyes from
both MSON and non-MSON eyes of patients
[55]. Van der Walt and colleagues [56] studied 37
patients with acute MSON at baseline, 1, 3, 6,
and 12 months after symptom onset using optic
nerve DTI to assess whether early measurements
(axial and radial diffusivity) could predict axonal
loss (defined as RNFL thinning or mfVEP ampli-
tude loss) or clinical (defined as visual acuity and
visual field loss) outcomes at 6 or 12 months.
Reduced 1-month axial diffusivity measured with
DTI correlated with RNFL thinning at 6 and 12
months and VEP amplitude loss at 6 and 12
months. Moreover, DTI-measured axial diffusiv-
ity reduction at 3 months correlated with high-
contrast visual acuity at 6 and 12 months. The
findings from this study showed that DTI-
measured axial diffusivity was decreased during
acute MSON. Furthermore, 1-month axial diffu-
sivity reduction correlated with more extensive
axonal loss, and DTI decrements at 3 months pre-
dicted poorer visual outcomes [56]. Thus, DTI
measures can be paired with RNFL values to pro-
vide a composite marker of structural axonal
integrity in the AVP model of MS and potentially
be used to help define a structural-functional
paradigm that can be used to study the impact of
injury and repair in CNS inflammatory diseases.

Texture Analysis

Ideally, it would be possible to use MRI tech-
niques to analyze the severity of tissue damage
and clarify the interactions between structure and
function in the afferent visual pathway over time.
MRI texture analysis is a quantitative approach
that evaluates inter-voxel relationships in an
image and detects subtle structural changes fol-
lowing acute inflammation. Investigators have
found that MRI texture analysis correlates with
the type of pathological damage in postmortem
MS brain. Furthermore, it differentiates in vivo
acute lesions from chronic lesions and distin-
guishes acute lesions that persist from those that
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recover [57]. Zhang and colleagues [57] evaluated
25 MSON patients with OCT, MRI (lesion length
and enhancement; optic nerve area ratio) using
multi-scale MRI texture analysis, as a
measure of structural integrity, at baseline, and at
6 and 12 months. Eight healthy subjects were
imaged for control. At baseline, time-domain
OCT-measured RNFL values were 20 % thicker
and lesion texture 14 % more heterogeneous in
MSON eyes than in the non-MSON eyes of
MSON patients. In the affected eyes, visual acuity
recovered significantly over 6 and 12 months,
while RNFL thickness and optic nerve area ratio
decreased over time. Texture heterogeneity in the
standard MRI of acute optic nerve lesions was the
only measure that predicted functional recovery
after MSON [57]. Thus, tissue heterogeneity as
measured with texture analysis may be a potential
measure of functional outcome in MSON patients,
and the texture signal in standard MRI could pro-
vide insights into mechanisms of injury and
recovery in patients with early MS.

Magnetic Transfer Imaging

Magnetization transfer imaging is used to mea-
sure the magnetic transfer ratio (MTR) and pro-
vide a marker of myelin content in multiple
sclerosis. In fact, a significant association
between optic nerve MTR and time-linked VEP
latency following MSON has implicated a syner-
gistic role for these techniques in detecting remy-
elination [58]. Thus, MTR could be used to track
to what extent the amount of demyelinating
injury predicts neuroaxonal loss in the AVP
model of MS. Wang et al. [59] aimed to investi-
gate changes in optic nerve MTR over 12 months
following acute MSON to determine whether
MTR measurements can predict clinical and
paraclinical outcomes at 6 and 12 months. Thirty-
seven patients with acute MSON were studied
within 2 weeks of presentation and at 1, 3, 6, and
12 months. Assessments included optic nerve
MTR, RNFL thickness, mfVEP amplitude and
latency, and high-contrast (100 %) and low-con-
trast (2.5 %) letter acuity. Compared to the unaf-
fected nerve, affected optic nerve MTR was
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significantly reduced at 3 and 12 months. Greater
reduction in MTR at 3 months was associated
with subsequent loss of high-contrast letter acu-
ity performance at 6 and 12 months, low-contrast
letter acuity scores at 6 months, and RNFL thin-
ning at 12 months. These findings indicate that
MTR flux after acute MSON is predictive of axo-
nal degeneration and visual disability outcomes.

Functional MRI

The link between functional recovery from optic
neuritis and posterior visual pathway integrity and
neuroplasticity has been the topic of recent func-
tional MRI investigations. These studies have
demonstrated that dynamic changes in functional
connectivity occur within and outside the visual
cortex following acute optic neuritis, suggesting
compensatory neuroplasticity [60]. Gallo and col-
leagues [60] investigated functional connectivity
of the visual resting-state network in normal-
sighted RRMS patients with and without previous
MSON. Compared to healthy controls, RRMS
patients showed a reduced functional connectivity
in the peristriate visual cortex bilaterally. Patients
with prior MSON showed a region of stronger
functional connectivity in the extrastriate cortex,
at the level of right lateral middle occipital gyrus,
as well as a region of reduced functional connec-
tivity at the level of right inferior peristriate cortex
relative to their counterparts with no prior MSON
events. Thus, normal-sighted RRMS patients
have demonstrated a significant functional dis-
connection in the visual resting-state network.
Furthermore, RRMS patients recovered from pre-
vious MSON have shown a complex reorganiza-
tion of the visual resting-state network, including
an increased functional connectivity at the level of
extrastriate visual areas. Conceivably, functional
MRI could be used to assess what occurs at the
cortical level to facilitate neurorepair in the AVP
model of MS.

Conclusion

Using OCT in the AVP model offers an exciting
opportunity to explore disease mechanisms that
contribute to neurological disability in CIS

109

patients and those with early MS. Monitoring
the acute and chronic consequences of clinically
overt MSON may shed light on factors that gov-
ern injury and repair after an inflammatory
relapse in the CNS. Furthermore, longitudinal
studies of MS patients unaffected by clinical
MSON events may help us determine whether
neuroaxonal damage occurs independently of
CNS inflammation in the afferent visual path-
way. Because the AVP model is amenable to
multiple interrogation techniques, it may be
possible to identify neuroprotective, remyelinat-
ing, and regenerative effects of emerging thera-
pies being trialed in MS patients. Sensitive and
standardized tests of vision can be compared
with high-resolution imaging measures of struc-
tural integrity in the AVP model to develop a
structural—functional paradigm of CNS injury.
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Introduction

Multiple sclerosis (MS) is regarded as an autoim-
mune demyelinating disorder of the central ner-
vous system (CNS) that is disseminated in time
and space. The clinical relevance of MS is under-
pinned by its representation as the most common
nontraumatic cause of neurologic disability in
early to middle adulthood in the developed world
[1]. MS is clinically classified according to a
number of subtype designations: relapsing—
remitting MS (RRMS), secondary progressive
MS (SPMS), primary progressive MS (PPMS),
and progressive relapsing MS [2].

RRMS accounts for approximately 85 % of all
cases of MS at disease onset and is characterized
by bouts or relapses during which new symptoms
of CNS origin develop and then subsequently
remit, either with complete or partial resolution
of symptoms. Currently available disease-
modifying therapies are licensed for the treat-
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ment of RRMS and have not been shown to
significantly alter the course of SPMS or PPMS
in general [3]. Gradually progressive neurologic
decline subsequently following more typical
RRMS, which has often been ongoing for many
years, is the hallmark of SPMS. On the other
hand, PPMS is characterized by gradual progres-
sive neurologic decline from the outset, while
progressive relapsing MS represents a progres-
sive subtype of the disease with superimposed
relapses. By virtue of being the most common
subtype of MS, as well as the subtype of MS
shown to be most responsive to immunosuppres-
sive and/or immunomodulatory therapies, RRMS
represents the most extensively studied subtype
of MS. The focus of this chapter will be on opti-
cal coherence tomography (OCT) in RRMS.

Optic Nerve Involvement in RRMS

Although the precise etiology and pathobiologi-
cal features of RRMS remain to be completely
elucidated, known pathologic hallmarks include
alterations in the blood-brain barrier, inflamma-
tion, demyelination, axonal degeneration, neuro-
nal loss, and gliosis [4, 5]. The anterior visual
pathway provides a general window and an excit-
ing opportunity to examine some of these hall-
mark processes underlying MS, as well as
potentially remyelination of the retrobulbar optic
nerve (beyond the lamina cribrosa at which point
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the fibers of the optic nerves acquire myelin).
Optic nerve lesions in MS display remarkable
pathologic similarity to MS brain lesions in
human and animal studies [6, 7]. The innermost
layer of the retina is called the retinal nerve
fiber layer (RNFL) and is principally composed
of unmyelinated axons (Fig. 8.1) [8]. In fact,
under normal circumstances, the retina consti-
tutes an unmyelinated CNS structure, making it
an ideal structure for investigating neurodegen-
eration in MS, since axonal and neuronal mea-
sures derived from the retina itself are not

confounded by myelin. This represents an
advantage of examining neurodegeneration, as
well as the impact of factors that may alter neu-
rodegeneration (such as potentially neuropro-
tective and/or neurorestorative therapies), in
the retina as opposed to the brain, where myelin
is abundant, even in the gray matter. The axons
of the RNFL (about 1.2 million per eye) are
derived from ganglion cell neurons located in
the ganglion cell layer (GCL) below the RNFL
in the macula. These axons coalesce at the optic
disks to form the optic nerves then exit the eye

Fig.8.1 Panel (a) represents a fundus photograph from a
healthy control. Panel (b) is a 3D macular volume cube
generated by Cirrus HD-OCT from the macular region
denoted by the red box in panel (a) from the same healthy
control. Note that the individual layers of the retina are
readily discernible, except for the ganglion cell layer
(GCL) and inner plexiform layer (/PL), which are difficult
to distinguish. During segmentation of the OCT image,
segmentation software identifies the outer boundaries of
the macular retinal nerve fiber layer (RNFL), inner plexi-
form layer (IPL), and outer plexiform layer (OPL), as well
as the inner boundary of the retinal pigment epithelium
(RPE), which is identified by the conventional Cirrus

HD-OCT algorithm. The identification of these boundar-
ies facilitates OCT segmentation, enabling determination
of the thicknesses of the macular RNFL, GCL+IPL
(GCIP), the inner nuclear layer (INL)+ OPL, and the outer
nuclear layer (ONL) including the inner and outer photo-
receptor segments. Panel (c) illustrates the cellular com-
position of the retinal layers depicted in panel (b).
Abbreviations: 1S inner photoreceptor segments, OS outer
photoreceptor segments, 1S/0S IS/OS junction, PR photo-
receptors, /LM inner limiting membrane, ELM external
limiting membrane (Reproduced with permission from
Saidha et al. [8])
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posteriorly passing through the lamina cribrosa,
beyond which oligodendrocyte-derived myelin
is applied to them [9, 10].

Despite the conventional designation of RRMS
as a primarily inflammatory demyelinating disor-
der of the CNS, earliest descriptions highlight
prominent axonal and neuronal pathology [I1,
12]. In recent years, axonal and neuronal pathol-
ogy in RRMS has been the focus of considerable
research. Investigation of neurodegeneration in
RRMS has led to improvements in our under-
standing of the biological underpinnings of the
disease. It is now widely recognized that axonal
and neuronal degeneration, as opposed to inflam-
mation itself, is the principal pathological sub-
strates underlying permanent disability in RRMS
and MS in general [13-19]. Although axonal and
neuronal degeneration is primarily thought to
occur as sequelae of inflammatory demyelination
in RRMS [20-23], other contributory pathobio-
logical processes operative as part of the disease
process have been tentatively proposed.

There is a clear predilection for affliction of
the optic nerves in MS. It is estimated that 25 %
of RRMS patients suffer from acute multiple
sclerosis associated optic neuritis (MSON) as
their initial disease manifestation and that up to
70 % of MS patients experience acute MSON at
least once during their disease course. In addi-
tion, subclinical or occult optic neuropathy is
thought to be virtually ubiquitous in MS. In fact,
94-99 % of MS patients are found to have demy-
elinating lesions in their optic nerves on postmor-
tem examination [24, 25]. Essentially all of the
fundamental features of brain and spinal cord
pathology in MS present themselves in the ante-
rior visual pathway during the course of AON
and subclinical optic neuropathy. Inflammation
and demyelination occur simultaneously during
acute MSON. Spatially, both processes may
involve either the entire cross section of the nerve
or a more limited portion of the nerve [26]. The
inflammatory milieu in the optic nerves during
acute MSON in RRMS, similar to that observed
in other regions of the CNS in RRMS, is thought
to play a central role in promoting demyelination
and oligodendrocyte death [27, 28]. In fact, the
identification of foamy macrophages (macro-
phages containing myelin degradation products)
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is regarded as a histological feature of active MS
lesions [29]. The result of these processes occur-
ring during acute and possibly occult optic neu-
ropathy is that axons constituent within the optic
nerve are either partially or completely stripped
of myelin. Evidence from experimental and
pathologic studies in humans supports the notion
that remyelination does occur in the adult CNS,
albeit sparsely and incompletely. Although oligo-
dendrocyte numbers may be reduced during
active myelin destruction, demyelinating optic
nerve injury is thought to trigger repair processes
in inactive lesions including oligodendrocyte
proliferation [30]. Based on animal data, the oli-
godendrocyte progenitor cell is currently
regarded as the cell type with the greatest poten-
tial to possibly achieve differentiation in order to
produce remyelination in the CNS, including
within the optic nerves [31, 32]. Similar popula-
tions of oligodendrocyte progenitor cells are
found in normal adult human white matter, as
well as in acute and chronic lesions of MS
patients [33]. Shadow plaques, composed of
thinly myelinated axons, are thought to represent
the outcome of remyelination. Endogenously
remyelinated axons, however, tend to have thin-
ner myelin sheaths, shorter internodal lengths,
and suboptimal axonal conduction velocities, as
compared to normal axons [34, 35]. Recurrent
demyelinating optic nerve injury may further dis-
rupt repair mechanisms, underlie failure of remy-
elination, and result in permanent demyelination
[36]. Since myelin is thought to play an integral
role in the maintenance of axonal health through
the provision of a protective environment, demy-
elination and/or incomplete remyelination may
result in axonal degeneration.

In addition to demyelination, inflammation in
RRMS results in acute axonal transection and in
turn retrograde neuronal degeneration, a dying-
back phenomenon extending proximally from a
point of injury along an axon, resulting in degen-
eration of the neuronal cell body of origin.
Axonal degeneration may also proceed in an
anterograde direction from a point of injury along
an axon (Wallerian degeneration). Rodent mod-
els of retinal ganglion cell axotomy demonstrate
concomitant anterograde and retrograde axonal
degeneration [37]. Histopathologic studies
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estimate that axonal densities are reduced by
approximately 45 % in the optic nerves of MS
patients when compared to healthy controls and
with this reduction, not all explicitly linked to
previous acute MSON, in part may be due to sub-
clinical optic neuropathy [38]. Axonal degenera-
tion following acute MSON may also extend
anterogradely to the optic tract and retrogradely
to the RNFL. Retinal ganglion cells are suscepti-
ble to the effects of retrograde axonal degenera-
tion. This has been demonstrated in animal
models showing marked ganglion cell apoptosis
in response to axonal transection [39].
Postmortem human studies of MS patients have
revealed significant retinal ganglion cell dropout
and GCL atrophy in 73-79 % of MS eyes, of
which the majority suffered from optic nerve
atrophy and/or gliosis [40, 41].

Although Wallerian degeneration, retrograde
axonal degeneration, and in turn neuronal degen-
eration following axonal injury are well
described, whether these degenerative processes
extend to the next cell in the chain of neuronal
conduction (transsynaptic neurodegeneration)
remains unclear. Dropout of neurons within the
lateral geniculate nucleus (LGN) following
lesions of the retina, optic nerve, and/or optic
tract (anterograde transsynaptic degeneration)
has been shown to occur [42]. It might also there-
fore be plausible for retrograde transsynaptic
degeneration to occur following optic nerve
injury. Early reports examining retrograde trans-
synaptic degeneration in the retina have described
degeneration within the inner nuclear layer (INL)
occurring synchronously with anterograde trans-
synaptic degeneration of the LGN following a
lesion of the optic chiasm in a primate [43].
Curiously, the INL showed evidence of cystic
changes that were irregularly rounded, the larger
of which contained fine strands of tissue and
debris (presumed to be the result of degenera-
tion). These findings have been recapitulated in
human eyes with lesions in the optic nerve and/or
chiasm, further demonstrating a significant
decrease in the cellularity of the INL [44].
Similarly, more refined histopathologic postmor-
tem examinations have revealed prominent atro-
phy of the INL in 40 % of MS eyes [41].
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Retinal Involvement in RRMS

As mentioned previously, dropout of ganglion
cell axons located in the RNFL, as well as of
ganglion cell neurons themselves (located in the
GCL), is primarily felt to be the derivative of
inflammatory axonal transection and chronic
demyelination related to optic neuropathy.
Moreover, neuronal dropout within the INL of
MS eyes has also been demonstrated on post-
mortem examination, although whether the eti-
ology of this finding relates more to retrograde
transsynaptic degeneration as opposed to pri-
mary neuronal mechanisms of retinal injury
remains unclear. Additional evidence supporting
the occurrence of deeper retinal pathology in MS
is derived from a number of electroretinography
(ERGQG) studies. In a study of 27 advanced MS
patients, light-adapted and dark-adapted flicker
ERG demonstrated a reduction of 2 or more
standard deviations in some or all components of
the ERG responses. ERG findings of eyes with
chronic optic atrophy in MS patients were not
found to be the same as ERG abnormalities in
eyes with surgical section of the optic nerves,
raising the possibility that detected ERG abnor-
malities in MS patients may not be the derivative
of optic neuropathy and therefore not related to
retrograde transsynaptic degeneration [45].
Another study compared ERG under photopic
conditions to pattern reversal visual evoked
potentials (PR-VEP) in MS patients with demy-
elinating optic neuropathy, and patients felt to
have monocular demyelinating optic neuropathy.
Although optic atrophy resulting from section or
optic nerve compression has not been reliably
found to result in diminution in amplitudes of
flash ERG [46-48], patients with demyelinating
optic neuropathy in this study demonstrated
early and selective attenuation of the b wave
(mostly thought to receive contributions from
bipolar cells in the INL), which did not seem to
correlate with PR-VEP results. Given the dis-
connect between PR-VEP (primarily thought of
as reflecting the integrity of the optic nerve) and
detected ERG abnormalities (predominantly
thought to reflect retinal integrity) in this study,
it was postulated that the derivative of the ERG



8 OCT in Relapsing—Remitting Multiple Sclerosis (RRMS)

findings may be independent of optic nerve
pathology [49]. ERG was also included as part
of a study investigating MS patients for possible
retinal autoantibodies [50]. Standard and bright
flash ERG was performed in 34 MS patients.
Bright flash a-wave, cone b-wave, and rod—cone
b-wave implicit times were significantly delayed
in MS patients, and the amplitude of the sums of
photopic oscillatory potentials was also signifi-
cantly reduced in MS patients. No correlation
was detected between the ERG parameters and
visual acuity, contrast sensitivity, color vision, or
visual fields. Detected ERG abnormalities in this
study implied dysfunction in several retinal lay-
ers but particularly so in the photoreceptor layer,
and again, the study findings raised the possibil-
ity that the etiology of the ERG findings may not
be related to optic neuropathy but instead pri-
mary retinal pathology.

The RNFL, GCL, and INL atrophy observed
in ocular histological studies of MS patients has
been based on qualitative assessment [40, 41].
Qualitative analyses of the plexiform layers
(inner and outer plexiform layers), as well as
deeper retinal structures such as the outer nuclear
layer, photoreceptors, and retinal pigment epithe-
lium in MS eyes, are lacking. Quantitative patho-
logic ultrastructural retinal analysis has not been
previously performed in MS eyes and may relate
to postmortem retinal detachment, rapid degrada-
tion of retinal tissue, difficulty with obtaining MS
eyes for postmortem assessment, and challenges
surrounding fixation of retinal tissue among other
potential reasons. Similarly, clinicopathologic
correlation of ultrastructural retinal changes from
eyes of MS patients is lacking. The majority of
retinal pathologic descriptions in MS are limited
by being restricted to end-of-life analysis and as
a result are not necessarily informative regarding
the pathobiological mechanisms underlying
observed findings or their temporal evolution.

The retina, although unmyelinated, appears to
be a frequent site of inflammation, blood-retinal
barrier disruption, and neuronal loss in
MS. Retinal perivascular inflammation (peri-
phlebitis), indicating blood-retinal barrier dis-
ruption, is estimated to occur in up to 20 % of
MS patients [40, 51]. This ophthalmoscopic
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finding refers to visible cuffs of inflammatory
cells surrounding retinal veins analogous to cel-
lular infiltrates seen around cerebral veins in
prototypical MS lesions [52]. There may be a
tendency for active retinal periphlebitis to occur
simultaneously with blood—brain barrier disrup-
tion in MS [53], retinal periphlebitis may be
related to overall MS severity, and may be a risk
factor for the development of relapses and gado-
linium-enhancing lesions, as well as an increase
in T1 lesion volume during follow-up [54, 55].
Retinal periphlebitis may occur at the same time
as acute MSON, and its presence in the setting of
acute MSON may confer a greater risk for con-
version to clinically definite MS in the future
[56]. Intermediate uveitis, particularly of the
pars planitis subtype, occurs in up to 16 % of MS
patients [57]. Consistent with clinical observa-
tions, postmortem analyses reveal retinal inflam-
mation with activated microglia in MS eyes [41].
Intriguingly, these collective findings raise the
contentious possibility that myelin may not be
necessary for instigating or propagating inflam-
mation in MS and highlight the unmyelinated
retina as an opportune site within which to study
inflammation and neurodegeneration in MS.

Optical Coherence Tomography

First reported in 1991, optical coherence tomog-
raphy (OCT) is a noninvasive imaging technol-
ogy that uses near-infrared light to generate
cross-sectional or 3-dimensional (3D) images of
tissues such as the retina [58, 59]. This enables
quantification of the thicknesses of retinal struc-
tures with very high resolution (<10 pm) [60].
Ophthalmologists have been using this technol-
ogy for some time in the evaluation and manage-
ment of a variety of disorders, including
glaucoma and age-related macular degeneration
among many more. In neurologic disorders, the
most relevant structure conventionally imaged by
OCT has been the peripapillary RNFL (RNFL
located around the optic disk where the thickness
of the RNFL is in general regarded as being at its
greatest). In addition to providing a measurement
of axonal integrity through the measurement of
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RNFL thickness, the other conventional measure
OCT has traditionally provided is total macular
volume (TMV) or average macular thickness
(AMT). Since the macula is thought to be rela-
tively enriched by ganglion cell bodies, OCT-
derived measures of TMV/AMT have been used
in the past as estimates of neuronal integrity in
the retina [61, 62]. However, it is worth noting
that AMT/TMYV is entirely nonspecific and sim-
ply represents composite measures of all of the
intervening layers of the retina [10]. Except in
situations where total retinal thickness is of
interest, AMT and TMV have been largely
superseded by specific measurements of discrete
retinal layers within the macula, as generated
by modern intraretinal layer segmentation
techniques.

The cross-sectional or 3D images produced by
OCT are generated through the measurement of
magnitude and echo time delay of backscattered
light from an optical beam scanned across tissue
such as the retina [9]. OCT may be regarded as
the optical analog of ultrasound B-mode imag-
ing. Contemporary OCT devices were based on
Michelson’s principle of low-coherence interfer-
ometry [63, 64]. With this technique, measure-
ments are performed by the use of a
Michelson-type interferometer with a low-
coherence-length, superluminescent diode light
source. One arm of the interferometer directs
light and collects the backscattered signal from
the object of interest. A second reference arm
with a reflecting mirror is mechanically con-
trolled to vary the time delay and measure inter-
ference. The use of low-coherence-length light
means that interference occurs when the distance
traveled by the light in the sample and reference
arms of the interferometer matches to within the
coherence length. This allows echo delays of
light from a tissue to be measured with a high
degree of accuracy. The resulting data is a
representation of optical backscattering in a cross
section or volume of tissue.

Within the past decade, OCT technologies
have dramatically evolved, leading to the gen-
eration of OCT technology known as “Fourier
domain” or “spectral domain” OCT. In spectral
domain OCT, light echoes are detected
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by measuring the interference spectrum of
infrared light by the use of an interferometer
with a stationary reference arm [65]. This
advanced OCT technology detects light echoes
simultaneously, allowing high-speed scanning
to be performed. Most current commercial
spectral domain OCT devices achieve axial
image resolution of approximately 5 pm, with
dramatically faster imaging speeds than earlier
generations of OCT technology [66-69].
Currently, the fastest commercially available
spectral domain OCT (Spectralis OCT,
Heidelberg Engineering, Heidelberg, Germany)
has imaging speeds of approximately 40,000
axial scans per second—roughly 100 times
faster than older time domain OCT.

OCT is inexpensive, reproducible, well toler-
ated, fast, painless, and easily repeatable. The
high resolution of the images generated by OCT
enables both quantitative and qualitative assess-
ment of retinal structures. Typically OCT scan
acquisition takes less than 5 min and can be per-
formed by nonmedical personnel. Intervisit intra-
class correlation (ICC) coefficients for average
RNFL thickness using spectral domain OCT in
healthy controls have been shown to be approxi-
mately 0.97 [70]. Modern high-speed, high-
definition, spectral domain OCT is capable of
rendering extremely high-resolution images,
from which the individual retinal layers can be
discriminated. This has led to the development of
precise and fully automated segmentation algo-
rithms allowing objective, reliable quantification
of distinctive retinal layers in the macular region,
in addition to conventional peripapillary RNFL
thickness [9, 10, 71, 72]. Such techniques are
now transitioning into clinical practice, enabling
real-time quantification of the macular RNFL,
combined GCL and inner plexiform layer
(GCIP), combined INL and outer plexiform layer
(INL), and ONL including the photoreceptor seg-
ments (ONL), in addition to peripapillary RNFL
thickness [71]. Intervisit ICCs for average GCIP,
INL, and ONL thickness using spectral domain
OCT in healthy controls have been shown to be
approximately 0.99 (0.99 in MS patients), 0.91
(0.94 in MS patients), and 0.93 (0.92 in MS
patients), respectively [71].
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OCT Assessment of the RNFL
and GCIP in RRMS

The first study to report OCT findings in MS
eyes was reported in 1999 [73]. In this pilot
study using first-generation OCT technology, 14
MS patients with a history of acute MSON with
a complete recovery of visual acuity and 14 age-
matched controls underwent OCT. In eyes previ-
ously affected by acute MSON, the RNFL
thickness was reduced by an average of 46 % as
compared to the eyes of healthy controls and by
an average of 28 % when compared to the oppo-
site “unaffected” eye of the same patient. In eyes
without acute MSON history (“unaffected”
eyes), the RNFL thickness was reduced by an
average of 26 % relative to the eyes of healthy
controls. While RNFL thickness was found to be
associated with pattern ERG, no association with
visual evoked potentials (VEPs) was detected.
However, subsequent studies have found associ-
ations between OCT-derived measures and
VEPs. In 2005, one of the earliest studies of
OCT in RRMS patients with a history of acute
MSON (as well as patients with a history of iso-
lated acute MSON) to also assess macular vol-
ume was performed [74]. In eyes previously
affected by acute MSON, the RNFL thickness
was reduced by an average of 33 % when com-
pared to the eyes of controls and by an average of
27 % when compared to the opposite “unaf-
fected” eye of the same patient. Furthermore,
TMYV was reduced by an average of 11 % when
compared to the eyes of controls and by 9 %
when compared to the opposite “unaffected” eye
of the same patient. In this same study, RNFL
thinning correlated better with VEP P100 ampli-
tude (thought to mainly reflect axonal integrity)
rather than P100 latency (thought to mainly
reflect myelin integrity), supporting the concept
that reductions in RNFL thickness may be attrib-
utable to axonal degeneration. The literature is
now replete with similar findings reproduced
across a multitude of different studies, with
many studies consistently showing that both
RRMS eyes with and without a history of acute
MSON have a reduced RNFL thickness as com-
pared to healthy controls.
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OCT-derived findings of reductions in RNFL
thickness in RRMS confirm what is already
known from postmortem studies: that subclinical
optic neuropathy affects MS eyes and that similar
but accelerated RNFL thinning occurs following
acute MSON. Along these lines and since the
advent of OCT retinal layer segmentation, there
are now several studies showing reductions in
GCIP thickness in MS eyes, both with and with-
out a history of acute MSON, again with greater
reductions in GCIP thickness similarly observed
in eyes with acute MSON history [71, 75, 76].
RNFL thickness has been found to correlate
cross-sectionally with visual function, visual
quality of life, and expanded disability status
scale (EDSS) scores [72]. Since the RNFL repre-
sents the axonal tracts of ganglion cell neurons,
GCIP reduction is believed to be the result of ret-
rograde axonal degeneration of the retinal nerve
fibers. In other words, reduction in both RNFL
and GCIP thicknesses is thought to be the deriva-
tive of the same pathologic processes—namely,
optic neuropathy. Despite their similarity (the
RNFL and GCIP may be regarded as biological
extensions of one another), OCT-derived mea-
sures of GCIP thickness seem to have superior
structure—function relationships to those of
RNFL thickness [76]. This appears to be the case
with high-contrast (100 %) and low-contrast (2.5
and 1.25 %) visual acuity, as well as EDSS scores.
This may relate to (1) better reproducibility, (2)
astrogliosis within the RNFL confounding RNFL
measurements, and (3) reduced susceptibility of
the GCIP to edema during optic nerve inflamma-
tion [70, 71, 75]. In a study of 132 MS patients, of
which the majority had RRMS (73 %), the cor-
relation coefficient between OCT-derived RNFL
thickness and 2.5 % low-contrast letter acuity
scores was 0.38, and with 1.25 % low-contrast
letter acuity scores, it was 0.39 [76]. In this same
study, the correlation coefficient between OCT-
derived GCIP thickness and 2.5 % low-contrast
letter acuity scores was 0.49, and with 1.25 %
low-contrast letter acuity scores, it was 0.52.
GCIP thickness also correlated better with EDSS
than RNFL thickness in this same study.

Although  cross-sectional ~ findings  of
OCT-derived RNFL thickness and indeed
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GCIP thickness in RRMS have been relatively
consistent across studies, longitudinal findings
have been less consistent. Although baseline
RNFL thicknesses in a recent longitudinal study
(consisting of 164 MS patients, of which 116 had
RRMS) were consistent with thicknesses observed
in previous studies [72-74, 77, 78], the rate of
RNFL thinning (-0.21 pm/year) was lower than
that observed in other longitudinal studies and
was not significantly different from healthy con-
trols. In one study of more than 1000 MS patients
(83 % had RRMYS), the rate of RNFL thinning in
MS eyes was —2.0 pm/year [79], and in another
study of 166 MS patients (94 % RRMYS), it was
—2.7 pm/year [80]. In the latter study, RRMS
patients with disease durations <10 years, as well
as those experiencing non-ocular relapses, were
interestingly found to have faster rates of RNFL
thinning. However, in addition to the more recent
study, two other studies similarly failed to demon-
strate a significant decrease in RNFL thickness
during follow-up of MS patients. This being said,
in one of these studies, the cohort was primarily
composed of PPMS patients, and in the other
study, only 37 MS patients (of which 27 had
RRMS) were investigated [81, 82]. Discrepancies
in RNFL change across studies may relate to dif-
ferences in cohort characteristics, statistical anal-
yses employed, and differences in the use of
disease-modifying therapies between patients in
studies. Although these longitudinal studies
excluded patients who developed acute MSON
during follow-up, failure to capture and exclude
all patients that developed acute MSON, as well
the possible effects of subclinical and/or subra-
diological inflammation of the optic nerves, may
also be a contributor to these discrepancies.
There is a paucity of studies examining longi-
tudinal change in GCIP thickness in RRMS and
MS in general. In the recent longitudinal study
mentioned previously in which significant RNFL
thinning was not observed during follow-up, it is
interesting that significant GCIP thinning was
observed during the course of follow-up [83].
Moreover, GCIP thinning was found to be acceler-
ated in patients exhibiting non-ocular relapses,
new T2 lesions, and new gadolinium-enhancing
lesions during the course of study follow-up.
Patients exhibiting disability progression were
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also found to have faster rates of GCIP thinning.
Furthermore, rates of GCIP thinning were faster in
patients with disease duration <5 years, which
may reflect a greater availability of retinal gan-
glion cells for neurodegeneration earlier in the
course of the disease, or alternatively a greater ten-
dency for inflammatory disease activity to occur
earlier in the disease process. Rates of GCIP thin-
ning were augmented when these independent
factors were present in combination. For example,
patients with new T2 lesions, new enhancing
lesions, and disease durations <5 years exhibited
70 % faster rates of GCIP thinning. The associa-
tion between faster rates of GCIP thinning and
disease activity outside of the visual pathway may
raise the possibility that microscopic (subclinical
and subradiological) inflammation occurs in the
optic nerves. This could be a reflection of more
diffuse opening of the blood-brain barrier (than
can be appreciated clinically or radiologically),
including in the optic nerves, during disease activ-
ity in RRMS. In this context, it is interesting to
consider that RNFL thickness increases during
acute MSON, the basis of which is thought to be
related to a combination of interstitial edema and
axonal swelling related to impaired transport
mechanisms [9]. On the other hand, at least com-
pared to fellow eyes, GCIP thickness is not thought
to be increased during acute MSON (Fig. 8.2)
[75]. Since optic nerve inflammation is associated
with RNFL swelling, but not GCIP swelling [75],
subclinical inflammation within the optic nerves
(which may not be detectable by MRI) could theo-
retically result in the pseudo-normalization or
swelling of RNFL thicknesses, thereby underesti-
mating true rates of RNFL thinning. The absence
of GCIP swelling during optic nerve inflamma-
tion, as well as minimal astroglial influence on
GCIP thickness measures (the retinal astrocytes
are predominantly located in the RNFL), may
contribute toward the better reproducibility and
lower variance of GCIP over RNFL thickness
measures and help explain the discrepancy in
RNFL and GCIP findings observed in this longitu-
dinal study. In keeping with evidence-based char-
acterizations of postmortem visual system analysis
in MS [40, 41], OCT has provided replete in vivo
evidence of RNFL and GCIP thinning in RRMS
eyes, irrespective of a history of acute MSON.
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Fig. 8.2 Ganglion cell layer+inner plexiform layer
(GCIP, a) and retinal nerve fiber layer (RNFL, b) thick-
nesses are significantly reduced following acute optic
neuritis at 3 and 6 months as compared to baseline in
affected eyes. Note the significant swelling of the RNFL,
but not of the GCIP, within eyes affected by acute optic
neuritis as compared to contralateral unaffected eyes at
baseline. No significant longitudinal changes were seen in
contralateral eyes for either GCIP or RNFL thicknesses.
Twenty study participants were included in the baseline
and month 6 data, while 17 participants were included in
month 3 data. The p-values presented at month 3 represent
the significant change in optical coherence tomography
measures from those 17 individuals from baseline to

month 3. The p-values presented at month 6 represent the
significant change from the entire cohort at baseline to the
entire cohort at month 6. The error bars represent the 5th
and 95th percentiles of the measure. Asterisk indicates a
45-year-old female, relapsing-remitting multiple sclero-
sis patient with multiple sclerosis for 10 years and two
remote episodes of optic neuritis in the contralateral eye;
wedge symbol indicates a 35-year-old female, relapsing—
remitting multiple sclerosis patient with a duration of 7
years and one remote episode of optic neuritis in the con-
tralateral eye; plus symbol indicates a 24-year-old female
with clinically isolated syndrome and no prior history of
optic neuritis. (Reproduced by permission of Oxford
University Press from Syc et al. [75])
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OCT Assessment of the INL and ONL
in RRMS

Consistent with ERG and postmortem findings
[41, 45, 49, 50, 84], OCT segmentation demon-
strates quantitative INL and ONL abnormalities
in MS. Although the basis for INL and poten-
tially ONL involvement (the latter of which has
not been confirmed to occur in MS eyes patho-
logically, although is suggested on the basis of
ERG and OCT studies in MS in vivo) remains to
be determined, highly conspicuous observations
raise the possibility that a primary retinal neuro-
nal mechanism of pathology may be operative in
the anterior visual system in a limited, but not
necessarily insignificant, proportion of MS
patients. OCT identification of INL and ONL
thinning in MS eyes without a prior history of
optic neuritis, in which there is relative preserva-
tion of the RNFL and GCIP, has been referred to
as the macular thinning predominant (MTP) phe-
notype of MS and may occur in up to 10 % of MS
patients, of which the vast majority appear to
have RRMS (Fig. 8.3) [71]. The MTP phenotype
may be associated with more rapid accumulation
of sustained disability in MS, as evidenced by
higher multiple sclerosis severity scale (MSSS)
scores, as well as unique visual symptoms not
typical of optic neuropathy including excessive
glare and photopsia [71]. The thinning of INL
and ONL that is a characteristic of the MTP phe-
notype may be pathobiologically distinct from
those that characterize tissue injury within the
RNFL and GCIP related to optic neuropathy—
although this and indeed even the existence of an
MTP MS phenotype remain the subject of debate.

Although ocular histopathological examina-
tion reveals dropout of INL neurons in up to 40 %
of MS eyes [41], qualitative assessment of OCT
scans derived from MS patients in vivo reveals
macular microcystoid changes in a small propor-
tion (approximately 5 % of patients), which are
predominantly localized to the INL (Fig. 8.4)
[85, 86]. Macular microcystoid changes appear
to mainly occur in the eyes of patients with
RRMS and seem to occur more commonly in
eyes with a prior history of acute MSON. The eti-
ology and significance of macular microcystoid
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changes in RRMS eyes have been the source of
lively scientific debate. Some proponents have
raised the possibility that macular microcystoid
changes may represent sites of primary retinal
inflammation, on the basis that 25 % of patients
with macular edema demonstrating fluorescein
leakage examined in an ophthalmological study
exhibited similar appearing macular microcys-
toid changes [87], that macular microcystoid
changes in MS eyes may be dynamic in nature
over time, and that they may be a harbinger of
more aggressive MS. Given that macular micro-
cystoid changes may be dynamic in nature, some
authors have suggested that increased INL thick-
ness in the absence of visible macular microcys-
toid changes may enable capturing of the same
process. As such, a longitudinal study of 164 MS
patients (123 RRMS) found that increased INL
thickness at baseline predicted disease activity
(non-ocular relapses, formation of new T2 and/or
contrast-enhancing lesions) and disability pro-
gression during follow-up, suggesting that pro-
cesses within the INL might somehow be relevant
or related to global disease activity in RRMS and
more specifically inflammation [86]. On the other
hand, some investigators have proposed that
macular microcystoid changes in MS eyes are of
little significance, since they may be seen in other
neuroinflammatory disorders (including neuro-
myelitis optica and chronic relapsing inflamma-
tory optic neuropathy) as well as noninflammatory
disorders such as neurofibromatosis, Leber’s
hereditary optic neuropathy, and glaucoma [88—
91]. Given the array of conditions in which mac-
ular microcystoid changes have been described,
some consider them a final common pathway of
retrograde degeneration, especially since there
are histopathological descriptions of cavitation
occurring within the INL following optic nerve
transection dating back to the 1960s [44].
Moreover, some investigators feel these macular
microcystoid changes may simply represent
mechanical changes resulting from vitreomacu-
lar traction [90]. This being said, a recent study
utilizing a mechanical model to examine for the
presence of vitreomacular traction in OCT scans
demonstrating macular microcystoid changes did
not find support in favor of this hypothesis [92].
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Fig. 8.3 An optical coherence tomography (OCT) peri-
papillary retinal nerve fiber layer (RNFL; panel a) and
macular (panel b) report generated by Cirrus HD-OCT
(Carl Zeiss Meditec, Dublin, California) in a patient with
multiple sclerosis without a history of optic neuritis. The
upper middle section of panel a displays the average
RNFL thickness for the right eye (OD) and the left eye
(0S), as well as the quadrant and clock hour measures of
RNFL thickness for each eye. Note that the average RNFL
thickness, as well as the quadrant and clock hour mea-
sures, is represented in colors that correspond to the nor-
mal distribution of RNFL thickness values. The average
RNFL thickness (as well as quadrants and sectors) in each
eye is represented in green (indicating values within nor-
mal range defined as being between the 5th and 95th per-
centiles relative to an age- and sex-matched reference
population). The top right section of panel (b) displays
quadrant measurements of retinal thickness. Again, these
are represented in colors that correspond to the normal
distribution of macular thickness values. The central mac-

Relationships Between OCT
and Magnetic Resonance Imaging
in RRMS

Although magnetic resonance imaging (MRI) of
the neuraxis is regarded as the gold standard
imaging modality for monitoring RRMS, the
association between parameters reflecting inflam-
matory activity (new and enlarging T2 lesions
and contrast-enhancing lesions) and disability

Macula Thick

: Macular Cube 512x128

Cortral Sutieid| Cute Voiuma| Cube Areage
e Trackneds ()

ula represents the foveola, with the four quadrants imme-
diately surrounding this (inner macula) representing the
parafoveo. Note that the average macular thickness (cube
average thickness) indicated in the bottom right chart (as
well as all of the macular quadrant thicknesses) is repre-
sented in red indicating values less than 1 % of what
would be expected compared to an age- and sex-matched
reference population. The macular scan of the left eye in
the same patient (not shown) is similar to that of the right
eye in panel (b). The combination of OCT findings
described in this figure fulfills proposed criteria for a mac-
ular thinning predominant (MTP) patient. While this fig-
ure depicts OCT findings from an MS patient in whom
average macular thickness was <Ist percentile, MS
patients with a normal average RNFL thickness together
with an average macular thickness between the 1st and 5th
percentiles also fulfill criteria proposed for defining the
MTP MS phenotype (Reproduced with by permission of
the Oxford University Press from Saidha et al. [71])

progression in MS is modest [93]. MRI estimates
of neurodegeneration, however, seem to correlate
better with disability progression in MS [94, 95],
which may not be unsurprising since neurode-
generation as opposed to inflammation itself has
been shown across numerous studies to be the
principal pathological substrate underlying dis-
ability in RRMS, and indeed in MS in general.
Non-conventional MRI techniques including
brain substructure volumetrics reveal that gray
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Fig. 8.4 (a—c) All images are from the same patient in
chronological order over a 3-year period. (a) Microcystoid
macular changes of the inner nuclear layer (INL) (red
arrows) were present at baseline, as well as a foveal
microcystoid macular change of the outer nuclear layer
(ONL). (b—c) The foveal ONL microcystoid macular
change progressively resolved during the follow-up
period. (d—f) All images are from the same patient in
chronological order over a 2-year period. (d) A single INL
microcystoid macular change (red arrow) was present at

matter (GM) atrophy is a common, early feature
of MS and may be better associated with disabil-
ity than white matter (WM) atrophy [18, 19, 96,
97]. Despite these findings, measures derived
from existing non-conventional MRI techniques
may not be sufficiently sensitive to assess pro-
gression at the individual patient level or indeed
in small numbers of patients. The development of
novel techniques for objectively quantifying
neurodegeneration in vivo in MS has therefore
been an ongoing goal. For the reasons outlined
previously, OCT has been proposed as an ideal
candidate for this purpose [98].

To date, 13 studies have been performed
assessing the relationships between OCT and
MRI in MS, with the vast majority of included
participants across studies mainly having
RRMS. Of these studies, seven utilized older
third-generation time domain OCT [54,
99-104], and six utilized newer fourth-genera-
tion spectral domain OCT [8, 83, 86, 105-107].
None of the studies using time domain OCT
included OCT segmentation, while four of the
spectral domain OCT studies did include OCT
segmentation [8, 83, 86, 106].

baseline. (e) The microcystoid macular change spontane-
ously resolved after 1 year. (f) Following fingolimod treat-
ment (initiated after scan e), the patient developed new
microcystoid macular changes of the INL (red arrow). An
epiretinal membrane is noted (white arrow) that had been
present on previous scans as well. (g—i) Three different
patients with microcystoid macular changes of the INL
(red arrows). Vessel artifacts (black arrows) are demon-
strated for comparison. (Reproduced with permission
from Lancet Neurology from Saidha et al. [86])

All seven studies assessing relationships
between time domain OCT and brain MRI in MS
were cross-sectional. Six of these studies assessed
the relationships between OCT-derived RNFL
thickness and brain volumetrics. A consistent
significant relationship between RNFL thickness
and whole brain volume was observed across
studies, with the exception of one study in which
whole brain volume was not assessed [54] but
rather just brain substructure volumes. On the
other hand, whole brain volume alone, without
brain substructure volumes, was assessed in two
of the studies [102, 103]. In the four studies that
included brain substructure volumetrics [54, 99—
101], relationships between RNFL thickness and
GM, WM, T1 lesion, and T2 lesion volumes were
inconsistent across studies. Only one of these
studies assessed differences in the relationships
of brain volume with RNFL thickness between
eyes with and without a history of acute MSON
[101]. In this study, RNFL thickness, only from
eyes without acute MSON history, correlated
with whole brain and GM volumes, raising the
possibility that MSON may mask underlying
retinal-brain relationships in MS due to
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disproportionate retinal injury following acute
MSON. One of the OCT volumetric studies also
included magnetic resonance spectroscopy [103].
This study found that reduced RNFL thickness
was independently associated with whole brain
volume and reduced N-acetyl-aspartate (NAA)
concentrations in the visual cortex in MS. Whole
brain volume and visual cortex NAA concentra-
tions were not associated. These findings suggest
RNFL thickness in MS may reflect global, as
well as visual pathway-specific neurodegenera-
tion. The study, which did not include brain volu-
metrics, assessed the relationship between OCT
measures and diffusion tensor imaging (DTI)
indices along the optic radiation [104]. RNFL
thickness and DTI indices along the optic radia-
tion in the MS cohort studied were associated,
suggesting anterior and posterior visual pathway
neurodegeneration in MS is related.

Six studies assessed relationships between
spectral domain OCT and brain MRI in MS. Of
these, four studies included brain volumetrics and
were cross-sectional [8, 105-107], although in
one of these studies, analysis of relationships was
repeated after 1 year [107], without direct com-
parison to baseline. This latter study, which did
not include OCT segmentation, investigated rela-
tionships between anterior visual pathway OCT-
derived measures and posterior visual pathway
measures (assessed by 3T MRI-derived volume-
try and spectroscopy). At baseline, visual cortex
volume, visual cortex NAA, and optic radiation
volume were associated with RNFL thickness.
Repeating the same analyses after 1 year, visual
cortex and optic radiation volumes remained
associated with RNFL thickness, highlighting
anterior—posterior visual pathway relationships in
MS. One other study, which also did not include
OCT segmentation, found a relationship between
RNFL thickness and whole brain volume, as well
as WM volume [105]. Limited OCT segmenta-
tion was included in one study, which found that
RNFL and GCIP thicknesses were both associ-
ated with whole brain volume, GM volume, and
WM volume [106]. Interestingly, the relation-
ships between RNFL and GCIP thicknesses with
GM volume were abolished in eyes with
MSON history, again raising the possibility that
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excessive tissue injury following MSON may
mask retinal-brain relationships in MS. A more
detailed assessment of associations between OCT
segmentation measures and 3T brain volumetrics
in MS was performed in a single study (Fig. 8.5)
[8]. This study included 84 subjects of which 58
had RRMS and demonstrated that RNFL and
GCIP thicknesses, only from eyes without MSON
history, were associated with GM volume.
Increased INL thickness, only in RRMS eyes
without acute MSON history, was found to be
associated with increased FLAIR lesion volume,
while reduced ONL thickness (curiously only in
eyes with acute MSON history) tended toward
being associated with most of the brain substruc-
ture volumes. The results of this study raise the
possibility that pathology within the INL and
ONL might reflect different aspects of the MS
disease process than those reflected by the RNFL
and GCIP. It remains to be clarified whether
potential alterations in the INL and ONL of MS
patients are the result of glial cell (including
Miiller cell) activation, possibly in response to
ganglion cell death, or alternatively aberrations in
their capacity to process interstitial retinal fluid,
changes in extracellular matrix, hypertrophy of
cell bodies within these predominantly neuronal
layers, or a combination of such factors.

The remaining two spectral domain studies
assessing the relationships between OCT and
brain MRI in MS did not include brain volumet-
rics. Both of these studies were described in
greater detail earlier. In one study, MS patients
exhibiting clinical and/or radiological evidence
of disease activity (non-ocular relapses, forma-
tion of new T2, and/or contrast-enhancing
lesions) or disability progression during follow-
up were found to have accelerated rates of GCIP
thinning [83]. Results of this study suggest that
disease activity in MS results in an increased rate
of GCIP thinning, possibly related to either trans-
synaptic effects, or the occurrence of subclinical
and subradiological concomitant inflammation
within the optic nerves. In the final study,
increased INL thickness at baseline was found to
be predictive of disease activity (non-ocular
relapses, formation of new T2, and/or contrast-
enhancing lesions) and disability progression
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Fig. 8.5 Panel (a) represents an adjusted variable plot of
ganglion cell layer+inner plexiform layer (GCIP) thick-
ness and intracranial volume (/CV) in multiple sclerosis
(MS), adjusted for age, sex, and disease duration. The solid
red line illustrates the independent relationship between
GCIP thickness and ICV in MS. Note that as ICV increases,
GCIP thickness similarly increases, consistent with the
detection of significant associations between GCIP thick-
ness and ICV in MS (p=0.008). Panel (b) represents an
adjusted variables plot of GCIP thickness and ICV in
healthy controls (HCs), adjusted for age and sex. The solid
red line graphically illustrates the independent relationship
between GCIP thickness and ICV in HCs. As ICV
increases, GCIP thickness similarly increases. Panel (c)

during follow-up, suggesting that processes
within the INL of the eye might somehow be
relevant or related to global disease activity and
more specifically inflammation in MS [86].
None of the aforementioned 13 studies
assessed concomitant changes in either conven-
tional OCT or OCT segmentation-derived retinal
measures and whole brain (or brain substructure)
volumetrics over time in MS. Although results of
some of the above investigations assessing the
relationships between OCT-derived measures
and brain substructure volumes in MS were
conflicting, the consistently observed relation-
ship between RNFL thickness and whole brain

represents an adjusted variables plot of inner nuclear layer
(INL) thickness and normal appearing white matter
(NAWM) volume in MS, adjusted for age, sex, disease dura-
tion, and ICV. The solid red line shows the independent
relationship between INL thickness and NAWM volume in
MS. Note that as INL thickness increases, NAWM volume
decreases. Panel (d) depicts an adjusted variable plot of
peripapillary retinal nerve fiber layer (RNFL) thickness and
cortical gray matter (GM) volume in RRMS, adjusted for
age, sex, disease duration, and ICV. The solid red line
graphically illustrates the independent relationship between
RNFL thickness and cortical GM volume in RRMS.
**Residual values from multivariate regression models
(Reproduced with permission from Saidha et al. [8])

volume is encouraging, providing evidence that
at least to an extent RNFL thickness measures
reflect global CNS processes in MS. Given the
biological similarity of the RNFL and GCIP, it is
not surprising that relationships between RNFL
thickness and GCIP thickness with brain MRI
volumes have been found to be largely similar in
MS. Moreover, OCT-derived INL and ONL
thicknesses may impart information regarding
different processes operative within different
compartments of the MS brain, as compared to
RNFL and GCIP thicknesses. This could relate
to different disease mechanisms underlying
changes in the INL and ONL, from RNFL and
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GCIP changes in MS. At the same time, it must
be acknowledged that there is need for further
study of the relationships between OCT-derived
measures and brain MRI in MS, since this over-
all remains an understudied area. Specifically,
there is a need for longitudinal assessments of
OCT and MRI in MS, which are currently
lacking [108].

OCT as an Outcome Measure
in RRMS Clinical Trials

OCT has several important characteristics that
make it a good potential clinical trial outcome for
evaluating axonal (RNFL) and neuronal (GCIP)
damage, neuroprotection, and remyelination (of
the retrolaminar optic nerve). These include
pathologic specificity, strong structure—function
relationships, good reproducibility and reliabil-
ity, practicality, the potential to identify change
over time, and lack of confounding of OCT-
derived measures of axonal and neuronal struc-
tures within the retina due to myelin.

OCT measurements of RNFL and GCIP thick-
ness are thought to predominantly reflect axonal
and neuronal integrity, respectively. The prevail-
ing hypothesis is that degeneration of these struc-
tures in MS is primarily the result of a retrograde
process stemming from axonal transection and/or
demyelination of axons within the optic nerve.
Although this process of neurodegeneration
ensues rapidly and in a more marked fashion
immediately following acute MSON, significant
neurodegeneration of these structures also occurs
in the absence of acute MSON in RRMS eyes
and MS eyes in general and is more than likely
related to subclinical optic neuropathy. Therefore,
OCT may not only have a role in assessing neu-
rodegeneration, neuroprotection, and remyelin-
ation in the setting of acute MSON but also in
MS patients not experiencing acute MSON. In
terms of assessing neurodegeneration, OCT-
derived GCIP thickness measures may have sev-
eral advantages over RNFL thickness measures,
including better reproducibility, lower variance,
and absence of swelling during optic nerve
inflammation, as well as a limited influence of
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astroglia on GCIP thickness measures. Since
RRMS patients exhibiting inflammatory disease
activity (clinicially, radiographically, or both), as
well as those with shorter disease durations, may
have faster rates of GCIP thinning, potentially,
targeting early active RRMS patients for recruit-
ment may help enrich clinical trials using OCT as
an outcome measure. Collectively, the findings
outlined previously support the use of OCT mea-
sures to monitor subclinical and clinical disease
progression in RRMS, as well as treatments pri-
marily targeting neurodegenerative processes.
From a pathophysiological perspective, demye-
linated axons are not always destined to degener-
ate, although this may obviously occur. A
demyelinated but intact axon may potentially be
remyelinated (either partially or completely) by
local viable adult oligodendrocytes or differenti-
ating oligodendrocyte cells, possibly protecting
against degeneration. On these grounds, OCT is
being utilized as an outcome measure in a num-
ber of studies of putatively remyelinating thera-
pies. For example, OCT has been incorporated as
an outcome measure in two phase 2 studies of the
potentially remyelinating compound anti-
LINGO-1. In one of these studies (called
RENEW), the compound was tested in the setting
of acute MSON (the study is now complete and
finalized results from the study are still awaited),
while in the other study, which is ongoing
(SYNERGY), predominantly RRMS patients are
being investigated. Remyelination of the retrola-
minar optic nerve may protect demyelinated
nerve fibers from degeneration. Along these
lines, neuroprotective therapies or therapies that
prevent or protect damaged axons/neurons from
degenerating might also produce effects on the
RNFL and GCIP that may be measurable by
OCT. For these reasons, OCT is also being used
as an outcome measure in trials of putatively neu-
roprotective therapies. For example, OCT was
incorporated as an outcome measure assessing
the neuroprotective effects of erythropoietin in
AON [109] and is currently being used as an out-
come measure to assess the potential neuropro-
tective effects of phenytoin in AON, among many
other studies assessing neuroprotective strategies
in acute MSON and non-MSON RRMS.
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Conclusion

OCT fulfills the unmet need of an imaging
modality allowing highly reproducible quanti-
fication of axonal and neuronal measures in
RRMS and MS in general. Moreover, OCT is
noninvasive, inexpensive, well tolerated, and
easily repeatable/performed. In recent years,
the advent of OCT segmentation allowing the
assessment of discrete retinal layers has signifi-
cantly added to the potential utility of OCT. In
particular, OCT-derived measures of GCIP
thickness may be superior to conventionally
derived OCT measures of peripapillary RNFL
thickness. Since optic neuropathy is virtually
ubiquitous as part of the MS disease process,
OCT-derived measures of RNFL and GCIP
thickness in particular essentially reflect neuro-
degenerative processes operative within the
optic nerves of MS patients. In addition to dem-
onstrating utility for tracking neurodegenera-
tion related to acute MSON in RRMS, OCT
also demonstrates utility for the purpose of
tracking subclinical optic neuropathy in RRMS,
as well as in the progressive subtypes of the dis-
ease. By allowing highly sensitive and repro-
ducible quantification of the RNFL and GCIP,
OCT also affords the potential capability to
assess the effects of remyelination of the retro-
laminar optic nerve fibers, as well as neuropro-
tection of optic nerve fibers on the integrity of
the RNFL and neuronal cell predominant
GCIP. Although OCT-derived RNFL and GCIP
thicknesses are functionally related to visual
function and in particular to low-contrast visual
function in RRMS, one of the most attractive
features of these OCT measures is the insight
they provide regarding the global disease pro-
cess in RRMS. While related to EDSS, they are
also associated with whole brain volumes and
therefore the more global state of neurodegen-
eration in RRMS. By extension, utilizing OCT
to assess remyelination and/or neuroprotection
in the anterior visual pathway of RRMS patients
may reflect ongoing similar processes else-
where in the CNS. This premise is critical and
central to the inclusion of OCT as an outcome
measure of putatively remyelinating and neuro-
protective therapies.

S. Saidha and P.A. Calabresi

In addition to a role for OCT in monitoring
neurodegeneration and the effect of potential
therapeutics on the process of neurodegenera-
tion in RRMS, OCT has also helped shed light
on the pathobiology of RRMS. OCT segmen-
tation has been particularly beneficial in this
respect. Although the etiology of INL and
potential ONL changes in RRMS remain to be
elucidated, their relationships with global dis-
ability, as well as inflammatory disease activ-
ity and disability progression, do raise the
possibility that they may be biologically sig-
nificant. RRMS patients harboring the MTP
phenotype appear to have higher MSSS
scores, as well as unique visual symptoms not
typically attributable to optic neuropathy. The
identification of macular microcystoid
changes in the INL of RRMS eyes, particu-
larly with a prior history of acute MSON, rep-
resents one of the most contentious findings in
recent times related to OCT in MS. Similar
findings have been observed in other inflam-
matory and noninflammatory disorders, and
given the demonstration of cavitatary changes
in the INL following optic nerve injury in the
past, collectively these factors call into ques-
tion the significance and etiology of microcys-
toid macular changes. This, being said,
increased INL thickness at baseline (regard-
less of visible microcystoid changes or not)
has been shown to predict inflammatory dis-
ease activity and disability progression in
RRMS. Moreover, increased INL thickness in
RRMS has been shown cross-sectionally to
correlate with T2 lesion volume.

While OCT and advances in OCT, such as
OCT retinal layer segmentation, have undeni-
ably led to the development of potential new
measures for tracking neurodegeneration and
potentially assessing neuroprotection and
remyelination in RRMS and MS in general, as
well as led to an improved understanding of
the MS disease process, much further work is
required. Although there is an abundance of
data available for OCT in RRMS, the majority
of such studies also included small numbers of
progressive MS patients and, on occasion,
patients with clinically isolated syndromes.
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In addition, studies vary in terms of the OCT
devices utilized, as well as the segmentation
techniques employed. OCT segmentation
across studies to date has varied in terms of
being manual, semiautomatic, or fully auto-
matic, and even within these different types of
segmentation techniques, there has been a
great degree of variability in terms of the soft-
ware employed, as well as the retinal layers
assessed. This also similarly applies to the
MRI devices and MRI volumetric techniques
employed across studies assessing retinal—
brain relationships. Statistical analysis across
studies also varies widely. Collectively, these
factors challenge the generalizability of find-
ings from individual studies and contribute to
difficulty in comparing results across studies.
Future studies need to be more homogenous in
terms of their patient inclusion, OCT and MRI
devices utilized, and OCT and MRI segmenta-
tion techniques employed, as well as their
approach to analyses, in order to make the
results of studies more comparable. There is
also a paucity of longitudinal studies of OCT
in RRMS. While cross-sectional studies sug-
gest relationships between RNFL and GCIP
thicknesses and whole brain volume, as well as
INL thickness with lesion volume, a critical
yet unanswered question is whether atrophy
within specific retinal layers concomitantly
mirrors global neurodegeneration over time in
MS. Similarly, in terms of establishing a bio-
logical relevance for the INL in MS, it needs to
be determined whether INL thickness changes
over time mirror global inflammation. In order
to answer these questions, a longitudinal study
of OCT and MRI in RRMS is required.

Although much further work is needed,
results to date of OCT in RRMS are exciting.
Through the use of OCT, physicians may be
able to gain deeper insight into ongoing pro-
cesses within the brains of their MS patients at
the bedside. Moreover, OCT may be critical
for the definitive identification and monitoring
of neuroprotection and remyelination due to
novel therapeutics, thereby playing a central
role in shaping the future of novel therapeutic
avenues in MS.

129

Disclosures SS has received consulting fees from Medical
Logix for the development of CME programs in neurol-
ogy, consulting fees from Axon Advisors LLC, educational
grant support from Novartis and Teva Neurosciences, and
speaking honoraria from the National Association of
Managed Care Physicians, Advanced Studies in Medicine,
and the Family Medicine Foundation of West Virginia. He
has also served on a scientific advisory boards for Biogen-
Idec and Genzyme.

PAC has received personal compensation for consult-
ing and serving on scientific advisory boards from Vertex,
Vaccinex, Merck, and Abbvie and has received research
funding from Biogen IDEC, MedImmune, and Novartis.

References

1. Anderson DW, Ellenberg JH, Leventhal CM,
Reingold SC, Rodriguez M, Silberberg DH. Revised
estimate of the prevalence of multiple sclerosis in the
United States. Ann Neurol. 1992;31(3):333-6.

2. Lublin FD, Reingold SC. Defining the clinical course of
multiple sclerosis: results of an international survey.
National Multiple Sclerosis Society (USA) Advisory
Committee on Clinical Trials of New Agents in Multiple
Sclerosis. Neurology. 1996;46(4):907-11.

3. Saidha S, Eckstein C, Calabresi PA. New and emerg-
ing disease modifying therapies for multiple sclerosis.
Ann N 'Y Acad Sci. 2012;1247:117-37.

4. Prineas J. Pathology of multiple sclerosis. In: Cook S,
editor. Handbook of multiple sclerosis. New York:
Marcel Dekker; 2001. p. 289-324.

5. Frohman EM, Racke MK, Raine CS. Multiple sclero-
sis — the plaque and its pathogenesis. N Engl J Med.
2006;354(9):942-55.

6. Allen IV. The pathology of multiple sclerosis — fact,
fiction and hypothesis. Neuropathol Appl Neurobiol.
1981;7(3):169-82.

7. Guy J, Fitzsimmons J, Ellis EA, Beck B, Mancuso
A. Intraorbital optic nerve and experimental optic
neuritis. Correlation of fat suppression magnetic reso-
nance imaging and electron microscopy. Ophthal-
mology. 1992;99(5):720-5.

8. Saidha S, Sotirchos ES, Oh J, et al. Relationships
between retinal axonal and neuronal measures and
global central nervous system pathology in multiple
sclerosis. JAMA Neurol. 2013;70(1):34-43.

9. Frohman EM, Fujimoto JG, Frohman TC, Calabresi
PA, Cutter G, Balcer LJ. Optical coherence tomogra-
phy: a window into the mechanisms of multiple scle-
rosis. Nat Clin Pract Neurol. 2008;4(12):664-75.

10. Saidha S, Eckstein C, Ratchford JN. Optical coherence
tomography as a marker of axonal damage in multiple
sclerosis. CML — Mult Scler. 2010;2(2):33-43.

11. Marburg O. Die sogennate akute multiple sklerose.
Jahrb Psychiatrie. 1906;27:211-312.

12. Putnam T. Studies in multiple sclerosis. Arch Neurol
Psychol. 1936;35:1289-308.



130

13.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

van Waesberghe JH, Kamphorst W, De Groot CJ,
et al. Axonal loss in multiple sclerosis lesions:
magnetic resonance imaging insights into substrates
of disability. Ann Neurol. 1999;46(5):747-54.

. De Stefano N, Narayanan S, Francis GS, et al.

Evidence of axonal damage in the early stages of
multiple sclerosis and its relevance to disability. Arch
Neurol. 2001;58(1):65-70.

. Compston A, Coles A. Multiple sclerosis. Lancet.

2002;359(9313):1221-31.

. Miller DH. Biomarkers and surrogate outcomes in

neurodegenerative disease: lessons from multiple
sclerosis. NeuroRx. 2004;1(2):284-94.

. Minneboo A, Uitdehaag BM, Jongen P, et al.

Association between MRI parameters and the MS
severity scale: a 12 year follow-up study. Mult Scler.
2009;15(5):632-7.

Calabrese M, Atzori M, Bernardi V, et al. Cortical
atrophy is relevant in multiple sclerosis at clinical
onset. J Neurol. 2007;254(9):1212-20.

Calabrese M, Agosta F, Rinaldi F, et al. Cortical
lesions and atrophy associated with cognitive impair-
ment in relapsing-remitting multiple sclerosis. Arch
Neurol. 2009;66(9):1144-50.

Rawes JA, Calabrese VP, Khan OA, DeVries
GH. Antibodies to the axolemma-enriched fraction in
the cerebrospinal fluid and serum of patients with
multiple sclerosis and other neurological diseases.
Mult Scler. 1997;3(6):363-9.

Madigan MC, Rao NS, Tenhula WN, Sadun
AA. Preliminary morphometric study of tumor necro-
sis factor-alpha (TNF alpha)-induced rabbit optic neu-
ropathy. Neurol Res. 1996;18(3):233-6.

Shindler KS, Ventura E, Dutt M, Rostami A.
Inflammatory demyelination induces axonal injury
and retinal ganglion cell apoptosis in experimental
optic neuritis. Exp Eye Res. 2008;87(3):
208-13.

Frischer JM, Bramow S, Dal-Bianco A, et al. The
relation between inflammation and neurodegeneration
in  multiple sclerosis brains. Brain. 2009;
132(Pt 5):1175-89.

Toussaint D, Perier O, Verstappen A, Bervoets
S. Clinicopathological study of the visual pathways,
eyes, and cerebral hemispheres in 32 cases of dissemi-
nated sclerosis. J Clin Neuroophthalmol. 1983;
3(3):211-20.

Ikuta F, Zimmerman HM. Distribution of plaques in
seventy autopsy cases of multiple sclerosis in the
united states. Neurology. 1976;26(6 PT 2):26-8.
Burton EV, Greenberg BM, Frohman EM. Optic neu-
ritis: a mechanistic view. Pathophysiology.
2011;18(1):81-92.

di Penta A, Moreno B, Reix S, et al. Oxidative stress
and proinflammatory cytokines contribute to demye-
lination and axonal damage in a cerebellar culture
model of neuroinflammation. PLoS One. 2013;8(2),
e54722.

Smith KJ, Lassmann H. The role of nitric oxide in
multiple sclerosis. Lancet Neurol. 2002;1(4):
232-41.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

S. Saidha and P.A. Calabresi

Noseworthy JH, Lucchinetti C, Rodriguez M,
Weinshenker BG. Multiple sclerosis. N Engl ] Med.
2000;343(13):938-52.

Lucchinetti C, Bruck W, Parisi J, Scheithauer B,
Rodriguez M, Lassmann H. A quantitative analysis of
oligodendrocytes in multiple sclerosis lesions.
A study of 113 cases. Brain. 1999;122(Pt 12):
2279-95.

Carroll WM, Jennings AR, Mastaglia FL. The origin
of remyelinating oligodendrocytes in antiserum-
mediated demyelinative optic neuropathy. Brain.
1990;113(Pt 4):953-73.

Reynolds R, Wilkin GP. Cellular reaction to an acute
demyelinating/remyelinating lesion of the rat brain
stem: localisation of GD3 ganglioside immunoreac-
tivity. J Neurosci Res. 1993;36(4):405-22.

Scolding N, Franklin R, Stevens S, Heldin CH,
Compston A, Newcombe J. Oligodendrocyte progeni-
tors are present in the normal adult human CNS and in
the lesions of multiple sclerosis. Brain. 1998;121(Pt
12):2221-8.

Hanafy KA, Sloane JA. Regulation of remyelination
in multiple sclerosis. FEBS Lett. 2011;585(23):
3821-8.

Wu LM, Williams A, Delaney A, Sherman DL,
Brophy PJ. Increasing internodal distance in myelin-
ated nerves accelerates nerve conduction to a flat
maximum. Curr Biol. 2012;22(20):1957-61.

Prineas JW, Barnard RO, Revesz T, Kwon EE, Sharer
L, Cho ES. Multiple sclerosis. Pathology of recurrent
lesions. Brain. 1993;116(Pt 3):681-93.

Kanamori A, Catrinescu MM, Belisle JM, Costantino
S, Levin LA. Retrograde and wallerian axonal
degeneration occur synchronously after retinal gan-
glion cell axotomy. Am J Pathol. 2012;181(1):
62-73.

Evangelou N, Konz D, Esiri MM, Smith S, Palace J,
Matthews PM. Size-selective neuronal changes in the
anterior optic pathways suggest a differential suscep-
tibility to injury in multiple sclerosis. Brain. 2001;
124(Pt 9):1813-20.

Fairless R, Williams SK, Hoffmann DB, et al.
Preclinical retinal neurodegeneration in a model of
multiple sclerosis: the journal of neuroscience 2012;
32(16):5585-5597. Ann Neurosci. 2012;19(3):
121-2.

Kerrison JB, Flynn T, Green WR. Retinal pathologic
changes in multiple sclerosis. Retina. 1994;14(5):
445-51.

Green AJ, McQuaid S, Hauser SL, Allen IV, Lyness
R. Ocular pathology in multiple sclerosis: retinal atro-
phy and inflammation irrespective of disease duration.
Brain. 2010;133(6):1591-601.

Goldby F. A note on transneuronal atrophy in the
human lateral geniculate body. J Neurol Neurosurg
Psychiatry. 1957;20(3):202-7.

VanBuren JM. Trans-synaptic retrograde degenera-
tion in the visual system of primates. J Neurol
Neurosurg Psychiatry. 1963;26:402-9.

Gills Jr JP, Wadsworth JA. Degeneration of the inner
nuclear layer of the retina following lesions of the



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

OCT in Relapsing—Remitting Multiple Sclerosis (RRMS)

optic nerve. Trans Am Ophthalmol Soc. 1966;64:
66-88.

Gills Jr JP. Electroretinographic abnormalities and
advanced multiple sclerosis. Invest Ophthalmol.
1966;5(6):555-9.

Dawson WW, Maida TM, Rubin ML. Human
pattern-evoked retinal responses are altered by optic
atrophy. Invest Ophthalmol Vis Sci. 1982;22(6):
796-803.

Seiple W, Price MJ, Kupersmith M, Siegel IM, Carr
RE. The pattern electroretinogram in optic nerve
disease. Ophthalmology. 1983;90(9):1127-32.
Kaufman D, Celesia GG. Simultaneous recording of
pattern electroretinogram and visual evoked responses
in neuro-ophthalmologic disorders. Neurology.
1985;35(5):644-51.

Papakostopoulos D, Fotiou F, Hart JC, Banerji NK.
The electroretinogram in multiple sclerosis and
demyelinating optic neuritis. Electroencephalogr Clin
Neurophysiol. 1989;74(1):1-10.

Forooghian F, Sproule M, Westall C, et al.
Electroretinographic  abnormalities in multiple
sclerosis: possible role for retinal autoantibodies. Doc
Ophthalmol. 2006;113(2):123-32.

Rucker CW. Sheathing of the retinal veins in multiple
sclerosis. Review of pertinent literature. Mayo Clin
Proc. 1972;47(5):335-40.

Engell T, Jensen OA, Klinken L. Periphlebitis
retinae in multiple sclerosis. A histopathological
study of two cases. Acta Ophthalmol (Copenh). 1985;
63(1):83-8.

Engell T, Hvidberg A, Uhrenholdt A. Multiple
sclerosis: periphlebitis retinalis et cerebro-spinalis. A
correlation between periphlebitis retinalis and abnor-
mal technetium brain scintigraphy. Acta Neurol
Scand. 1984;69(5):293-7.

Sepulcre J, Murie-Fernandez M, Salinas-Alaman A,
Garcia-Layana A, Bejarano B, Villoslada P.
Diagnostic accuracy of retinal abnormalities in pre-
dicting disease activity in MS. Neurology.
2007;68(18):1488-94.

Ortiz-Perez S, Martinez-Lapiscina EH, Gabilondo I,
et al. Retinal periphlebitis is associated with multiple
sclerosis severity. Neurology. 2013;81(10):877-81.
Lightman S, McDonald WI, Bird AC, et al. Retinal
venous sheathing in optic neuritis. Its significance for
the pathogenesis of multiple sclerosis. Brain.
1987;110(Pt 2):405-14.

Donaldson MIJ, Pulido JS, Herman DC, Diehl N,
Hodge D. Pars planitis: a 20-year study of incidence,
clinical features, and outcomes. Am J Ophthalmol.
2007;144(6):812-7.

Huang D, Swanson EA, Lin CP, et al. Optical
coherence tomography. Science. 1991;254(5035):
1178-81.

Hrynchak P, Simpson T. Optical coherence tomogra-
phy: an introduction to the technique and its use.
Optom Vis Sci. 2000;77(7):347-56.

Hsu 1J, Sun CW, Lu CW, Yang CC, Chiang CP, Lin
CW. Resolution improvement with dispersion
manipulation and a retrieval algorithm in optical

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

131

coherence tomography. Appl Optics. 2003;42(2):
227-34.

Moura FC, Medeiros FA, Monteiro ML. Evaluation of
macular thickness measurements for detection of
band atrophy of the optic nerve using optical coher-
ence tomography. Ophthalmology. 2007;114(1):
175-81.

Burkholder BM, Osborne B, Loguidice MJ, et al.
Macular volume determined by optical coherence
tomography as a measure of neuronal loss in multiple
sclerosis. Arch Neurol. 2009;66(11):1366-72.
Fercher AF, Mengedoht K, Werner W. Eye-length
measurement by interferometry with partially coher-
ent light. Opt Lett. 1988;13(3):186-8.

Hitzenberger CK. Optical measurement of the axial
eye length by laser Doppler interferometry. Invest
Ophthalmol Vis Sci. 1991;32(3):616-24.

Forte R, Cennamo GL, Finelli ML, de Crecchio
G. Comparison of time domain stratus OCT and spec-
tral domain SLO/OCT for assessment of macular
thickness and volume. Eye (Lond). 2009;23(11):
2071-8.

de Boer JF, Cense B, Park BH, Pierce MC, Tearney GJ,
Bouma BE. Improved signal-to-noise ratio in spectral-
domain compared with time-domain optical coherence
tomography. Opt Lett. 2003;28(21):2067-9.
Wojtkowski M, Srinivasan V, Ko T, Fujimoto J,
Kowalczyk A, Duker J. Ultrahigh-resolution, high-
speed, Fourier domain optical coherence tomography
and methods for dispersion compensation. Opt
Express. 2004;12(11):2404-22.

Nassif N, Cense B, Park BH, et al. In vivo human reti-
nal imaging by ultrahigh-speed spectral domain opti-
cal coherence tomography. Opt Lett. 2004;29(5):
480-2.

Leitgeb R, Hitzenberger C, Fercher A. Performance
of fourier domain vs. time domain optical coherence
tomography. Opt Express. 2003;11(8):889-94.

Syc SB, Warner CV, Hiremath GS, et al
Reproducibility of high-resolution optical coherence
tomography in multiple sclerosis. Mult Scler.
2010;16(7):829-39.

Saidha S, Syc SB, Ibrahim MA, et al. Primary retinal
pathology in multiple sclerosis as detected by optical
coherence tomography. Brain. 2011;134(Pt 2):
518-33.

Petzold A, de Boer JF, Schippling S, et al. Optical
coherence tomography in multiple sclerosis: a sys-
tematic review and meta-analysis. Lancet Neurol.
2010;9(9):921-32.

Parisi V, Manni G, Spadaro M, et al. Correlation
between morphological and functional retinal impair-
ment in multiple sclerosis patients. Invest Ophthalmol
Vis Sci. 1999;40(11):2520-7.

Trip SA, Schlottmann PG, Jones SJ, et al. Retinal
nerve fiber layer axonal loss and visual dysfunction in
optic neuritis. Ann Neurol. 2005;58(3):383-91.

Syc SB, Saidha S, Newsome SD, et al. Optical
coherence tomography segmentation reveals ganglion
cell layer pathology after optic neuritis. Brain.
2012;135(Pt 2):521-33.



132

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Saidha S, Syc SB, Durbin MK, et al. Visual dysfunc-
tion in multiple sclerosis correlates better with optical
coherence tomography derived estimates of macular
ganglion cell layer thickness than peripapillary retinal
nerve fiber layer thickness. Mult Scler. 2011;17(12):
1449-63.

Costello F, Coupland S, Hodge W, et al. Quantifying
axonal loss after optic neuritis with optical coherence
tomography. Ann Neurol. 2006;59(6):963-9.

Fisher JB, Jacobs DA, Markowitz CE, et al. Relation
of visual function to retinal nerve fiber layer thickness
in multiple sclerosis. Ophthalmology. 2006;113(2):
324-32.

Talman LS, Bisker ER, Sackel DJ, et al. Longitudinal
study of vision and retinal nerve fiber layer thickness
in multiple sclerosis. Ann Neurol. 2010;67(6):
749-60.

Garcia-Martin E, Pueyo V, Almarcegui C, et al. Risk
factors for progressive axonal degeneration of the
retinal nerve fibre layer in multiple sclerosis patients.
Br J Ophthalmol. 2011;95(11):1577-82.

Henderson AP, Trip SA, Schlottmann PG, et al. A pre-
liminary longitudinal study of the retinal nerve fiber
layer in progressive multiple sclerosis. J Neurol.
2010;257(7):1083-91.

Serbecic N, Aboul-Enein F, Beutelspacher SC, et al.
High resolution spectral domain optical coherence
tomography (SD-OCT) in multiple sclerosis: the first
follow up study over two years. PLoS One. 2011;6(5),
€19843.

Ratchford JN, Saidha S, Sotirchos ES, et al. Active
MS is associated with accelerated retinal ganglion
cell/inner plexiform layer thinning. Neurology.
2013;80(1):47-54.

Gundogan FC, Demirkaya S, Sobaci G. Is optical
coherence tomography really a new biomarker
candidate in multiple sclerosis? — A structural and
functional evaluation. Invest Ophthalmol Vis Sci.
2007;48(12):5773-81.

Gelfand JM, Nolan R, Schwartz DM, Graves J, Green
AlJ. Microcystic macular oedema in multiple sclerosis
is associated with disease severity. Brain. 2012;135(Pt
6):1786-93.

Saidha S, Sotirchos ES, Ibrahim MA, et al.
Microcystic macular oedema, thickness of the inner
nuclear layer of the retina, and disease characteristics
in multiple sclerosis: a retrospective study. Lancet
Neurol. 2012;11(11):963-72.

Brar M, Yuson R, Kozak I, et al. Correlation between
morphologic features on spectral-domain optical
coherence tomography and angiographic leakage
patterns in macular edema. Retina. 2010;30(3):
383-9.

Sotirchos ES, Saidha S, Byraiah G, et al. In vivo iden-
tification of morphologic retinal abnormalities in neu-
romyelitis optica. Neurology. 2013;80(15):1406—14.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

S. Saidha and P.A. Calabresi

Kaufhold F, Zimmermann H, Schneider E, et al.
Optic neuritis is associated with inner nuclear layer
thickening and microcystic macular edema indepen-
dently of multiple sclerosis. PLoS One. 2013;8(8),
e71145.

Barboni P, Carelli V, Savini G, Carbonelli M, La
Morgia C, Sadun AA. Microcystic macular degen-
eration from optic neuropathy: not inflammatory, not
trans-synaptic degeneration. Brain. 2013;136(Pt 7),
e239.

Wolff B, Basdekidou C, Vasseur V, Mauget-Faysse
M, Sahel JA, Vignal C. Retinal inner nuclear layer
microcystic changes in optic nerve atrophy: a novel
spectral-domain OCT finding. Retina. 2013;33(10):
2133-8.

Brandt AU, Oberwahrenbrock T, Kadas EM,
Lagreze WA, Paul F. Dynamic formation of macular
microcysts independent of vitreous traction changes.
Neurology. 2014;83(1):73-7.

Kappos L, Moeri D, Radue EW, et al. Predictive
value of gadolinium-enhanced magnetic resonance
imaging for relapse rate and changes in disability or
impairment in multiple sclerosis: a meta-analysis.
Gadolinium MRI Meta-Analysis Group. Lancet.
1999;353(9157):964-9.

Fisher E, Rudick RA, Simon JH, et al. Eight-year
follow-up study of brain atrophy in patients with
MS. Neurology. 2002;59(9):1412-20.

Sormani MP, Arnold DL, De Stefano N. Treatment
effect on brain atrophy correlates with treatment
effect on disability in multiple sclerosis. Ann Neurol.
2014;75(1):43-9.

Simon JH. Brain atrophy in multiple sclerosis: what
we know and would like to know. Mult Scler.
2006;12(6):679-87.

Inglese M, Oesingmann N, Casaccia P, Fleysher
L. Progressive multiple sclerosis and gray matter
pathology: an MRI perspective. Mt Sinai J Med.
2011;78(2):258-67.

Saidha S, Calabresi PA. Optical coherence tomogra-
phy should be part of the routine monitoring of
patients with multiple sclerosis: yes. Mult Scler.
2014;20(10):1296-8.

Gordon-Lipkin E, Chodkowski B, Reich DS, et al.
Retinal nerve fiber layer is associated with brain
atrophy in  multiple sclerosis.  Neurology.
2007;69(16):1603-9.

Grazioli E, Zivadinov R, Weinstock-Guttman B,
et al. Retinal nerve fiber layer thickness is associated
with brain MRI outcomes in multiple sclerosis.
J Neurol Sci. 2008;268(1-2):12-7.

Siger M, Dziegielewski K, Jasek L, et al. Optical
coherence tomography in multiple sclerosis: thick-
ness of the retinal nerve fiber layer as a potential
measure of axonal loss and brain atrophy. J Neurol.
2008;255(10):1555-60.



8 OCT in Relapsing—Remitting Multiple Sclerosis (RRMS)

102.

103.

104.

105.

Dorr J, Wernecke KD, Bock M, et al. Association of
retinal and macular damage with brain atrophy in
multiple sclerosis. PLoS One. 2011;6(4), e18132.
Pfueller CF, Brandt AU, Schubert F, et al. Metabolic
changes in the visual cortex are linked to retinal
nerve fiber layer thinning in multiple sclerosis. PLoS
One. 2011;6(4), e18019.

Reich DS, Smith SA, Gordon-Lipkin EM, et al.
Damage to the optic radiation in multiple sclerosis is
associated with retinal injury and visual disability.
Arch Neurol. 2009;66(8):998-1006.

Young KL, Brandt AU, Petzold A, et al. Loss of reti-
nal nerve fibre layer axons indicates white but not
grey matter damage in early multiple sclerosis. Eur J
Neurol. 2013;20(5):803-11.

106.

107.

108.

109.

133

Zimmermann H, Freing A, Kaufhold F, et al. Optic
neuritis interferes with optical coherence tomogra-
phy and magnetic resonance imaging correlations.
Mult Scler. 2013;19(4):443-50.

Gabilondo I, Martinez-Lapiscina EH, Martinez-
Heras E, et al. Trans-synaptic axonal degeneration in
the visual pathway in multiple sclerosis. Ann Neurol.
2014;75(1):98-107.

Hutchinson M. Optical coherence tomography
should be part of the routine monitoring of patients
with multiple sclerosis: commentary. Mult Scler.
2014;20(10):1302-3.

Suhs KW, Hein K, Sattler MB, et al. A randomized,
double-blind, phase 2 study of erythropoietin in
optic neuritis. Ann Neurol. 2012;72(2):199-210.



Friedemann Paul and Alexander U. Brandt

Approximately half of all multiple sclerosis (MS)
patients show a progressive phenotype [1]. In these
patients, accumulation of clinical impairment fol-
lows a progressive course rather than being relapse
associated. Depending on whether the patient
experienced relapses prior to the progressive phase,
the disease course is then either classified as pri-
mary progressive MS (PPMS, without prior
relapses, 10-20 % of patients) or secondary pro-
gressive MS (SPMS, with prior relapses) (Fig. 9.1)
[2]. SPMS with or without superimposed relapses
evolves from relapsing-remitting MS (RRMS).
The rate at which this occurs varies greatly; how-
ever, according to natural history data, approxi-
mately 50 % of patients progress to SPMS within
14-20 years from disease onset [3]. In terms of age,
conversion from RRMS to progressive MS tends to
occur in a time window of 35-50 years, which is
also the typical age of disease onset in PPMS [1, 4].

Prior to the 2013 MS disease course revision,
the phenotype of a patient with primary
progressive disease course, who concurrently
experiences relapses, was classified as progres-
sive relapsing MS (PRMS) [5]. However, accord-
ing to current nomenclature, descriptors for
disease activity (relapses or MRI activity) and
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progression (clinical worsening or progression of
brain atrophy) are appended to primary and sec-
ondary progressive disease courses (Fig. 9.1) [2].

Pathological and imaging studies suggest that
relapsing and progressive MS are a single dis-
ease entity with distinct clinical phenotypes [4,
6]. However, in contrast to RRMS, the mecha-
nisms underlying progressive MS are poorly
understood, and therapeutic options available
in RRMS are usually not effective. As a conse-
quence, therapeutic options in progressive MS
are limited to fairly unspecific immunosuppres-
sive agents, such as azathioprine, mitoxantrone,
or cyclophosphamide, which all carry the risk of
serious side effects [7-9], and symptomatic treat-
ments. When a certain disability landmark or a
progressive course has been reached, the disease
tends to progress relentlessly and largely inde-
pendently of the preceding course and relapse
number and severity [10, 11]. This is presumably
related to the fact that the efficiency of remyelin-
ation declines with increasing age and disease
duration [12, 13]. In progressive MS, neurode-
generation is thought to occur independently of
the initial inflammatory response [4], although
inflammation is present at all MS stages [14].
Neuropathological studies suggest that inflam-
matory processes in progressive MS brains at
least partially evolve independently of damage
to the blood-brain barrier, which may explain
why potent anti-inflammatory disease-modifying
drugs given in the periphery are inefficacious in
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2013 revised multiple sclerosis progressive phenotypes

Course

Modifiers

Primary Progressive (PP)

Progressive
accumulation
of disability
from onset

Activity

yes/no

Progression

yes/no

Secondary Progressive (SP)

Progressive
accumulation
of disability after
initial relapsing

Activity

yes/no

Progression

yes/no

course

Fig.9.1 Progressive multiple sclerosis nomenclature. Progressive MS nomenclature according to the current criteria [2]

progressive MS [4]. A key feature of progressive
MS is pronounced cortical demyelination includ-
ing cortical lesions and, more broadly, diffuse and
widespread damage to the normal-appearing white
and gray matter. Several mechanisms underlying
disease progression have been proposed, including
axonal demise in focal white matter lesions and
loss of remyelination, which may cause ongoing
accrual of neurological disability when functional
compensation is exhausted. Microglial activation,
altered axonal ion homeostasis, mitochondrial
injury, oxidative stress, and iron accumulation
are—although not unique to progressive MS—
considered relevant contributing factors to irre-
versible tissue damage [4, 12, 15].

Optical Coherence Tomography
in Progressive Multiple Sclerosis

An overview of current optical coherence
tomography (OCT) measurement protocols
used in progressive multiple sclerosis is given

in Fig. 9.2. The peripapillary retinal nerve fiber
layer (RNFL or the more specific abbreviation
pRNFL) is the most established parameter
and features in almost all studies to date.
Measurement of total macular volume (TMV) is
less common and has been recently superseded
by intraretinal layer segmentation in macular
volume scans.

Investigation of progressive MS using OCT
is far rarer than in relapsing-remitting MS [16].
The few studies that include OCT findings spe-
cifically in progressive MS have had cohorts of
such a few patients each and have used different
generations of OCT technology (time domain
and spectral domain OCT, whose measure-
ments are not directly comparable) [17, 18].
Some studies (e.g., [19]) combine relapsing-
remitting and progressive MS patients in one
analysis and are therefore not discussed here in
detail. An overview of relevant studies, includ-
ing key findings, is given in Table 9.1 [20-32].
The key findings of all studies are summarized
below.
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Peripapillary retinal nerve fiber layer thickness (pRNFL)

Description

The peripapillary ring scan is measured in a 3.4 mm
ring scan around the optic nerve head (yellow line).
Only the unmelinated axons comprising the nerve
fiber layer (red lines) are included in the pRNFL
thickness. Next to the average pRNFL over the
whole line scan, values for single sectors like
temporal, nasal, superior or inferior segments can
be given. Some modern machines construct the
line scan from a volume scan for compatibility.

Description

The macular volume is measured in a ring aorund
the fovea based on the ETDRS 3 mm (inner) and 6
mm (outer) rings. There are no uniform scan
protocols and devices use different horizontal or
vertical volume as well as radial scans. Next to the
TMV over the whole ETDRS volume, values for
temporal, nasal, superior, inferior segments and
the fovea can be given. The volume or thickness
comprises the whole retina between inner limiting
membrane and the retinal pigment epithelium.

Description

Based on the macular volume scans intra-retinal
layer thickness or volume parameters can be
generated. There are currently no standards
available and different devices and studies use
different protocols. Usually given are macular retinal
nerve fiber layer (RNFL), ganglion cell layer (GCL),
inner and outer plexiform layers (IPL/OPL), inner
and outer nuclear layers (INL/ONL), the inner and
outer segments of the photoreceptor layer (15/05)
and the retinal pigment epithelium (RPE).

Fig.9.2 Optical coherence tomography measurements. Common optical coherence tomography protocols and derived
parameters useful in diagnosing and monitoring patients with progressive MS

Retinal Nerve Fiber Layer Thickness
and Total Macular Volume

Scans of patients with progressive MS show
reduced RNFL thickness in the peripapillary ring
compared to healthy controls and also relapsing-
remitting MS patients. An overview plot from
[30] is given in Fig. 9.3, and a sample report is
shown in Fig. 9.4.

Two potential explanations for the pro-
nounced RNFL thinning in progressive patients
exist: first, these patients may show more pro-
nounced loss based on a more severe or also dif-
ferent disease pathology thanrelapsing-remitting
patients [27]; and second, the investigated
patients may simply have experienced longer

disease duration, giving time for a greater dam-
age accumulation [29, 30]. Data from studies
published to date are not sufficient to answer
this question. An additional confounder is a
patient history of MS-associated optic neuritis
(MSON). It is universally accepted that MSON
additionally damages the retina, quantified by
increased RNFL thinning, and such episodes
may often be subclinical or unrecognized, lead-
ing to an accumulation of damage the longer the
disease lasts. Nonetheless, it is conspicuous that
PPMS patients, who by definition do not suffer
from relapsing MSON, show a similar RNFL
reduction as SPMS patients without previous
optic neuritis, suggesting that non-relapse-
associated neuro-axonal degeneration in the
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Table 9.1 Cross-sectional studies investigating progressive MS patients using OCT [20-32]

First author Year |OCT |PPMS |SPMS | Key finding? Ref.

Pulicken 2007 |TD 12 16 This study did not differentiate between eyes with | [20]
and without previous optic neuritis but included
this information as covariate
RNFL thickness in eyes from SPMS
(81.8£15.6 pm) and PPMS patients
(88.9+13.3 pm) was significantly lower than in
HC (102.7+11.5 pm) and showed a marked
decrease compared to RRMS patients
(94.4+£14.6 pm)

TMYV was not different between HC

(6.6+0.5 mm?), RRMS (6.5+0.5 mm?), and
PPMS patients (6.5 +0.6 mm?). SPMS patients
showed decreased TMV (6.2 +0.4 mm?)

Henderson 2008 |TD |23 27 This study specifically investigated eyes without [21]
previous optic neuritis
In comparison to HC (98.8+10.5 pm), RNFL
thickness from SPMS patients’ eyes
(88.4+10.9 pm) was significantly lower and
RNFL thickness from PPMS patients’ eyes
nonsignificantly lower (93.9+13.9 pm)
The same was true for TMV with HC
(6.81+0.31 mm?), SPMS (6.46+0.41 mm?®), and
PPMS (6.64+0.42 mm?)
Costello 2009 |TD |0 7 This study separated between eyes with and [22]
2010 |TD |9 13 without previous MSON [23]
In eyes without history of MSON, RNFL
thickness was reduced in PPMS (94.3 +8.3 pm),
RRMS (99.6+14.3 pm), and SPMS eyes
(84.7+11.7 pm), compared to CIS eyes
(105.7+12.3 pm)

Siepman 2010 |TD |29 (34)° This study found no difference in RNFL thickness | [24]
in eyes of PPMS patients with eyes of (data not
published)

Serbecic 2010 |SD |0 17 SPMS patients with or without previous MSON [25]

2014 |SD |0 17 showed significantly reduced RNFL thickness [26]

compared to healthy controls. In patients with
previous optic neuritis, even greater RNFL
reduction was found

Saidha 2011 | SD 16 20 GCL+IPL was significantly thinner in RRMS [27]
patients (71.6+£9.8 pm), SPMS (66.4+10.2 pm),
and PPMS (74.1+7.1 pm) than in healthy controls
(81.8+6.3 mm). GCL+IPL thickness was most
decreased in SPMS. GCL+IPL thickness
correlated significantly with EDSS, high-contrast,
2.5 % low-contrast, and 1.25 % low-contrast letter
acuity in MS. A subset of patients showed
thinning of the outer retinal layers

Albrecht 2012 | SD 12 41 PPMS and SPMS patients showed significant [28]
thinning of peripapillary RNFL and GCL+IPL in
both patients with and without previous
MSON. The INL was only reduced in PPMS in
comparison to HC in both patients with and
without previous optic neuritis
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Table 9.1 (continued)

Year |OCT |PPMS | SPMS
2012 |SD |33 60

First author
Gelfand

Key finding®
This study focused on CIS and compared damage

139

Ref.
[29]

to later diseases stages

Retinal axonal loss was increasingly prominent in
more advanced disease stages with proportionally
greater thinning in eyes previously affected by
optic neuritis. In the absence of clinically evident
optic neuritis, RNFL thinning was similar between
progressive MS subtypes

Oberwahrenbrock | 2012 | SD 41 65

RNFL thickness was reduced in SPMS eyes

[30]

compared to RRMS eyes, and TMV was reduced
in SPMS and PPMS eyes compared to RRMS
eyes, regardless of MSON history. Independent of
MS subtype, more pronounced RNFL thinning
and TMV reduction were found in eyes with
previous MSON

Balk 2014 |SD |29 61

PPMS patients showed more intact inner retinal

[31,

layers (RNFL to INL) compared to relapsing onset | 32]
MS patients. Only in MS eyes without previous

MSON did patients with typical MS show more

severe thinning of the inner retinal layers

compared to patients with a benign disease course,

even after an average disease course of 20 years

Abbreviations: OCT optical coherence tomography, PPMS primary progressive multiple sclerosis, SPMS secondary
progressive multiple sclerosis, Ref reference, SD spectral domain OCT, 7D temporal domain OCT, HC healthy controls,
RNFL retinal nerve fiber layer, GCL ganglion cell layer, /PL inner plexiform layer, INL inner nuclear layer, TMV total

macular volume, MSON MS related optic neuritis

2Measurement values are only provided if available and are limited to parameters of interest
This study combines RRMS and SPMS patients in a group called “relapse onset”

retina and optic nerve also occurs in other MS
disease courses.

Current data does not allow any solid conclu-
sions regarding the spatial distribution of RNFL
reduction in progressive MS. MSON-associated
damage leads to pronounced effect of the tempo-
ral quadrant in relapsing-remitting MS [33, 34],
but whether this is also the case in progressive
MS patients without previous MSON has not
been investigated sufficiently. Likewise, the few
applicable longitudinal studies to date do not
show how RNFL reduction develops over time
(see later).

Data on total macular volume (TMV) or thick-
ness changes is scarce. Only a few studies have
investigated TMV together with RNFL, because
TMV is generally considered less specific than
RNFL as it measures the whole retinal thickness
instead of solely the main region of interest. [35]
Published data supports this notion with similar

but less specific findings in comparison to RNFL
(see Fig. 9.4 for an example).

Intraretinal Layers

Since the introduction of spectral domain OCT,
different intraretinal layer thicknesses can be
derived from macular volume scans. This allows
the potential investigation of distinct pathologies
in the retina of patients with MS, which affect
other layers than the RNFL. Evidence for intrareti-
nal changes in MS is shown in histopathology
studies, in which, for example, neuronal loss in the
inner nuclear layer has been reported [36]. So far,
the few studies applying intraretinal segmentation
have detected changes—as expected—mainly in
the ganglion cell layer (GCL) and inner plexiform
(IPL) thickness (often combined as ganglion cell
and inner plexiform layer [GCIPL] for increased



140 F. Paul and A.U. Brandt

Peripapillary retinal nerve fiber layer thickness
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Fig.9.3 RNFLand TMV in progressive MS. Peripapillary et al. [30]). Eyes with a previous history of MSON on the
RNFL and TMV from patients with relapsing-remitting  left, eyes without history of MSON (NON) on the right
and progressive MS (Adapted from Oberwahrenbrock
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Fig.9.4 OCT imaging in secondary
progressive MS. Shown are sample
findings from an eye from an SPMS
patient with a history of optic neuritis. (a)
Normal scanning laser ophthalmoscopy
image showing the peripapillary ring scan
area. (b) Peripapillary OCT ring scan
showing reduced RNFL thickness (red
lines). Note that the coincidental vitreous
detachment is of no pathologic relevance.
(c) Height profile in comparison to
normative data in the nasal (NAS),
inferior (INF), temporal (TMP), and
superior (SUP) areas of the ring scan.
Colors indicate RNFL thickness within
the 95th percentile (green), between the
95th and 99th percentile (yellow), below
the 99th percentile (red), and with regard
to thicker RNFL higher than 1st
percentile (purple) and between the 1st
and 5th percentile (blue). (d) Profile data
from c visualized in a typical sectorial
circle with color indicators derived from
c. On the left, a detailed view on the
temporal-superior (75), nasal-superior
(NS), nasal (), nasal-inferior (NI),
temporal-inferior (77), and temporal (7)
sectors. Additionally, the figure shows
average RNFL thickness (G) and RNFL
thickness in the papillomacular bundle
(PMB) as well as the N/T ratio. The
right-hand image focuses on superior,
nasal, inferior, and temporal quadrants
exclusively. The temporally accented
RNFL thickness reduction is typical for
eyes after optic neuritis both in relapsing-
remitting and secondary progressive

MS. The nasal sectors are also affected,
but here thickness reduction is often mild
and is within normal physiology, as is the
case for this patient
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reliability). Data for outer retinal layers is less
consistent. Of interest is the inner nuclear layer
(INL), for which both thickening and thinning
have been reported. One study suggested that INL
thickness increases with disease severity [37].
Another study showed that an increased INL
thickness correlates with worsened brain atrophy,
specifically in progressive MS. However, several
studies also showed INL thinning in progressive
MS (e.g., [28]), and it is currently unclear exactly
how INL thinning and thickening occur in relation
to MSON, disease duration, and disease severity.

Microcystic Macular Edema,
and Retrograde Maculopathy

One form of INL thickening is microcystic
macular edema (MME), initially described in
less than 10 % of MS patients [38]. MME can
also occur in progressive MS, as the example in
Fig. 9.5 shows. However, MME is not specific to
MS and has since been reported in several differ-
ent ocular pathologies [39]. It is now established
that MME is associated with acute optic nerve
damage [40] and most likely reflects unspecific
reactive processes in the inner nuclear layer to
acute ganglion cell degeneration, as also dis-
cussed in the chapter by Mathias Abegg in this
book [41]. The terms retrograde maculopathy or

IR 30° ART

Igﬂﬂ pm

I.ZOD pm

Fig. 9.5 Microcystic macular edema can occur in eyes
from patients with MS, including progressive MS. On the
left, a scanning laser ophthalmoscopy image shows typi-
cal darker areas around the macula with accentuation of

OCT 30° (9.0 mm) ART (13) Q: 30 [HS]
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macular microcystoids have been suggested as more
appropriate than MMO for this OCT sign [42, 43].

Primary Macular Phenotype

On the other hand, Saidha et al. have reported
macular thinning spanning all intraretinal layers
of a subgroup of MS patients with comparably
intact RNFL [44]. The study showed that this
macular thinning predominant (MTP) phenotype
occurred more frequently in progressive MS
patients than in relapsing-remitting MS patients
and could represent an extreme form of a primary
macular pathology in MS patients. The MTP phe-
notype was potentially recently confirmed in a
different US cohort [45]. However, its exact char-
acteristics and significance are currently unclear.
We and others (personal communication) have
not been able to identify any patients showing this
phenotype, and this potentially interesting finding
requires further investigation [46].

Association of OCT Findings
with MRI Measures of Brain Damage

Several studies have shown an association of reti-
nal damage as measured by OCT with brain atro-
phy (brain parenchymal fraction [BPF], gray and

the optic nerve head-facing side. The green line indicates
the B-scan position on the right. On the right a B-scan of
the affected area shows few cystoid structures, marked
with yellow arrows, in the inner nuclear layer
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white matter volume) on magnetic resonance
imaging (MRI) (Fig. 9.6) [37, 40, 47-52].
However, only a few of these studies described or
investigated patients with progressive MS sepa-
rately. A key finding in a study of 61 MS patients
by Sepulcre et al., comprising 5 SPMS, 6 PPMS,

Low GM atrophy

Fig. 9.6 OCT and brain atrophy. Retinal layer thickness
correlates with brain atrophy and also disease severity in
progressive MS. Shown are 2 cases: one patient with low
disease activity and low gray matter (GM) atrophy on the
left, and one patient with high disease activity and severe
GM atrophy on the right. (a) T1 MRI scans from these
patients showing a periventricular slice. (b) Inner nuclear
layer (INL) changes. Some patients with high disease activ-
ity show increased INL thickness, which might correspond
to higher neuroinflammatory activity in these patients [37,
40]. INL can also appear unchanged or thinned in severely
affected patients, and the relevance, if any, of either occur-

and 29 healthy controls [19], showed significant
correlation of whole gray matter and whole white
matter volumes with average RNFL thickness in
MS patients; however, separated analyses for the
few progressive patients were not provided.
Gordon-Lipkin et al. were the first to show that

High GM atrophy

70 um

Opum

rence still needs to be determined. Factors leading to either
development still need to be determined. (¢) Ganglion cell
and inner plexiform layer (GCIPL) thickness correlates
with brain and GM atrophy similarly to retinal nerve fiber
layer thickness (RNFL). Neuronal loss in the brain coin-
cides with neuronal loss in the ganglion cell complex
(GCC), consisting of inner plexiform, ganglion cell, and
retinal nerve fiber layers. Retinal ganglion cell dendrites
reside in the inner plexiform layer, cell bodies in the gan-
glion cell layer, and projecting axons in the retinal nerve
fiber layer. However, neurodegeneration does not seem to
spread beyond the INL [47]
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Fig.9.6 (continued)

lower RNFL thicknesses were associated with
reduced BPF and cerebrospinal fluid (CSF) vol-
ume in a cohort of 40 MS patients, but not in 15
healthy controls [48]. The MS cohort comprised
20 RRMS, 15 SPMS, and 5 PPMS patients; how-
ever, OCT results (RNFL, TMV) were only given
for the MS group as a whole, instead of per sub-
group. Subgroup analyses on correlation between
OCT measurements and brain atrophy were only
run on RRMS and SPMS patients and revealed
that RNFL thickness was significantly related to
BPF and CSF volume in RRMS, but not
SPMS. The authors discussed two possible expla-
nations: (1) a possible basement effect in pro-
gressive patients, in which either RNFL or brain
volume bottom out with minimal further decline,
or (2) primary involvement of the spinal cord, but
less cerebral involvement in SPMS. Both these
intriguing hypotheses will require longitudinal
studies. However, using OCT as an outcome tool
in trials with potentially neuroprotective agents
in patients with progressive disease carries an
important caveat: when substantial retinal loss
has already occurred at the time of study inclu-
sion, it may be too late to detect slowing of fur-
ther tissue loss by experimental treatment versus
placebo or active comparator when measuring
RNFL or TMV.

Another cross-sectional study on the relation-
ship between retinal neuro-axonal measures and
brain volume measurements comprised 84 MS
patients (58, relapsing-remitting disease course;

120 pm

60 um

O pm

18, secondary progressive; 8, primary progres-
sive) [52]. SPMS and PPMS patients were older
than RRMS patients (mean 58.3 and 55.0, respec-
tively, vs. 37.4 years) and had longer disease
duration (mean 21.7 and 15.8, respectively, vs.
7.5 years), whereas the proportion of eyes with a
history of optic neuritis was comparable between
RRMS and SPMS patients (26 % and 28 %,
respectively). In contrast to Gordon-Lipkin et al.,
this study used advanced spectral domain OCT
technology, which enables segmentation of indi-
vidual intraretinal layers (see previous).
Intracranial volume was significantly positively
associated with the combined measure (GCIPL)
of ganglion cell layer (GCL) and inner plexiform
layer (IPL) in both healthy controls and the entire
MS cohort. Inner nuclear layer (INL) thickness
was inversely associated with the volume of the
normal-appearing white matter (NAWM) in the
entire  MS cohort, and peripapillary RNFL
(pRNFL) thickness positively correlated with
cortical gray matter volume in RRMS. Subgroup
analyses revealed a positive association of outer
nuclear layer (ONL) thickness with cortical gray
matter (GM) volume in SPMS patients and in
PPMS patients, positive correlations of ONL
thickness with brainstem volume and of pRNFL
thickness with NAWM and cortical GM volume.
However, the significance of these findings—as
the authors acknowledge—is limited by the low
number of patients in the progressive disease
course groups and the high number of statistical
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tests without correction for multiple comparisons,
giving rise to the possibility that the identified
correlations occurred by chance alone.

The aforementioned study did not compare
OCT measures between disease subtype groups;
however, mean and standard deviations show
only minute differences between the RNFL,
GCIPL, and INL measures [52]. Consequently,
the study is too preliminary to allow for general-
izable conclusions on the association of retinal
thinning with global or regional brain volume
measurements in patients with progressive
disease.

Longitudinal Studies

As the previous discussion shows, longitudinal
studies are indispensable to describe temporal
dynamics of retinal thinning in relation to clinical
disease progression and other surrogate markers
of disease activity such as MRI. They are also
vital to assessing whether OCT is an appropriate
investigative tool. Only longitudinal studies can
show whether retinal tissue loss is exhibiting a
basement effect, which would render OCT inef-
fective in monitoring disease progression and
efficacy of neuroprotective compounds. To date,
only a few studies have investigated temporal
changes in retinal measures with OCT (Table 9.2)
[19, 22, 26, 37, 53-55]. The first longitudinal
study that included a subgroup of progressive
patients was performed with time domain OCT

Table 9.2 Longitudinal studies of progressive MS
patients using OCT [19, 22, 26, 37, 53-55]

First author | Year |OCT |PPMS |SPMS |Ref.
Sepulcre 2007 |'TD |6 5 [19]
Costello 2009 'TD |0 7 [22]
Henderson 2010 | TD 16 18 [53]
Serbecic 2011 |SD |0 10 [54]
Saidha 2012 |SD |25 16 [37]
Ratchford 2013 |SD 16 24 [55]
Serbecic 2014 |SD |0 10 [26]

Abbreviations: OCT optical coherence tomography,
PPMS primary progressive multiple sclerosis, SPMS sec-
ondary progressive multiple sclerosis, Ref reference,
SD spectral domain OCT, TD temporal domain OCT
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technology by Sepulcre et al. [19]. Five SPMS
and 6 PPMS patients were recruited into a total
cohort of 61 MS patients. In the entire patient
group, average RNFL thickness decreased sig-
nificantly by 4.8 pm versus a mean change of
—2.2 pm in 29 healthy controls over a follow-up
period of 2 years, and the thickness of the tempo-
ral quadrant RNFL correlated with the number of
relapses. However, separated data from the few
progressive patients were not reported. In another
2-year longitudinal study, Costello et al. reported
a subgroup of 7 SPMS patients in a cohort of 84
MS and CIS patients analyzed with time domain
OCT in alongitudinal study [23]. Neither MSON-
affected eyes nor non-affected eyes exhibited a
significant decrease in RNFL values at year 2
compared to year 1; however, comparative data
from healthy controls were not reported.
Henderson et al. investigated 18 SPMS and 16
PPMS patients at 2 different time points versus
18 age-matched healthy controls. Median (range)
follow-up was 579 (453-895), 592 (411-762),
and 656 (398-890) days in SPMS, PPMS, and
controls, respectively [53]. The study followed
up a larger cross-sectional cohort comprising 50
subjects with progressive MS and 20 healthy
controls [21]. While there was significant reduc-
tion in some RNFL measures in progressive MS
versus controls (see above and Table 9.1 [20-
32]), none of the 3 groups showed a significant
decrease in mean RNFL thickness when com-
pared to baseline, although PPMS patients tended
to show reduced RNFL (annual change in mean
RNFL thickness —0.99 pm, p=0.075, 95 % CI
—-2.09, 0.10). When analyzing PPMS and SPMS
groups as a whole, the mean annual change from
baseline in RNFL thickness was —0.70 pm
(»=0.067, 95 % CI —1.44, 0.05) versus —0.5 pm
in controls (p=0.340, 95 % CI —1.52, 0.53). This
mean difference of 0.2 um (95 % CI -1.47, 1.07)
between all progressive patients and controls was
not significant (p=0.750). The changes in both
the latter parameters were small enough to be
classified as physiological variation. When ana-
lyzing RNFL thickness in the 4 quadrants (tem-
poral, superior, nasal, inferior), only the inferior
quadrant RNFL thickness in all progressive
patients and in the PPMS group showed a
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significant reduction from baseline (all patients
-2.07 pm, 95 % CI -3.56, —0.59, p=0.007;
PPMS -2.99 pm, 95 % CI -5.15, —0.83,
p=0.008). However, the control group also
showed a mean decrease in inferior quadrant
RNFL thickness of —1.71 pm (95 % CI -3.74,
0.33, p=0.098) resulting in a nonsignificant dif-
ference in annual change between patients and
controls.

In contrast, both groups showed a significant
and similar reduction in macular volume (con-
trols: annual change —0.083 mm?, p=0.013, 95 %
CI-0.067, —0.008; progressive MS —0.031 mm?,
p=0.005, 95 % CI —-0.052, —0.009). Annual
reduction in macular volume was significant in
PPMS (p=0.003) and showed a trend toward
reduction in SPMS (p=0.059). In a separate anal-
ysis in the same study, the affected and unaf-
fected eyes of individual MSON patients were
compared in terms of serial changes in OCT mea-
sures. No significant differences between changes
in RNFL thickness, macular volume changes, or
any individual quadrant RNFL thickness were
found.

Some measures of visual function (logMAR
visual acuity on ETDRS charts, Sloan low-
contrast acuity, 25 %) showed significant reduc-
tions over time in the progressive MS group,
while others did not (Sloan low-contrast acuity, 5
and 1.25 %). Compared to controls, the annual
change in logMAR acuity and Sloan 25 % low-
contrast acuity was significant for the progressive
MS (PPMS and SPMS patients combined) and
for the SPMS group alone, while the PPMS group
only showed a trend in deterioration in the log-
MAR acuity, but not the Sloan low-contrast acu-
ity. Except for macular volume and Sloan 25 %
contrast acuity in the SPMS group, none of reti-
nal changes was significantly related to changes
in visual acuity and low-contrast acuity mea-
sures. As macular volume and Sloan 25 % corre-
lations in SPMS were not verified by adjustment
for multiple comparisons, the authors presumed
the initial findings were an aberration. It is note-
worthy that there was no significant EDSS change
in either MS group over the follow-up period. In
summary, this study does not seem to support the
assumption that ongoing axonal retinal loss
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occurs in progressive MS. However, the failure to
detect longitudinal changes in progressive
patients may be due to the study design:

1. Median follow-up was at less than 2 years,
before that it may not be possible to detect
meaningful changes by time domain OCT
technology, which was used in this study and
is prone to substantial test-retest variability of
up to several pm.

2. Progressive patients in this study were argu-
ably not representative of the progressive MS
population as a whole, because they were rela-
tively stable and exhibited no clinically detect-
able disease activity. As retinal thinning has
been reported as associated with disease activ-
ity (e.g., [19, 55]), OCT may have shown
more pronounced retinal thinning over time in
a progressive cohort of patients with clinical
evidence of disease activity.

3. Statistical analysis was based on the assump-
tion of a linear decline of retinal changes over
time, which is unlikely to truly reflect the biol-
ogy and pathology underlying progressive
retinal thinning. In fact, a nonlinear or nonuni-
form temporal pattern with a more rapid
RNFL loss in earlier stages of MS has recently
been suggested [56].

4. Abasement effect may have masked previous,
significant retinal loss. If RNFL damage is
already advanced at study entry, current tech-
nology may not be sensitive enough to detect
any further deterioration. The significant
reduction in macular volume over time in
healthy controls in this study is in line with
previous findings and suggests that the mac-
ula, which contains a high proportion of gan-
glion cells, may be a more sensitive region for
measuring age-related retinal changes com-
pared to the RNFL [57, 58]. The very similar
decrease in macular volume in progressive
MS suggests an age-related phenomenon in
patients and healthy aging subjects alike and
argues against disease-related effects.

The first longitudinal study using spectral
domain OCT technology that included progres-
sive MS patients was published by Serbecic et al.
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[54]. The study monitored 27 RRMS and 10
SPMS patients over a median interval of
22.4 months (19 months to 27 months). Overall,
the changes over time were minor (2 pm) and
were within the test-retest variability and physi-
ological variation of spectral domain OCT. In
fact, the RNFL appeared to have increased in
thickness in some patients. Moreover, functional
tests (ETDRS, low-contrast Sloan charts) showed
no difference to baseline results.

In a large retrospective study (123 RRMS, 25
SPMS, 16 PPMS patients, 60 controls), Saidha
et al. analyzed INL thickness in relation to clini-
cal and radiological measures of disease activity
[37]. Higher baseline INL thickness was associ-
ated with the occurrence of contrast-enhancing
lesions, new T2 lesions, and EDSS progression
and relapses (in the RRMS group only) during a
mean follow-up of 25.8 months. The authors sug-
gested that INL thickness could be a predictor of
disease progression when this finding should be
confirmed in prospective studies. However, no
separate subgroup analyses for SPMS and PPMS
were reported, and the data awaits independent
confirmation.

Another large, recent longitudinal study by
Ratchford et al. comprised 24 SPMS and 16
PPMS patients in a cohort of 164 MS patients
and 59 healthy controls. Here, spectral domain
OCT scans were performed every 6 months.
Differences from controls for baseline RNFL
and GCIPL thickness were most pronounced in
SPMS patients (RNFL -9.05 pm [p=0.01],
GCIPL -12.82 pm [p<0.001]), while differ-
ences were smaller in the entire MS group and
the other MS subgroups (all MS: RNFL -
7.26 pm [p<0.001], GCIP-9.97 pm [p <0.001];
RRMS: RNFL -7.50 pm [p<0.001], GCIP
—9.90 pm [p<0.001]; PPMS: RNFL -2.16 pm
[p=0.58], GCIP -7.05 pm [p=0.006]) [55].
Interestingly, baseline differences in RNFL and
GCIPL thicknesses between disease subtypes
were not significant after adjusting for disease
duration. At last follow-up at a mean of
21.1 months, differences in RNFL from base-
line were significant for all MS (-0.43 pm,
p=0.02) and RRMS (-0.49 pm, p=0.03), but
not SPMS (-0.23 pm, p=0.60), PPMS
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(-0.61 pm, p=0.15), CIS (0.33 pm, p=0.076),
and healthy controls (-0.39 pm, p=0.12). In
contrast, GCIPL differences between baseline
and last follow-up were significant for all MS
(-0.66 pm, p<0.001), RRMS (-0.66 pm,
p<0.001), SPMS (-0.51 pm, p=0.01), and con-
trols (—0.39 pm, p<0.001), while differences
were not significant in PPMS (-0.61 pm,
p=0.07) and CIS (-0.58 pm, p=0.12). RNFL
and GCIPL were adjusted for age, sex, and
within-subject inter-eye correlations, and MS
and CIS analyses were also adjusted for disease
duration. Taken together, GCIPL thinning was
46 % faster in patients with MS/CIS than in
controls (p=0.008), whereas RNFL thinning
was similar in MS/CIS and controls. In terms of
the study’s statistical analysis, the order of mag-
nitude of GCIP thinning was similar across MS
subgroups (ranging from —0.51 pm in SPMS to
—0.66 pm in RRMS and the whole MS group).
However, these findings have to be interpreted
with caution, as the subgroup sample sizes dif-
fered considerably. In particular, the SPMS
(n=24) and PPMS (n=16) groups were much
smaller than the RRMS group (rn=116). Thus,
at this stage, the data support neither a more
rapid ganglion cell loss in progressive MS com-
pared to early/relapsing forms nor a linear loss
of retinal tissue as the disease advances.
Interestingly, in mixed-effects linear regression
models adjusted for age and sex, rates of GCIPL
thinning in the MS groups as a whole were
faster in patients with disability progression
(=1-point increase in EDSS score at follow-up)
than in those without (-0.52 pm/year vs.
—0.33 pm/year, p=0.01) and in patients with
disease duration <5 years versus >5 years
(-0.54 pm vs. -0.31 pm, p=0.003). GCIPL
thinning was highest in patients with combina-
tions of new gadolinium-enhancing lesions,
new T2 lesions, and disease duration <5 years.
These statistical models were not used to com-
pare individual progressive subgroups, presum-
ably due to insufficient statistical power of the
low sample size. In contrast, other variables
were not associated with accelerated GCIPL
thinning (e.g., disease duration < or >10 years,
MS subtype, baseline EDSS score, MSFC
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progression, prior history of MSON, and
high-contrast or low-contrast visual loss). The
data on the association of faster GCIPL loss in
patients with short versus longer (<5 and >5
years) disease duration seem to support the sug-
gestion that GCIPL reduces at a faster rate in
early compared to later stages of MS; however,
given the numerous possible influencing factors
(such as unknown disease activity prior to the
MS diagnosis, presumed treatment effects of
disease-modifying drugs, etc.) and a mean fol-
low-up time of just 21.1 months, firm conclu-
sions cannot be drawn. In contrast to GCIPL,
RNFL thinning was not associated with any of
the clinical and radiological markers of disease
activity; only in eyes with a prior MSON there
was a trend toward a faster rate of RNFL thin-
ning compared to eyes without prior MSON
(78 % faster, —0.41 vs. —0.09 pm/year, p=0.07).
In summary, the Ratchford et al. study suggests
that active MS is associated with GCIPL thin-
ning, which could render this OCT measure
useful as an outcome parameter in clinical
trials.

In 2014, Serbecic et al. reported macular vol-
ume data from their previously published longitu-
dinal cohort of 27 RRMS and 10 SPMS patients
[26, 54]. Both longitudinal studies were follow-up
investigations from a larger cross-sectional study
published in 2010 [24] that comprised 42 RRMS,
17 SPMS patients, and 59 healthy controls
matched for age and sex (Table 9.1 [20-32]). In
the longitudinal macular volume study, a median
follow-up period of 22.4 months (19 months to 27
months), TMV values remained within the test-
retest variability of the spectral domain OCT
device. Moreover, the healthy control subjects
from the initial cross-sectional study were not fol-
lowed longitudinally so that specific disease-
related retinal changes could not be assessed.

In short, while longitudinal OCT studies are
indispensable in MS, the sample sizes and dura-
tion of follow-up of investigations to date have
been inadequate to allow meaningful conclusions
regarding the temporal dynamics of neuro-axonal
retinal damage and its association with clinical
and radiographic markers of disease activity in
this patient population.
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Conclusion
Although several studies have shown that retinal
thinning (of both the retinal nerve fiber layer
and the ganglion cell layer) occurs in progres-
sive MS, key questions remain unanswered: (1)
Is the mechanism underlying retinal damage in
progressive MS primarily age or disease course
related? (2) Do basement effects occur, and if
s0, how may they impede the assessment of lon-
gitudinal retinal changes? (3) How does retinal
thinning relate to clinical progression of MS?
Answers to these questions are needed to
show that OCT is a useful technique for moni-
toring MS disease progression and the thera-
peutic effect of neuroprotective treatment on
disease course. Prospective studies with suffi-
cient sample sizes of progressive patients and
follow-up periods of ideally at least 3 years or
more are urgently needed to shed light on the
association of retinal thinning measured by
OCT and disease course in progressive MS.
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Mathias Abegg

Introduction

Optical coherence tomography (OCT) provides a
fast, cheap, and noninvasive high-resolution opti-
cal access to a part of the human brain: the optic
nerve head and the retina. This new diagnostic
tool fueled hope of using OCT to monitor neuro-
degenerative diseases such as multiple sclerosis
(MS). A recent climax of this yearning was
reached when “microcystic macular edema,” an
unprecedented retinal lesion in patients suffering
from multiple sclerosis, was discovered. As is
often with true novelties, it took a detour until
that finding found its clinical significance. This
process is still in plain progress.

Rise and Fall of Microcystic Macular
Edema in Multiple Sclerosis

In 2012, Gelfand et al. described small vacuoles
in the inner nuclear layer (INL) of the macula in
4.7 % of patients with MS [1]. For this observa-
tion, they coined the term “microcystic macular
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edema” (MMO). This acronym was later changed
to MME (microcystic macular edema) in order to
comply with the American spelling. The authors
found MME to be associated with a history of
optic neuritis; i.e., the eyes with optic neuritis
were more prone to develop MME. It was also
associated with lower visual acuity and a thin-
ning of the retinal nerve fiber layer (Fig. 10.1).
Importantly, patients with MME had greater dis-
ease severity as measured with the Multiple
Sclerosis Severity Score. These findings led to
the concept that presence of MME might be used
as an additional parameter in judging disease
severity and disease progression. This idea was
tested by Saidha et al., who analyzed 164 patients
with MS and 60 control patients [2]. As with the
initial report of Gelfand et al., they too found
MME to be associated with disease severity and
visual loss. Additionally, they found that inner
nuclear layer (INL) thickness was significantly
higher in patients with MME, whereas the com-
bined ganglion cell and inner plexiform layer was
thinner. Of note, the authors used the combined
thickness of inner nuclear layer and outer plexi-
form layer as surrogate for inner nuclear layer
thickness. Importantly, they found that INL
thickness correlated with the development of
contrast-enhancing lesions, new T2 lesions, with
progression of the ‘“expanded disability status
scale” (EDSS) and with relapses in patients with
relapsing remitting MS. Thus, they found
that increased thickness of INL is associated with
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Fig. 10.1 Typical example of a microcystic macular
edema (MME) in a patient with a compressive optic neu-
ropathy. Thickness maps of ganglion cell layer (GCL) and
inner nuclear layer (/NL) are shown. For comparison, the
author’s GCL and INL are shown at the same scale below.

disease activity and, if confirmed, serves as a pre-
dictor for disease progression [2]. Together, these
reports stirred hope that MME might be a novel
“T2 lesion” and possibly be useful as a surrogate
outcome marker for interventional treatment tri-
als [3]. Similar as for patients suffering from MS,
MME was found in patients suffering from neu-
romyelitis optica (NMO). The prevalence of
MME in NMO was found to be between 20 % [4]
and 26 % [5], thus about five times higher than in
MS. In comparison with the MS cohort, the NMO
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Areas affected from ganglion cell loss display a darkening
in infrared imaging in a C-shaped perifoveal distribution
pattern. The edema is characterized by vertical vacuolar
spaces and thickening of the inner nuclear layer in OCT
sections (localization indicated with white bar)

patients had a more profound visual loss from a
more severe optic neuropathy.

Shortly after the first report of MME, the spec-
ificity of MME for demyelinating disease was
questioned by two concurrent letters to the editor:
(1) Balk et al. described presence of MME in a
patient with relapsing isolated optic neuritis and
severe optic neuropathy [6], and (2) Abegg et al.
found MME in a patient with a chiasmal glioma,
thus a lesion far from the affected retina [7].
Later, MME was also described in patients with
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Leber’s hereditary optic neuropathy [8], autoso-
mal dominant optic neuropathy [9, 10], glau-
coma, and more; none of those cases were
associated with MS. This led to the conclusion
that MME in multiple sclerosis is caused indi-
rectly by MS-associated optic neuropathy, and
thus severity of optic neuropathy might be a bet-
ter marker for MS.

Even though MME is clearly not exclusively
present in MS, the use of MME in MS might still
be valid. To date, there is no evidence against the
role of MME as a predictor of disease progression.
However, further research is required to investi-
gate whether INL thickness is a predictor that is
independent of ganglion cell layer thickness. This
could possibly be achieved by a reanalysis of the
existing data of Saidha et al. [2].

Microcystic Macular Edema in Optic
Neuropathy

With the exception of Burggraaff et al. [11], all
reports on MME showed presence of optic atro-
phy. One possible reason was segmentation algo-
rithm failure in the Burggraaff study due to severe
retinal pathology. Our finding of a case with
MME from a chiasmal glioma raised the possi-
bility that MME might be a sign of optic neu-
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ropathy rather than retinal inflammation as
hypothesized in the initial reports. The retinal
lesion in a patient without ocular disease indi-
cated that MME might originate from a retro-
grade degeneration. Soon it became clear that
pathologies at the level of the optic disk or along
the optic nerve, thus outside the macula, were
sufficient to cause MME.

Several case reports and case series showed
that optic neuropathy of any etiology may lead to
MME: These include compressive optic neuropa-
thy [7, 12], anterior ischemic optic neuropathy
[12], autosomal dominant optic neuropathy [9],
glaucoma [13], Leber’s hereditary optic neuropa-
thy [8], MS-associated optic neuropathy [1, 2],
NMO-associated optic neuropathy [4, 5], relaps-
ing isolated optic neuritis [6], Tanzanian endemic
optic neuropathy [14], etc. (Table 10.1 [1, 2, 4-6,
8, 10-15]).

The temporal relation of MME appearance
and onset of optic neuropathy is still unclear. In
one reported case of a new-onset anterior isch-
emic optic neuropathy, we found that MME was
present 4 months after onset but not 10 days after
disease onset [13] (Fig. 10.2). This indicates a
delayed development of the edema. Also disease
without progression or extremely slow progres-
sion, such as autosomal dominant optic atrophy
(ADOA), may be associated with MME [9, 10].

Table 10.1 Etiologies and prevalence of MME. A selection of case series is listed [1, 2, 4-6, 8, 10-15]

Pathology
Multiple sclerosis

Neuromyelitis optica

Compressive optic neuropathy
Glaucoma

Tanzanian endemic optic neuropathy
Ischemic optic neuropathy

Hereditary optic atrophy

Primary retinal disease
(MS and optic neuropathy excluded)

MS

Prevalence of MME

15/318 patients (4.7 %)
10/164 patients (6 %)
1/129 patients (1 %)

5/25 patients (20 %)
10/39 patients (26 %)

9/53 eyes (17 %)

6/160 patients (4 %)
15/85 eyes (17 %)

16/113 patients (14 %)
3/36 eyes (8 %)

2/14 eyes (14 %)

2/49 patients (4 %)

30/40 eyes (75 %)
10/*several hundred” patients

128/1045 patients (12 %)

26/611 (4 %)

Atrophy
Mild
Severe

Severe
Moderate

Severe
Moderate
Severe

Severe

Mild

References
[1]
[2]
[6]
[4]
[5]
[12]
[13]
[15]
[14]
[12]
[12]
[10]
[15]
[8]
[11]

[1,2,6]
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Fig. 10.2 Example of a case with retrograde maculopa-
thy without microcystic macular edema. A patient with an
optic tract lesion on the left from bleeding of a cavernous
hemangioma. Thickness map of ganglion cell layer (GCL)
shows a loss of ganglion cells in nasal macular areas (top
left). A macular OCT section (location indicated with a
white bar) shows no vertical vacuoles in the area affected

These observations suggest that MME gradually
develops a few weeks after onset of optic neu-
ropathy and then remains stable for months, pos-
sibly for a lifetime.

The anatomy of MME is well described: It is
restricted to the inner nuclear layer and forms a C
shape around the fovea, thus not affecting the
fovea and the temporal raphe. It is associated
with a loss of retinal nerve fibers and ganglion
cell loss [12]. The overall retinal thickness may
not change, as thickening of INL may counter-
balance ganglion cell layer thinning (Fig. 10.1).

We found that youth is a risk factor for the
development of MME [12]. This finding awaits
confirmation. Also it is not clear whether youth
truly is an independent risk factor, or rather MME

by ganglion cell loss and yet increased inner nuclear layer
thickness on the right side of the area indicated with a
white bar. Thickness map of inner nuclear layer (INL)
shows relative nasal thickening. Top right panels show
location of OCT with the corresponding thickness values
of the peripapillary nerve fiber layer

has a higher prevalence in diseases that affect the
young more commonly.

Microcystic Macular Edema
in Primary Retinal Disease

Up until the report of Burggraaff et al., MME was
strictly associated with optic neuropathy and the
associated ganglion cell loss. Burggraaff et al.
defined MME as “lacunar areas of hyporeflectiv-
ity with clear boundaries in the INL” in at least
two adjacent scans. Based on that definition, they
identified MME in patients with age-related mac-
ular degeneration, epiretinal membranes, postop-
erative lesions, diabetic retinopathy, vascular
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Fig. 10.3 MME is a nonvascular edema. Top left, dark
areas in infrared imaging show distribution of MME
around the fovea. Top right, OCT section through the
affected areas shows thickening of the inner nuclear layer

occlusion, MS (with/without optic neuritis), optic
neuropathy, central serous chorioretinopathy, and
other causes. This observation raises the possibil-
ity that MME may not be limited to optic
neuropathy but may be present in other conditions
too. Given the fact that the authors included cases
with a clearly vascular cause of the edema, such
as diabetes, this shows that MME may be a mor-
phological special case of cystoid macular edema
[16]. However, several reports have shown the

and presence of vertical vacuoles. Early (bottom left) and
late phase (bottom right) of fluorescein angiography
shows normal vasculature and absent leakage

absence of leakage in fluorescein angiography in
MME associated to optic neuropathy (Fig. 10.3).
Thus, the lack of leakage in fluorescein angiogra-
phy might be a good possibility to separate MME
from cystoid macular edema. On this background,
the observation of Singer et al. is of interest: They
showed macular changes that match the descrip-
tion of MME, including normal fluorescein angi-
ography, in patients with epiretinal membranes.
Even though Sigler et al. doubted altogether that
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MME is a separate clinical entity [16], they
showed convincing evidence of MME in a pri-
mary retinal disease without a vascular origin [9].

Pathomechanism of Microcystic
Macular Edema

The mechanism underlying MME is not clear
and subject to an active debate. Initially, based on
the association with multiple sclerosis, an inflam-
matory process with an associated breakdown of
the blood-retina barrier was suspected to cause
the edema. Even though this was plausible at the
time, it later became clear that MME has an anat-
omy that differs from cystoid macular edema,
which has a well-accepted vascular origin, while
MME failed to show leakage on fluorescein angi-
ography [8, 17, 18] (Fig. 10.3).

Barboni et al. speculated that vitreoretinal trac-
tion might be at the origin of MME. Possibly
mechanical traction leads to an extension of
INL. As can be seen from patients with juvenile
X-linked retinoschisis, INL. may indeed be the
point of least resistance: Those patients also show
disruption at the level of INL [19]. Lujan et al.
showed a case with a partially detached vitreous
with MME only present at the location of vitreo-
retinal adherence but not outside [20]. In an infor-
mal analysis of our own cases, however, we found
that of 19 eyes with MME, 11 eyes had a com-
pletely attached vitreous, five eyes had a com-
pletely detached vitreous, and only three eyes
showed a partially detached vitreous, similar to
the case published by Lujan et al. (data not pub-
lished). The fact that MME is present in children
without any retinopathy and in patients without a
vitreous indicates that traction is not a sufficient
explanation for the great majority of the published
cases. A study dedicated to the investigation of
traction on the development of MME came to the
same conclusion [21]. Vitreoretinal traction might
be a causal factor, however, in those cases of
MME that are associated with primary retinal dis-
ease such as epiretinal membranes [17].

Thus, today we know that MME is not of vas-
cular origin and traction is not necessary for its
development. And yet it is an edema, associated
with increased tissue volume and not just a degen-
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erative process. This edema thus has none of the
known possible causes of retinal edema, and a
new hypothesis for its generation is required.

An interesting idea was proposed by Balk
et al. and later developed by others: Ganglion cell
loss may cause a retrograde Muller cell dysfunc-
tion, which in turn impairs the water pumping
function of those cells. Interestingly, Muller cells
express the water channel aquaporin 4, and anti-
bodies against aquaporin 4 are a key finding in
patients with NMO. Thus, the high incidence of
MME in NMO patients (up to 30 %) might be
explained by a retrograde Muller cell dysfunction
and an additional impairment of aquaporin
4-mediated water transport due to blockade with
antibodies. This mechanisms was also thought
relevant by several other groups (e.g., [4, 5, 14,
18, 22]); it is however speculative and awaits
experimental evidence.

Retrograde Maculopathy Versus
Microcystic Macular Edema

The so-called microcysts are the most obvious
and prominent feature of retrograde maculopa-
thy. However, the detection of small vacuoles is
not always obvious. Image quality of single sec-
tions may raise doubts about the presence of ver-
tical microcysts, which have a resolution of
barely more than a pixel. Averaging of sections,
on the other hand, may improve image quality
but also bears the risk of averaging out small vac-
uolar spaces. Thus, INL thickness alone, possibly
combined with INL reflectivity, might be better
suited to describe the changes. Indeed, INL thick-
ening without “microcysts” have been predicted
in the past [2] (see an example in Fig. 10.3).
Another problem of today’s terminology of
MME is that cysts are defined by an endothelial
lining of a cavity. An endothelium on the tiny
vacuolar spaces of MME is most unlikely to be
present, and thus the term “microcysts” is a mis-
nomer. “Microcystoid” might better describe the
finding, only the word is ugly. In order to describe
the macular changes in deeper retinal layers of
patients with optic neuropathy, we had suggested
the term “retrograde maculopathy” [12]. This
term has received support [23].
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Treatment of Retrograde Maculopathy

Currently, there is no treatment available for
MME. And even if there were, the benefit would
be uncertain because it is unclear whether MME

Fig. 10.4 Microcystic macular edema in a patient with
macular pucker. OCT scans show retina before peeling
(top), after peeling (middle), and after treatment with acet-
azolamide (bottom). The inner nuclear layer thickening
did not change after membrane peeling while the tractive
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affects visual function. Given that presence of
MME is associated with ganglion cell loss, there
is a certain loss of function in the areas display-
ing MME. Possibly the intraretinal fluid leads to
an additional functional loss. Anecdotal evidence

edema was considerably improved. Treatment of the
edema with acetazolamide led to a rapid and reduction of
INL thickness. Thickness maps show INL thickness
before (top) and after (bottom) treatment with
acetazolamide
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comes from a patient with hereditary optic neu-
ropathy with long-standing stable vision and
visual fields. She noticed a new-onset “shadow”
in her visual field in the area affected by MME
(Abegg, unpublished observation). This indicates
that some additional functional loss might indeed
be caused by the edema. Nevertheless, a more
interesting treatment target than MME associated
with optic neuropathy would be MME from pri-
mary retinal disease. Those patients might benefit
better from a possible treatment.

Given the nonvascular nature of MME, the use
of anti-VEGF or steroids would be counterintui-
tive. More logical on the background of the
hypothesized pathomechanism would be to
improve the water pumping function of the
Muller cells. As these cells express carbonic
anhydrase, the use of acetazolamide, which
inhibits carbonic anhydrase, might be a good
candidate. We have treated some patients suffer-
ing from MME with acetazolamide (Borruat and
Abegg, unpublished observation) and found a
significant reduction of INL thickness after treat-
ment (see Fig. 10.4). There was, however, no cor-
responding improvement of visual function.

Conclusion

MME and retrograde maculopathy are recent
findings. Both the clinical significance and
possible treatment options remain to be deter-
mined. The high prevalence rate and the fact
that it is easily detectable with a standard tech-
nique promote a clinical significance, the
precise nature of which remains to be
determined.
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and Elliot M. Frohman

Approximately 20 % of patients with multiple
sclerosis (MS) develop acute MS associated optic
neuritis (MSON) as the initial symptom of their
disease, and half of MS patients suffer acute
MSON during the course of their disease [1]. Even
so, almost all MS patients have evidence of optic
nerve demyelination at autopsy [2—4], indicating
that occult, subclinical optic nerve demyelination
occurs in virtually all MS patients. In agreement
with these neuropathologic findings, the Optic
Neuritis Treatment Trial (ONTT) showed evi-
dence that subclinical or asymptomatic optic neu-
ropathy was present in a significant proportion of
fellow “unaffected” eyes at the time of enrolment
in the ONTT and at 10 years follow-up [5].

Since the first study of optical coherence
tomography (OCT) in MS [6], the interest and
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number of publications on its application in MS
has risen exponentially. Advancements in the
application of OCT permit an objective, reproduc-
ible, office-based, noninvasive, in vivo method of
visualizing and measuring the retinal layers. OCT
has proven to be a sensitive, precise, and repro-
ducible method of quantifying and tracking axo-
nal loss in MS, an important cause of sustained
disability [7]. OCT technology has evolved from
the time domain OCT to the current higher-band-
width spectral domain OCT. In fact, in vivo retinal
nerve fiber layer (RNFL) thickness assessed by
high-precision, high-resolution, fourth-genera-
tion, spectral domain OCT accurately correlates
with ex vivo histological measurements and can
even be considered an “optical biopsy” [7-9].
Figure 11.1 demonstrates the findings that can be
found in MS-related optic neuropathy.

All OCT studies have shown that mean peri-
papillary RNFL thickness is decreased in MS
patients compared to normal subjects. Greater
RNFL thinning occurs in MS patients who are
not treated with immunomodulatory agents [11];
this is unsurprising, since disease-modifying
agents reduce the number of MS relapses and,
therefore, would be expected to reduce axonal
damage. The magnitude of RNFL atrophy is
greater in the eyes with a history of prior acute
MSON; on average, the RNFL thins by about
20 % following an attack of acute MSON; addi-
tional episodes of MSON result in more severe
RNFL loss [12, 13].

161

A. Petzold (ed.), Optical Coherence Tomography in Multiple Sclerosis: Clinical Applications,

DOI 10.1007/978-3-319-20970-8_11


mailto:shin.beh@utsouthwestern.edu

162 S.C.Behetal.
Axonal Single Exam Report OU with FoDi™ BHEIDELBElI=
SPECTRALIS® Tracking Laser Tomography ENGINEErincgeE
Patient: DOB: Sex:

Patient ID: Exam.:
Diagnosis: -— Comment: —

IR 30° ART

oD

* - — e S TEAATIEE S T

g8

Thickness [um]

Tt mmmn

Asymmetry
OD-0s

Above Normal Limits
{p=0.01)

Borderline Above (p=<0.05)
Within Normal Limits

.05
Borderline Below (p<0.05)

(] ssauwany

T —— - Y T T
;-‘--‘-"-‘W 180 135 B0 45

0 45

-180 -135 45 135 180 135 180
HAS INF TP SUP HAS NAS INF TMP SUP NAS
Position [] Position [']
00 oD OS
T M
2 o
b
£ 10
=
[
04 - T T T T T —
-180 135 =90 -45 [1} 45 o0 135 180
HAS INF ™P suP HNAS
Pasition [']
Classification OD Classification OS
Within Normal Limits Below Normal Limits
Warning: Classification results valid for Caucasian eyes only.
Notes:
Date: 5/1/2014 Signature:
Software Version: 5.6.4 www.HeldelbergEngineering.com Axvonal Single Exam Report OU with FeDi™

Fig.11.1 This is a spectral domain OCT analysis of peri-
papillary retinal nerve fiber layer (RNFL) thickness in a
multiple sclerosis patient with prior left MSON. The
RNFL thickness in the right eye (OD) is normal with the
typical “double-hump” appearance (corresponding with
the normal increased thickness of the superior and inferior

arcuate fibers). However, the RNFL thickness in the left
eye (OS) is atrophied in almost all quadrants (especially
the temporal; TMP). Also note the absence of the normal
“double-hump” appearance in the left eye due to RNFL
loss in the superior (S) and inferior (/) quadrants
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In the immediate aftermath of acute MSON,
the RNFL appears thicker due to inflammatory
edema; this swelling normally resolves within
about 6 weeks [14, 15]. This early reduction in
RNFL thickness may be mistaken for atrophy
and has therefore been termed “pseudoatrophy’;
current technology does not permit differentia-
tion between axonal loss (i.e., true atrophy)
and inflammation-related pseudoatrophy. The
majority of patients experience significant
RNFL loss within 1 year after an attack of acute
MSON; most of this loss occurs within 3-6
months following the event and stabilizes at
between 6 and 12 months depending on the area
analyzed [15, 16].

Consistent with neuropathological studies that
demonstrate optic nerve demyelination in virtu-
ally all MS patients, the RNFL atrophies by
approximately 2-pm per year in most patients,
regardless of history of prior acute MSON [17].
The earliest and most prominent RNFL loss
occurs in the temporal quadrant [18-20], corre-
sponding with the fibers of the papillomacular
bundle, which mediates central vision. RNFL
loss is the result of retrograde retinal ganglion
cell axon degeneration following inflammatory
demyelination of the optic nerve [21]. Alternately,
damage to the retrochiasmatic visual pathways
can also cause RNFL thinning as a consequence
of retrograde transsynaptic degeneration of the
retinal ganglion cells and their axons [22-27].

A robust relationship between RNFL atrophy
and visual function is well established. RNFL
loss correlates with reduced Snellen (high
contrast) visual acuity in most studies [14, 16,
28-34], but not all [35, 36]. Reduced visual acu-
ity logMAR scores are also associated with
RNFL atrophy [18, 37-40]. Interestingly, RNFL
atrophy may be present despite 20/20 Snellen
visual acuity, suggesting that RNFL thickness is
a more sensitive marker of MS disease activity,
compared to high-contrast visual acuity.
Alternately, low-contrast letter acuity (a more
sensitive marker of visual dysfunction than high-
contrast visual acuity) correlates better with
RNFL loss [33-35, 38, 39, 41]—for every one
line of low-contrast letter acuity lost, the mean
RNFL thickness decreased by 4 pm [35].
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Additionally, loss of RNFL correlates with other
measures of visual function, including impaired
color vision [42] and visual field loss [14, 16, 27,
32, 38, 40]. Once the RNFL thickness falls
below 75 pm, every 10 pm drop in RNFL is
associated with a 6.46 dB decrease in visual field
mean deviation (a value that gives the average of
differences from normal expected value for the
patient’s age) [16]. However, visual fields may
be normal despite the presence of RNFL atrophy
[28], confirming that visual field testing may not
be sensitive enough to detect retinal ganglion
cell damage until it is at an advanced stage.
Furthermore, from the glaucoma literature, it is
well known that about 25-35 % of retinal gan-
glion cells need to be lost prior to detection of
visual field loss [76-78].

RNFL loss correlates with perturbations in
visual electrophysiology as well. Visual evoked
potential (VEP) amplitudes are reduced in
patients with RNFL atrophy, the consequence of
axonal loss in MS [32, 37, 43—46]. Several stud-
ies have also demonstrated an association
between prolonged VEP latencies (the electro-
physiologic hallmark of visual pathway demye-
lination) and RNFL loss [6, 32, 45, 47]. Similar
findings have been found using multifocal VEP
[45, 48]. Furthermore, RNFL atrophy correlates
with abnormalities of the pattern electroretinog-
raphy P50 latency as well as PS0-P95 amplitude
[6], the likely consequence of inner retinal degen-
eration resulting from optic nerve demyelination.
However, electrophysiologic dysfunction may
precede any detectable RNFL atrophy [31, 49].
Therefore, it remains possible that early patho-
logic changes that begin at a cellular level may
escape the detection of even the most sensitive,
high-resolution, technologically advanced OCT.

MS-related changes in the visual pathway
mirror the pathological damage sustained by
other anatomically distinct neural structures; as
such, RNFL atrophy has been shown to correlate
with a host of other markers of neurological
impairment in MS and provides a window into
disease processes. For instance, RNFL thinning
correlates with the severity of neurologic disabil-
ity and loss of quality of life in MS patients
[18-20, 3638, 50-53]. In the clinically isolated
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syndrome, RNFL atrophy correlates with
cognitive impairment [54]. In addition, RNFL
loss correlates with changes in other radiologic
markers of disease in MS, particularly those
related to brain atrophy [36, 51, 52]. Specifically,
RNFL loss has been correlated with T1 lesion
volume [51], T2 lesion volume [20, 50, 51], nor-
malized brain volume [20, 50], brain parenchy-
mal fraction [51, 52], gray matter volume [20,
51], white matter volume [20], magnetization
transfer ratio [50, 55], bicaudate ratio [56], frac-
tional anisotropy, and diffusion tensor imaging
[30, 50], as well as an increase in CSF volume
[52]. The correlation between RNFL atrophy and
radiologic markers of the disease is tantalizing;
for monitoring disease progression, it is possible
that OCT metrics may one day be used in the
place of many of these time-consuming, techni-
cally demanding, and costly radiologic studies in
the clinical setting.

While RNFL loss represents axonal damage,
total macular volume (TMV) loss indicates neu-
ronal death since retinal ganglion cells constitute
a large population of the macula. TMV loss cor-
relates with RNFL thinning in MS patients; when
compared to healthy controls, TMV is reduced in
MS patients, especially in the eyes affected by
prior acute MSON [37]. A 10-um difference in
RNFL thickness corresponds to a 0.20-mm?’
reduction in TMV [57]. TMYV loss has been cor-
related with impaired ambulatory capabilities in
MS patients, as measured by the timed 25-ft and
the 6-min walk [58]. On the other hand, a subset
of MS patients with more severe disease demon-
strate evidence of primary retinal neuronopathy
(termed “macular thinning predominant pheno-
type”), evidenced by loss of TMV that predomi-
nantly affects the outer retina instead of the inner
retina [59, 60]. This fascinating observation sug-
gests that the inflammatory changes associated
with MS optic neuropathy may begin in the retina
in some patients; similar findings have been
shown in murine models of MS [61].

Advancements in segmentation technology
have improved the resolution of OCT devices and
enabled measurements of each layer of the retina,
in addition to the RNFL. This has led to the dis-
covery that ganglion cell-inner plexiform layer
(GCIPL) thickness correlates better with visual
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function and radiologic markers of MS disease
activity, compared to RNFL thinning [62-67].
Indeed, GCIPL atrophy may be a more accurate
measurement of the damage sustained from
attacks of acute MSON, since unlike the RNFL,
GCIPL thickness is unaffected by inflammatory
edema in the acute stages of acute MSON [65].
Furthermore, GCIPL atrophy occurs rapidly fol-
lowing acute MSON (even in a matter of days)
and is marked at 1 month following the ictus; in
fact, GCIPL atrophy precedes macular volume
and macular RNFL loss [80]. Indeed, GCIPL loss
in the first month following acute MSON is a
good predictor of short-term visual dysfunction.
A loss of less than 4.5 pm predicts low-contrast
acuity recovery; if the loss does not exceed 7 pm,
good visual field and color vision recovery will
usually take place [80]. Additionally, improved
OCT resolution has enabled the identification of
small vacuolar inclusions in the inner nuclear
layer, the so-called macular microcysts, which
appear to be confined to regions with correspond-
ing RNFL and GCIPL atrophy and are associated
with a characteristic perifoveal crescent of punc-
tuate changes that spares the fovea centralis on
fundoscopic scanning laser ophthalmoscopy [68,
69]. These changes were first reported in MS
patients and neuromyelitis optica (NMO) patients
with prior acute MSON [70, 71] and attributed to
retinal inflammation. Since then, however,
macular microcysts have been identified in optic
neuropathies from many other etiologies, includ-
ing ischemia, compression, glaucoma, trauma,
hereditary causes (dominant optic atrophy,
Leber’s hereditary optic neuropathy), non-demy-
elinating inflammation (chronic relapsing inflam-
matory optic neuropathy), toxic—metabolic
etiologies, and hydrocephalus [68, 69, 72-74], as
well as in optic tract lesions [68]. Therefore,
macular microcysts are not specific for inflam-
matory pathologies but may occur in conditions
that result in retrograde degeneration of the reti-
nal ganglion cells.

The OCT may be used as a clinical tool for
evaluating suspected ocular pathology in MS
patients with visual complaints. We have found
OCT to be very useful in monitoring patients on
fingolimod for evidence of macular edema—an
infrequent but serious adverse effect of the drug.
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Alternatively, OCT is very useful for evaluating
for non-MS-related ocular or retinal disorders
that may affect patients (e.g., epiretinal mem-
branes, posterior vitreous detachment, neuroreti-
nitis). We have also detected incidental ocular
diseases in MS patients, including a few cases of
ocular bartonellosis. The ability to detect such
conditions in the MS clinic would allow timely
ophthalmologic referral and institution of inter-
ventions or therapies that could potentially save
the patient from serious visual loss.

As discussed in the preceding text, there is a
robust correlation between OCT metrics and
visual function in MS both cross-sectionally and
longitudinally; OCT is a promising tool for
screening and studying neuroprotective and
repair-promoting therapies [79]. Furthermore,
sample sizes needed to demonstrate the neuro-
protective effects of novel therapies may be
smaller if OCT metrics were used as outcome
measures. Using serial RNFL measurements
from their study, Henderson et al. [15] generated
sample sizes for putative clinical trials of acute
neuroprotective agents for acute MSON and sug-
gested that such trials could be limited to 6
months since RNFL thinning appears to stabilize
beyond this point. Overall sample sizes for
detecting a moderate 50 % neuroprotective effect
at 6 months—inferred from a 50 % reduction in
the amount of RNFL loss compared to the fellow
eye in a trial comparing active and placebo
arms—are ~35 per arm (95 % CI ~20, 70) with
80 % power and ~50 per arm (CI ~30, 110) with
90 % power. The equivalent sample sizes for a
lesser 30 % neuroprotective effect at 6 months
are ~100 (CI ~55, 200) and ~130 (CI ~70, 300)
per arm [15]. For neuroprotective trials using
GCIPL thickness as an outcome (based on an end
point and optimal power as a loss of GCIPL
thickness of less than 4.5 pm 1 month following
an attack of optic neuritis), Gabilondo et al. [80]
calculated that 25 patients with acute MSON per
group would suffice to detect differences between
the groups.

Indeed, OCT is beginning to be used as the
primary or secondary outcome measure for
several therapeutic trials related to MS. For
example, anti-IL-17 antibodies were shown to
prevent RNFL and GCIPL loss in experimental
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autoimmune encephalomyelitis mouse studies
[81]. In MS clinical trials, OCT metrics are cur-
rently being used as paraclinical outcomes for
ongoing studies of erythropoietin in optic neuri-
tis, as well as two potential neuroprotective
agents (phenytoin and amiloride) [82]. A ran-
domized placebo-controlled phase II trial of
autologous mesenchymal stem cell use in MS
demonstrated a trend toward fewer gadolinium-
enhancing lesions but failed to show any signifi-
cant changes in OCT data (peripapillary RNFL
thickness and macular volume) [83].

Conclusion

Undoubtedly, we are only scratching the surface
of the role of OCT in MS clinical trials; as OCT
technology advances and as our understanding
of MS-related retinal pathology increases, its
utility as a marker of disease activity and pro-
gression will continue to expand.

Nevertheless, despite the future promise
of OCT as a biomarker of MS, more longi-
tudinal studies are needed before recommen-
dations can be made for using OCT as a tool
to monitor the efficacy of disease-modifying
therapies in the clinical setting. Although
OCT has been shown to detect axonal loss
(i.e., the hallmark of neurodegeneration), it
remains unclear how this information would
impact clinical practice. The utility of OCT in
trials of neurorestorative therapies that could
potentially halt axonal degeneration is excit-
ing; however, currently, there are no agents
available to the clinician to remedy neurode-
generation. Furthermore, the pathobiological
underpinnings of neurodegeneration in MS
are not well understood. As such, even though
OCT can detect neurodegeneration, the next
course of action for the clinician is vague.
Would a clinician be compelled to escalate
immune-modulating therapy (and expose the
patient to the risk such treatment entails) if
there is evidence of RNFL or GCIPL loss, in
the absence of evidence of radiologic or clini-
cal worsening?

Standardized and uniform methods for
interpreting and reporting OCT results, like the
recent OSCAR-IB proposals [75], and similar
to the visual electrophysiology protocols
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established by the International Society for
Clinical Electrophysiology of Vision (ISCEV)
would also be very useful in streamlining and
promoting the use of OCT as a tool for moni-
toring treatment in MS. With more clinical
trials utilizing OCT metrics as an outcome
measure, its role in monitoring treatment in
MS will become clearer in the near future, and
OCT may very well be a routine part of the
clinical evaluation of MS patients (and may
even be considered as an “extension” of the
clinical examination).
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Technological Advances Favor
the Development
of Neuroprotective Therapies

Inflammation, demyelination, and neuroaxonal
damage are the pathological mechanisms under-
lying multiple sclerosis (MS) [1]. The interplay
among them explains the MS phenotype, but axo-
nal damage is considered to be the main factor
leading to irreversible disability [2]. Thus, new
drugs preventing axonal loss such as neuropro-
tective therapies are essential for MS patients.
The development of these therapies is ham-
pered by technical difficulties for studying the
brain. Early on, magnetic resonance imaging
(MRI) solved the problem of monitoring inflam-
mation measured as new/enlarging T2 lesions
and gadolinium-enhancing lesions. This techno-
logical advance has improved the development of
current disease-modifying treatments. These
drugs target inflammation and decrease the risk
of new or enlarging lesions [3] thereby providing
secondary neuroprotection due to the reduction
of direct axonal damage. Myelin is important to
maintain axon integrity. As such, myelin-
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reparative/protective strategies may also provide
secondary neuroprotection. Full-field and multi-
focal visual evoked potentials (FF-VEP and
MF-VEP) might be very useful to track demye-
lination and remyelination processes. Anti-
LINGO-1 mAb (BIIB033), a drug promoting
myelin repair, is under evaluation by using this
technology in patients after an acute multiple
sclerosis optic neuritis (MSON) episode [4].
Phase 2 of the RENEW study of anti-LINGO-1 in
acute MSON has shown improved latency recov-
ery, as measured by the primary endpoint,
FF-VEP, among anti-LINGO-1 participants,
compared with placebo. Per-protocol participants
(those who were treated with at least five of the
six doses of anti-LINGO-1) showed a 34 %
improvement of 7.55 milliseconds in optic nerve
conduction latency at week 24, compared with
placebo (p=0.05). Further latency recovery was
observed at the last study visit (week 32), with a
statistically significant 41 % improvement of
9.13 milliseconds, compared with placebo
(p=0.01) [5].

The development of software to measure non-
conventional quantitative MRI outcomes such as
brain volumes (in cross-sectional studies) and
especially brain atrophy (in longitudinal studies)
has favored the evaluation of neuroprotection in
MS [6]. Brain atrophy correlates with disability
[7] and cognitive impairment in MS [8]. However,
brain atrophy not only reflects neuroaxonal
damage but also the loss of myelin and glial cells.
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Astrogliosis may underestimate neuroaxonal
damage in MS. Moreover, the respective contri-
bution of each component to brain atrophy may
depend on several factors including MS-related
factors, such as disease duration, as well as non-
related factors (lifestyle factors and comorbidi-
ties) and may differ between individuals [7].

More recently, the technological development
of photonic devices such as optical coherence
tomography (OCT) has provided a new window
into the MS brain [9]. The most widely used OCT
outcome has been retinal nerve fiber layer
(RNFL) as a measure of axonal damage [10].
However, ganglion cell layer (GCL), as a mea-
sure of neuronal damage, is becoming more
important [11, 12]. The retina lacks myelin, and
retinal measurements, especially GCL, are less
affected by astrogliosis. Thus, whereas patho-
physiological mechanisms behind brain atrophy
are still unclear, OCT is a more specific measure-
ment of neurodegeneration than brain atrophy
quantified by MRI. Once again, technological
innovation has facilitated scientific research, and
different molecules with potentially primary neu-
roprotective effects, including well-known old
drugs such as phenytoin and new ones such as
BN201, are under evaluation for acute MSON
and MS.

Optical Coherence Tomography
for Assessing Neuroprotection

Acute MSON causes retrograde degeneration of
retinal ganglion cells (RGC) in the retina that can
be monitored by RNFL [13-17] and GCL thick-
ness measurements [11]. RNFL thickness corre-
lates with visual disability [14, 16, 18] although
GCL thickness is preferable because it is less
affected by edema and astrogliosis [19] and
shows a stronger correlation with visual disabil-
ity [20, 21]. The bulk of the data supports the role
of OCT as a tool for monitoring acute neuroax-
onal damage due to acute MSON.

Previous studies have provided evidence sup-
porting the existence of primary retinopathy in
MS as part of the normal appearing gray matter
damage affected by diffuse and chronic neurode-
generative processes [12, 22]. Moreover, retinal

E.H. Martinez-Lapiscina et al.

neurodegeneration may also appear as a result of
transsynaptic effects due to chronic diffuse dam-
age in the afferent visual pathway [23-26]. OCT
captures the effects of both mechanisms, which
may explain the correlation between OCT out-
comes and neurological disability [27-29] and
brain atrophy [27, 30-33]—especially gray mat-
ter atrophy [32].

Considering the results discussed earlier, OCT
can be used for monitoring neuroprotection in an
acute lesion model (6 months) such as acute
MSON even with relatively few samples
(Table 12.1) [34]. OCT may also address neuro-
protection in a chronic model such as diffuse
damage in MS. However, the average yearly thin-
ning of RNFL in MS is around 2 pm [29, 35], and
therefore longer follow-up and larger sample
sizes might be necessary to witness any effect
(Table 12.2). Contrary to acute MSON trials that
include RNFL thickness as the primary outcome,
most studies evaluating neuroprotective effects in
MS use brain atrophy as the primary outcome
and RNFL thickness as the secondary outcome in
the design (Table 12.2).

OCT and AON: Good Partners
for Drug Trials for Neuroprotection

First Evidence: RNFL Thickness
to Track Neurodegeneration
After AON

In 2006, Costello and colleagues provided the
first evidence that OCT can be longitudinally
performed to track RNFL thinning after acute
MSON. They showed that RNFL loss tended to
occur within 3-6 months after MSON onset.
Moreover, they reported a threshold of RNFL
thickness at 6 months (75 pm), below which
RNFL measurements predicted persistent visual
dysfunction at 6 months [13].

In 2010, Henderson and colleagues corrobo-
rated this strong functional-structural correla-
tion and suggested that RNFL thinning appeared
earlier, within just 1-2 months after acute
MSON [16]. More importantly, they provided
sample size calculations for using RNFL loss
after 6 months as a suitable outcome in placebo-
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controlled trials of acute neuroprotection in
optic neuritis [16]. Taking into account the com-
parison of the affected eye follow-up, adjusted
for baseline fellow eye RNFL thickness and
with 6-month duration, 80 % power, and 30 and
50 % treatment effects, sample sizes were 97
(95 % CI 54,197) and 35 (95 % CI 20, 71). The
study design with no adjustment for fellow eye
values would be less powerful since a mean of
159 (95 % CI not shown) and 58 (95 % CI not
shown) patients per arm would be needed con-
sidering equal settings [16]. In 2013, Kupersmith
and colleagues found that RNFL loss at 1 month
was predictive of the RNFL thinning at 6
months. These results highlighted the impor-
tance of the 1-month time point for predicting
the outcome after acute MSON [17].

Randomized Clinical Trials
Addressing Neuroprotection by
Using RNFL Thinning

Considering the aforementioned studies, a num-
ber of randomized clinical trials (RCTs) were set
up to evaluate molecules with primary or second-
ary neuroprotective effects in acute MSON by
using RNFL thinning as the primary outcome
(Table 12.1). Most of these studies are phase II
RCT with an average duration of 6 months. These
studies require small sample sizes (23—63 partici-
pants per arm) for an estimated effect size
between 45 and 50 %.

The first RCT that has been published is the
VISION PROTECT RCT with erythropoietin
(EPO) [34]. This study found that patients treated
with EPO as add-on therapy to methylpredniso-
lone had lower RNFL thinning after 4 months
than those treated only with methylprednisolone.
High-contrast visual acuity (HCVA) after the
trial was better for those allocated to the interven-
tional arm compared to controls, although the
difference was not statistically significant [34].
They used HCVA instead of low-contrast visual
acuity (LCVA), which is more effective at captur-
ing visual dysfunction after acute MSON. As
such, the use of HCVA instead of LCVA charts
may have underestimated this clinical benefit.
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The neuroprotection with phenytoin in MSON
study found that the average adjusted affected
eye RNFL thickness was 7.15 pm higher in the
phenytoin group than the placebo group in inten-
tion-to-treat analysis, a 30 % protective treatment
effect but with no significant between-group dif-
ference in visual outcomes [36].

Phase 2 RENEW study of anti-LINGO-1 in
acute MSON has shown improved latency recov-
ery by using FF-VEP. However, groups did not dif-
fer in RNFL thinning at the end of follow-up [5].

New Findings: Early Retinal Ganglion
Cell Layer Atrophy Is Clinically
Relevantin AON

In 2011, segmentation of different retinal layers
appeared on the scene, and this technological
development revealed the importance of GCL
thinning after AON [11]. These authors also pro-
posed sample sizes for hypothetical 6-month
clinical trials of neuroprotection in acute MSON
using percent reduction of the observed mean
change in retinal ganglion cell layer + inner plexi-
form layer (GCIP) from baseline to 6 months as
the outcome instead of RNFL thinning [11]. A
neuroprotective agent that would reduce the
observed thinning by 40 % would require 68 par-
ticipants per arm at 80 % power, whereas a drug
that would reduce the damage by 50 % would
need only 44 subjects per group [11].

More recently, findings from our cohort in
Barcelona supported this early retinal atrophy
[37]. Our findings suggested that macular RNFL
and GCIP thickness decreased in parallel, yet
atrophy always occurred more rapidly and more
severely for the GCIP complex [37]. These results
along with the presence of peripapillary RNFL
swelling during the first few months after acute
MSON (which prevented an accurate measure-
ment of RNFL loss during this period), prompted
the use of GCIP thickness as the primary outcome
of neuroprotection instead of RNFL thickness.

However, retinal neuroprotection is only
important if it involves clinical benefits. Structural
changes are more relevant if accompanied by
meaningful clinical outcomes. For this reason, in
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the Barcelona cohort, we evaluated the role of
the GCIP thinning in ON-eyes during the first
month after acute MSON to predict visual impair-
ment at 6 months. We found that GCIP thinning
>4.5 pm (6.5 %) predicted poor 2.5 % LCVA and
1.25 % LCVA recovery (defined as inter-eye
asymmetry >7 letters) with a sensitivity of 92 %
and 93 % and a specificity of 70 % and 88 %,
respectively. Moreover, a decrease >7 pm (10 %)
in RGC+IPL complex thickness predicted poor
VF (MD <-3.00 dB) and color vision (HRR
<35) recovery with a sensitivity of 93 % and
100 %, respectively, and specificity of 88 % and
66 %, respectively. We did not find any associa-
tion with HCVA [37].

Retinal Ganglion Cells and Low-
Contrast Visual Acuity: The Best
Partners for AON Trials

HCVA measures were successfully used to evalu-
ate visual recovery after acute MSON [38].
However, LCVA has several advantages. First,
LCVA is more sensitive and is therefore better at
demonstrating visual dysfunction [37, 39, 40].
Second, low-contrast vision correlates with
health-related quality of life better than high-con-
trast vision [41, 42]. LCVA measures are more
informative and indicative of the ability of
patients to perform daily visual tasks since they
capture visual disability rather than visual impair-
ment. Finally, low-contrast vision testing has the
capacity to reveal treatment effects [43, 44].

For the design of clinical trials in acute MSON,
we propose LCVA as the most sensitive clinical
endpoint. Thus, using data from our cohort, we
performed sample size estimations to design RCT
aimed at preventing retinal atrophy based on
GCIP thinning in the MSON-eye during the first
month after attack, with an alpha error of 0.05 and
beta error of 0.20 (80 % statistical power).
Because our model indicates that a GCIP thinning
>4.5 pm implies a high probability of visual dys-
function (LCVA) at month 6, we defined our end-
point and optimal power as a decrease in the GCIP
thickness <4.5 pm. We found that 25 patients with
acute MSON per group will have sufficient power

E.H. Martinez-Lapiscina et al.

to detect differences between the groups using
GCIP thickness as the outcome [37, 40].

Strengths of the Acute Optic Neuritis
Model for Evaluating
Neurodegeneration in RCT

Addressing neuroprotective effects of drugs in
RCTs using acute MSON as an acute model of
damage in MS has some advantages. Table 12.3
summarizes these strengths. First, there is strong
evidence that OCT can track dynamic changes in
the retina after an acute episode of acute MSON
[11, 13, 16, 17, 37, 40]. Considering the bulk of
the data, we suggest that OCT should be acquired
monthly (or even weekly during the first weeks)
during the first 3 months and thereafter at 6
months. Second, AON is a dynamic model with
remarkable changes in a short period of time.
Studies have shown an average RNFL thinning of
20 % relative to unaffected eyes and a mean
GCIP thickness decrease of 12—-16 % in affected
eyes within 6 months [11, 13, 16, 37, 40].

Third, brain atrophy is the most commonly
used endpoint in RCT for addressing neuropro-
tective effects in MS. Yet OCT has some technical
advantages compared to MRI since its acquisition
is easier, faster, and more cost-efficient. Moreover,
OCT needs no image processing except for seg-
mentation, which is completely automatized by
OCT software. On the contrary, MRI brain atro-
phy as an outcome requires image processing to
be estimated. More importantly, MRI-based
methods available to measure brain volumes usu-
ally require lesion segmentation masks to avoid
pixel misclassification, which are usually done
manually or require correction after running seg-
mentation software (semiautomatically). Fourth,
OCT also has biological advantages since it mea-
sures neurodegeneration more specifically than
MRI brain atrophy, which includes neuroaxonal
damage but also myelin loss and astrogliosis. The
retina lacks myelin and GCIP thickness might
only be slightly affected by astrogliosis.

Finally, acute MSON constitutes a good
functional-structural paradigm, and this has
favored defining milestones for clinical conse-
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Table 12.3 Strengths and challenges of acute optic neuritis model to evaluate neurodegeneration in RCTs

Strengths

Expertise to track retinal atrophy
after acute MSON with OCT

Acute MSON is dynamic model
with remarkable changes in OCT
across 6 months

Small sample sizes and short
follow-up (Decrease cost of RCT)

OCT is easier, faster, and more
cost-efficient than MRI. No image
processing

Retinal atrophy by OCT is more
specific as neurodegeneration
outcome than MRI

Good functional-structural
paradigm with thresholds for
clinical consequences

Challenges
Limit

Low incidence rate

Time from clinical onset to baseline
is variable and frequently too long

Methylprednisolone therapy in AON
is variable

Differences in devices, acquisition
and segmentation algorithms, and
scan qualities add variability and
reduce accuracy of outcomes
Some limitations to discriminate
pathologic mechanisms (inner
nuclear layer paradigm)
Neurodegenerative biochemical
pathway may differ from an acute
lesion and chronic and diffuse

Proposed solution

Collaborative multicenter initiatives

Develop truly integrated neuro-
ophthalmology units to facilitate
recruitment in RCT

Use methylprednisolone for all
participants

Big data approach for effectiveness
A multi-platform segmentation
algorithm in a reading center

A molecular retinal imaging device
such as Raman spectroscopy coupled
to structural imaging device

A molecular retinal imaging
photonic device discriminates
biochemical pathways

damage

Acute MSON acute multiple sclerosis associated optic neuritis, OCT optical coherence tomography, RCT randomized

clinical trials, MRI magnetic resonance imaging

quences, including a minimum of 75 pm of peri-
papillary RNFL thickness to avoid visual field
abnormalities [13] and more recently 4.5 pm of
GCIP thinning to avoid poor low-contrast vision
recovery [37, 40]. These thresholds are key points
to evaluate the efficacy of neuroprotection drugs,
not only considering structural changes but, more
importantly, functional consequences in the
patients’ daily life.

Challenges of the Acute MSON Model
to Evaluate Neurodegeneration
in RCT

Evaluating neuroprotection in RCT using acute
MSON as a lesion model with OCT as the out-
come also has clinico-epidemiological, technical,
and biological challenges. Table 12.3 summa-
rizes these challenges and provides solutions to
overcome these limitations.

Regarding clinico-epidemiological challenges,
first, we should notice that the incidence rate of
acute MSON ranges between 0.56 and 5.1 cases
per 100,000 person-years. A recent study setting

in Barcelona from 2008 to 2012 found that the
mean annual incidence rate in acute MSON was
5.36 cases per 100,000 person-years [45]. This
study suggested that the incidence of acute MSON
is rising in Europe; however, it still can be consid-
ered as a rare disease. This may be a limitation for
the recruitment phase in RCT and supports calls
for collaborative initiatives to ensure a large
enough sample size.

Even though acute MSON is clinically
eloquent, time from clinical onset to baseline
OCT and visual testing in cohort studies ranges
from an average of 6.4 days (SD: 4.0) in the acute
MSON study from Kupersmith and colleagues
[46] to a median 16 days in the study from
Henderson and colleagues [16]. Other research-
ers included participants that completed baseline
OCT and visual testing within 28 days of acute
MSON onset but did not give an average period
between onset and baseline visit [11]. Mean (SD)
time from acute MSON symptom onset to the
first visit (including first dose of anti-LINGO
mAb) was 24 days (SD: 3.7) in the RENEW trial
[47]. This is because this trial decided that study
treatment could be initiated within 28 days after
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acute MSON onset. Therefore, the time period
from onset to baseline visit display varies widely
across different studies, and this may hamper
comparison of drug efficacy across different mol-
ecules and RCT designs. Moreover, taking into
account that GCL atrophy appeared as early as
the first week after inclusion in a subsample of
patients (n: 7) in our Barcelona cohort that was
evaluated weekly in the first month (data not
show) and that neuroprotective drugs should be
administered early to exert their effects, a shorter
time period is preferable. For this reason, it may
be necessary to develop truly integrated neuro-
ophthalmology units to facilitate the quick identi-
fication of candidates to RCT.

In 2012, the Cochrane Collaboration initiative
stated that randomized trials did not support a con-
clusive benefit from corticosteroids in terms of
vision recovery after acute MSON [48]. However,
the lack of evidence does not mean lack of effect,
and consequently corticosteroids are often used
for moderate to severe acute MSON in clinical
practice. They are supposed to shorten symptoms,
although it is not possible to rule this as a true sec-
ondary neuroprotective effect due to their anti-
inflammatory activity. For this reason, some trials
have included the condition that all patients should
be treated with corticosteroids [34, 47].
Considering the relatively low risk of short-term
side effects after methylprednisolone in normal
conditions [49], this approach may be appropriate.
This may reduce the inclusion of milder forms in
RCTs, which would be a limitation for the external
validation of results. Nevertheless, participants
included in RCTs often differ in some way from
those attended to in the clinical setting. Therefore,
effectiveness is frequently lower than efficacy. A
big data focus on electronic medical record
approach will fill this scientific gap [50] (see Chap.
3) for in detail description.

Nowadays, most OCT evaluations are per-
formed using the spectral domain OCT: Cirrus®
(Carl Zeiss Meditec) or Spectralis® (Heidelberg
Engineering). Both devices have confirmed ade-
quate reproducibility [51] but results are not
comparable. OCT acquisitions in MS and acute
MSON usually include RNFL thickness and
macular volume (MV). Cirrus® includes stan-
dard acquisition protocols for RNFL (optic disk
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200 x 200) and MV (macular cube 518 x 128).
However, Spectralis® allows for manual setting
of different parameters (grid size, ART). This
confers more flexibility to amend the protocol to
specific research objectives but also leads to
greater variability in outcomes. Differences in
segmentation algorithms from these two devices
also add variability. Finally, quality of OCT may
differ between explorers and centers. The
OSCAR-IB Consensus Criteria for Retinal OCT
Quality Assessment was a nice attempt to solve
this limitation, but it was designed only for
RNFL thickness in cross-sectional studies. Thus,
differences in devices, acquisition protocols,
segmentation algorithms, and scan qualities add
variability and reduce accuracy of retinal layer
thickness assessment in a multicenter setting.
Variability from devices cannot be completely
eliminated, but setting a consensus Spectralis®
acquisition protocol similar to Cirrus (e.g., set-
ting 6 mm ETDRS grid instead of 3 mm or
3.45 mm) will facilitate comparisons between
outcomes. However, segmentation of bigger
grids may have lower reliability than 3 mm.
Nevertheless, in order to reduce variability, a
critical step will be the assessment of OCT scans
with a multi-platform segmentation algorithm in
a reading center. This will be further explored in
the next chapter of this book (see Chap. 10).
Finally, OCT provides a good in vivo structural
retinal image. To that end, OCT has consistently
revealed GCL thinning to be neurodegenera-
tive damage after acute MSON. However, inner
nuclear layer thickening in OCT scans has been
associated with inflammatory activity of the dis-
ease in some studies [52], whereas others have
suggested that this phenotype along with the
presence of microcystic macular edema (a patho-
logically related finding) may represent a neuro-
degenerative change of the retina [53]. This is a
technological limitation of OCT as a structural
photonic device. However, a molecular retinal
imaging photonic device may better and earlier
discriminate these mechanisms since functional
changes usually appear in an early phase of
disease, a key period for neuroprotective drugs.
Lastly, neurodegenerative processes due to
an acute inflammatory lesion model, such as
acute MSON, may not resemble biochemical
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neuroaxonal changes due to chronic and diffuse
neuroinflammation in MS. Thus, if the biochemi-
cal cascade leading to neurodegeneration is not
similar or has a common pathway for both acute
and chronic processes, the approved drugs with a
favorable neuroprotective profile for acute injury
will not be really effective for chronic neurode-
generation. Additionally, it would be barely
detectable since both retinal and brain atrophies
develop slowly in MS. Here again, molecular
imaging would be helpful since it addresses met-
abolic changes associated with biological
processes.

Proposed Design for Evaluating
Acute Neuroprotection by Means
of acute MSON and OCT

Considering the aforementioned results and dis-
cussion, Fig. 12.1 displays the proposed design

Neuro-ophthalmology unit

l Recruitment ~ Sample Size: 30 per arm

Idiopathic unilateral AON
Unilateral AON in newly diagnosed MS
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for an RCT using acute MSON as a lesion model
and OCT as the primary outcome. In the
Barcelona cohort, we estimated that 25 partici-
pants would be enough for a drug that ensures
that the GCIP thinning was <4.5 pm in the first
month. This is the biological threshold to avoid
visual dysfunction (LCVA) at month 6. Assuming
a dropout rate of 20 %, we proposed that 30 par-
ticipants per arm would be enough to evaluate the
neuroprotective effect of a drug in a placebo-
controlled trial with a 6-month duration, 80 %
power, and alpha error equal to 0.05.

Participants should be diagnosed as having
unilateral idiopathic acute MSON or CIS (clini-
cally isolated syndrome) or RRMS (relapsing-
remitting MS) newly diagnosed based on the
acute MSON episode and MRI findings (dis-
semination in time and/or space). Participants
with a prior episode in the same eye should be
excluded since retinal atrophy may not be com-
parable to naive patients.

Double-Blind
Placebo-Controlled
Randomized Clinical Trial

No prior AON episodes
Intervention + IV Steroids 1g x 3days
Randomization
Placebo + IV Steroids 1g x 3days
Short-term Long-term
effects effects
AON v
onset Baseline 1 Month 2 Months 3 Months 6 Months 18 Months
I 14 days
Structural changes OCT OCT OCT OCT OoCT OCT
Functional Impairment  2.5% LCVA 2.5% LCVA 2.5% LCVA
Functional disability NEI-VFQ 25 NEI-VFQ 25 NEI-VFQ 25

Fig. 12.1 Proposed design for a double-blind placebo-
controlled randomized clinical trial. AON acute optic neu-
ritis, MS multiple sclerosis, IV intravenous, OCT optical

coherence tomography, LCVA low-contrast visual acuity,
NEI-VFQ-25 National Eye Institute Visual Function
Questionnaire 25 items
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Acute MSON should be diagnosed clinically
by the presence of classic symptoms and signs
defined in the ONTT [54]. Time between acute
MSON onset and baseline visit should be shorter
than 28 days. We propose a time period inferior
to 14 days similar to those described in different
cohort studies [16, 37, 40, 46].

Neurodegenerative structural retinal changes
should be monitored by OCT with RNFL and
macular acquisitions. We propose to include
monocular low-contrast vision by 2.5 % Sloan
charts and NEI-VFQ-25 (National Eye Institute
Visual Function Questionnaire 25 items) to mea-
sure visual impairment and disability, respec-
tively. Other tests such color vision or visual
mfVEP may be added to further evaluate
neuroprotection.

We suggest performing evaluations at baseline
and thereafter at 6 months and 18 months to cap-
ture short-term and long-term neuroprotective
effects. We have also added OCT performance at
the first, second, and third months to track struc-
tural changes that, considering previous findings
[16, 37, 40, 46], are expected to occur within the
first 3 months after acute MSON.

Conclusion and Future Directions

Technological development of photonic-based
devices such as OCT has provided a new window
into the MS brain. Acute MSON resembles an
acute lesion model in MS, and retinal neurode-
generation after acute MSON can be monitored
by OCT. Thus, a number of molecules with
potentially neuroprotective effects are currently
under evaluation by using OCT after acute
MSON in RCT with relatively low samples and
follow-up. As such, acute MSON and OCT are
good partners for drug trials for neuroprotection.
However, a collaborative initiative to favor
recruitment, a consensus design in RCT, reading
centers for OCT, and new technological advances
in functional imaging are needed to overcome the
clinico-epidemiological, technical, and biologi-
cal shortcomings of this model.
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What Is a Reading Center?

The optical coherence tomography (OCT) reading
center (RC) is usually an institution that supports
the sponsor and the investigational sites of a clini-
cal study in the various aspects of OCT data acqui-
sition, handling, and storage. Typically, such a
study can be dissected into three major phases [1—
7]: planning, execution, and end of study (EOS),
as shown in Fig. 13.1. In the planning phase, the
RC helps to establish an appropriate scan protocol,
taking into account the needs of the sponsor, tech-
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nical feasibility, and available devices. In addition,
the RC may help to define the outcome measures
with respect to the proposed imaging protocol.
During the execution phase, the RC supports
several vital aspects of the study. It provides
server infrastructure and a secure upload portal
for the acquired data. Once the data acquisition
and upload procedure is documented and pro-
vided to the participating sites, it supports the
investigator with dedicated training on the
image acquisition as required, via learning
materials, teleconferencing, or on-site training.
Operators usually need to undergo a certifica-
tion procedure, in order to ensure that they
understand the scan protocol and are capable of
acquiring images of sufficient quality. Typically,
as part of the certification process, a healthy vol-
unteer (e.g., a coworker at the study site) is
scanned (in longitudinal studies, two consecu-
tive certification scans may be used in order to
assess repeatability) and the data uploaded to
the RC server for assessment. The RC performs
a full quality check (QC) on the data and, if the
scan is of sufficient quality, issues a certificate
showing that the operator is allowed to scan
patients as part of the study. Certification is spe-
cific to the member of staff in question and does
not cover other workers at the same center. If an
operator submits a scan of insufficient quality,
the certification procedure must be repeated
until successful. Operators may only scan
patients in the study after being certified.
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Reading Center

Study Site

Fig.13.1 Flowchart showing the three major phases of a study and the involvement of the RC in each of these phases

The procedure to be followed with patients is
similar to that during certification, with the oper-
ator performing the scans and then uploading the
data to the RC and the data being accepted or
rejected following QC. If a scan performed on a
patient is rejected, it is highly desirable to pro-
vide feedback to the operator, listing the grounds
for rejection. The sponsor and/or study adminis-
trators (if applicable) should also be informed of
any rejected scans. If the scan is accepted, the
data is stored for subsequent analysis.

The third phase is typically time consuming
and work intensive for the RC. At EOS, the com-
plete set of images received during the study must
undergo post-processing (e.g., segmentation of
multiple retinal layers). The required outcome

measures for each patient are listed on a work-
sheet and may then be forwarded to the sponsor
for statistical analysis or, alternatively, analyzed
at the RC.

Challenges of Image Analysis

Image analysis and quantification should ideally
be free from systematic errors (accurate) and ran-
dom errors (precise) and should yield the same
results if performed multiple times (repeatable).
Since these tasks are performed by human ana-
lysts (“graders”), errors are inevitable but must
be managed and should be minimized. While
random errors are limited in scope and relatively
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easy to control, systematic effects/errors (“bias”)
may lead to misleading results. Bias may be
caused by a multitude of factors.

Sources of Bias

In order to be clinically efficient, medical profes-
sionals are trained to collect and synthesize infor-
mation about a patient from many sources “on
the fly” from the very first glance at the patient,
noting their posture, movements, fixation, speed
and ability to navigate, and general appearance
even before performing a full (ophthalmic)
examination (from the lids all the way back to the
retina). The sum of these observations will steer
the clinician’s attention toward potential diagno-
ses and prompt them to perform specific further
tests of structure (imaging) and function (e.g.,
perimetry, electrophysiology). While this
approach is essential in the clinical setting, it may
be a source of bias and thus out of place in the
context of systematic image analysis. If image
analysis is performed by persons with access to
clinical information, their interpretation may be
influenced by factors other than the data shown in
the images (clinical bias). Bias may also be intro-
duced by differences in training or personal opin-
ions at different sites within multicenter studies.
It is also part of human nature that investigators
with a vested interest—academic, personal, or
other (including financial)—may be biased,
either unconsciously or consciously, toward a
certain outcome of a study. To attain and main-
tain precision, accuracy, and repeatability over
time and between graders, and in order to mini-
mize bias, image analysis requires objectivity
and clearly set criteria.

Advantages of Using a Dedicated
Reading Center

RCs aim—through their organizational structure
and procedures—to eliminate bias in data assess-
ment while still utilizing the unparalleled pattern
recognition abilities of the human brain, as well
as computerized analysis tools that make grading
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easier and quicker. RCs as organizations are inde-
pendent. Their quality hallmarks are precision,
accuracy, repeatability, reliability, and, above all,
objectivity, irrespective of the actual findings or
final outcome of any specific study. Images are
analyzed according to predefined criteria and
procedures by consistently trained graders, who
only report to the RC and must not have any
vested interest of any kind in any specific study
they are involved in. Graders are trained to grade
only what they can actually see in the specific
image being graded. No clinical inferences are
made at the point of grading, and graders are
completely masked to clinical information, other
graders’ data, and typically even their own grad-
ing data from previous scans. Graders are geared
toward high-quality, rather than high-speed,
image analysis. Predefined grading procedures
include strategies for quality assurance (multiple
primary graders, adjudication by expert clini-
cians, regular assessment of inter- and intra-
grader variability) and also ensure compliance
with regulatory standards [8, 9].

Roles of a Reading Center
Study Development

Ideally, the role of an RC begins long before
study initiation. RCs can collaborate with the
research group or sponsor in developing a study
protocol. Once a research question has been for-
mulated and a structural characteristic (or “sign”)
of interest identified, appropriate outcome mea-
sures need to be found. RCs can help assess
which imaging modality is likely to best reflect
the structure in question and which equipment
and imaging/scan parameters may be suitable in
terms of sensitivity, specificity, and repeatability
while remaining practically feasible in terms of
patient and operator acceptance. For example,
high-density raster volume scans may be superior
to circular scans in terms of data consistency;
however, in patients with neurological disorders
and in the presence of tremor, nystagmus, etc.,
these may not be practicably attainable. RCs can
also help develop a grading system, selecting
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which morphological descriptors to quantify on
which scale (continuous, interval, or categorical).
Descriptors may include a wide range of mor-
phological characteristics, including 2D/3D size
(diameter, thickness, area, volume), shape (e.g.,
convexity, roundness), signal intensity, structure,
texture, or location. Grading turns structural
characteristics into meaningful quantitative or
qualitative data that can be used in statistical
analyses and serve as a basis for clinical deci-
sions. RCs typically have a thorough knowledge
of methods used in previous studies. If precedents
can be found and applied to the current problem,
established outcome measures (based on evi-
dence rather than opinion) can be used; if not,
then new structural (and/or functional) outcome
measures need to be developed and evaluated. If
necessary, RCs can conduct pilot studies, testing
new methods on smaller samples under con-
trolled conditions.

Once the methods have been finalized, the
RC can define participant eligibility criteria
(e.g., minimum/maximum lesion size, optical
media transparency, etc.), which will help stan-
dardize patient recruitment. To standardize
methods all across the study (at multiple national
and/or international clinical study sites), proto-
cols are developed for image acquisition (visit
timing; equipment criteria; appropriate scan
parameters; scan quality criteria; image/data
formats, e.g., TIFF, PNG, DICOM, or proprie-
tary, e.g., E2E) and for image/data management
(image anonymization, submission to the RC,
tracking). To maintain data uniformity, it is
essential that all clinical sites comply fully with
the study-specific protocols. Likewise, for use
within the RC, a protocol is developed for image
analysis (grading standard operating procedure
[SOP] or independent review charter, grading
forms, paper or electronic data entry) and for
how the study is to be managed at the RC (study-
specific manual of operations). This deals with
issues such as quality assurance, grading data
management (NB grading data are managed
without grader read access and are held sepa-
rately from clinical data until all grading is con-
cluded and the database is locked), and data
analysis.

F.B. Sallo et al.

The RC may help to ensure that the equipment
at each participating clinical site is compliant with
the requirements documented in the imaging pro-
tocol. The RC may also conduct study-specific
clinical site photographer training and certifica-
tion. Duties at clinical sites are shared between
site staff, including the principal investigator,
study coordinators, and photographers. The RC
provides training for these roles as needed. The PI
must be trained in order to know what is expected
of their staff at their site as well as the necessary
administrative routines for managing a site.
Study-specific training and certification may also
apply to graders at the RC, according to the grad-
ing and data entry protocols.

Study Management (Operational
Logistics)

Study Initiation

Once the appropriate study-specific protocols
have been developed and agreed on, approvals
from relevant regulatory bodies collected, and
sites approved in terms of equipment and person-
nel, the study can be initiated.

Patient Recruitment

Clinical sites identify candidates (according to the
clinical inclusion/exclusion criteria, e.g., diagno-
sis, disease severity, age, comorbidities, previous
therapies, etc.), perform the imaging as required
by the imaging SOP, and send the (anonymized!)
image packages to the RC. The RC may assess
participant eligibility based on the predefined
imaging criteria. When necessary, expert clini-
cians are asked to arbitrate questionable or border-
line cases. Once the decision whether the patient is
eligible or not is made, the site is informed.

Follow-up Phase

Once the baseline image sets are collected, during
the follow-up phase of longitudinal studies, the RC
may manage image data collection, i.e., ensure that
clinical sites obtain and submit image sets of suit-
able quality within the time frames required by the
SOP. The RC provides feedback on protocol com-
pliance and provides assistance to on-site clinical
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staff with protocol interpretation when necessary.
The RC also makes sure that protocols are kept up
to date and made available to on-site clinical staff.
The RC manages the submitted images, including
data storage, inventory, and tracking. Approved
image sets are graded at the RC according to the
grading protocol by trained and certified graders.
Grading performance is assessed regularly. Grading
data are managed independently from graders and
held separately from clinical data.

Quality Assurance

Throughout all stages of the study, the RC ensures
that QA measures are in place and manages mon-
itoring and audits of progress by sponsor or regu-
latory bodies [8, 9].

Study Termination

The RC also helps develop protocols for what
happens once the projected sample size and dura-
tion of the study are reached, including patient
end-of-study (EOS) procedures, clinical site staff
EOS procedure training, and monitoring clinical
staff protocol adherence. Once the last patient has
been seen and the last image has been graded, all
data collected and graded by the RC will be trans-
ferred to the sponsor. The RC may participate in
data analysis and reporting in scientific journals
or at meetings. The RC also manages image and
data archival following study termination.

Working With an RC as a Clinical Site

The uniformity of data content and quality is
essential and poses a particular challenge in mul-
ticenter studies. Clinical sites may be involved in
the planning and design of a study or decide to
join at a later stage when the study protocols have
already been agreed on. In either case, all sites
must adhere to the same protocols. So what is
expected from a clinical site?

Site Requirements

Sites must comply with study-specific administra-
tive routines for the management of a study.
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Protocols for patient (clinical) data records, data
entry, image acquisition, and image transfer must be
adhered to. Some of these are managed by the RC.

Imaging Equipment Certification

Prior to certification, the manufacturer, model,
type, and serial numbers of the hardware and
(where relevant) software versions of your imag-
ing equipment will be recorded and, if necessary,
inspected at the study site by RC staff. Image
artifacts that may be expected—ifrom, for exam-
ple, misalignment or contamination of the
optics—will be assessed either through sample
images or by on-site inspection. The calibration
status will be investigated and, if necessary, a
new calibration will be performed (by the manu-
facturer’s service provider).

Staff Training and Certification

All site staff are required to have passed training
and certification in the guidelines of Good
Clinical Practice [1-7]. Photographers are
expected to have basic familiarity and experience
with the equipment to be used. Study-specific
protocols for image acquisition will be provided
by the RC. This will specify what equipment to
use (manufacturer, model, software versions),
whether the pupils should be dilated (mydriasis)
prior to imaging, and the specifics of the images
to be recorded. In the case of OCT scans, these
will include detailed information about required
scan parameters (type of scan, e.g., in the case of
raster volume scans; size of area to be scanned;
B-scan intervals; scan grid placement and orien-
tation; ART frame rate), as well as minimum
image quality criteria—this may be expressed in
signal to noise ratios (dB) as on the Heidelberg
Spectralis or in proprietary units like on the CZM
Cirrus (signal strength n/10) or the “Q-factor” on
Topcon 3D-OCT devices. It is recommended that
the scan parameters are verified before perform-
ing each scan, in order to prevent possible errors
that may require the scans to be repeated or
rejected by the RC. Details of how to anonymize
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and export scans will be specified. Most OCT
manufacturers are moving toward standardizing
image data output to comply with the standards
set up within the DICOM framework. Scans may
also be exported as a series of images with loss-
less compression, e.g., TIFF or PNG. BMP
images are not recommended due to their large
file size. Image exports, however, do not contain
information about scan parameters (camera/scan-
ner ID, focus, specifics of the eye being scanned,
SNR, etc.). File-naming conventions will also be
specified. The procedures for certification of
equipment and staff are described in the imaging
protocol. The RC may offer a multitude of chan-
nels for training, to suit the requirements of the
specific site or individual photographer. Once the
imaging criteria are clear, a set of scans compli-
ant with the SOP are to be submitted to the RC
for certification. These will be used to evaluate
photographer performance. Once the study is
running, another requirement is that images are
obtained within the date intervals defined in the
study schedule (e.g., 6 monthly +2 weeks).
Setting up checklists (“cheat sheets”) for image
acquisition showing the scan protocol and exami-
nation timeline can be a useful guide. Protocols
may in principle be amended while a study is in
progress.

Images may be submitted by photographers
only. Since most communication is now elec-
tronic, this necessitates basic IT skills. Depending
on the scope of the study, language skills may also
be necessary, as in international studies English is
typically the main language of communication.
Image submission is mostly electronic, via the
Internet, using https or sftp/ftps/ssh protocols.
Prior to submission, all patient files must be ano-
nymized or pseudonymized according to the study
protocol; it is vital that no information that could
enable the RC to ascertain the real identity of the
patient is present. This applies to openly visible
information as well as to embedded data (in the
image header, EXIF comments, IPTC informa-
tion or other embedded data formats). RCs often
provide upload portals with individual login cre-
dentials for each certified staff member in the
study and drag-and-drop functionality via a stan-
dard Web browser (Firefox, Chrome, Opera,
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Safari, or other). It is important that these upload
portals comply with the US Food and Drug
Administration’s (FDA) good manufacturing
practices (GMP) standards [10] and Code for
Federal Regulations Title 21 Part 11 compliance
requirements [11]. Sending images in a timely
manner is also important, as the SOP may specify
a time limit following the patient visit during
which the scans must be uploaded. Once the
images have been uploaded, the responsible per-
son at the RC should be notified of the fact, typi-
cally via email. In some cases, images may be
written to optical or (USB/SD/microSD) flash
media and sent via post or courier. In this case,
printed hard copy transfer documentation is to be
attached and the media need to be clearly labeled.
Note that data that has not been anonymized or
pseudonymized must never be sent from the study
site, either electronically or via post.

Reading, understanding, and adhering to proto-
cols are essential for all studies. The RC holds the
latest version of the upload and image acquisition
protocols and makes them available to clinical
sites. In addition, the RC can provide training in
image acquisition and/or transfer according to the
relevant study-specific protocols to all qualified
candidates who wish to be certified. Prior to train-
ing, however, it is essential that trainees read and
try to understand the relevant protocols so that any
potential issues with protocol interpretation can be
resolved as quickly as possible. Training may be
provided via a set of standard photographs, multi-
media training packages, on-site live training,
or audio-/videoconferencing in groups or on an
individual basis. This is available prior to site cer-
tification but also as continued training and recer-
tification as necessary due to employee turnover
(e.g., new personnel, return following absence,
etc.), protocol breach, or on request.

Communication with the RC

Following site certification, communication
between the RC and sites is usually via email.
Most RCs provide centralized or study-specific
email addresses (e.g., submission@RC.ac.uk)
that are monitored by multiple members of the
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RC team. The RC also provides sites with a list of
staff members who can be contacted personally
via email, phone, or post. If needed, RC/site con-
ference calls may be arranged via telecom or
VOIP (Skype, Viber) or dedicated secure confer-
encing systems. The RC must preserve all records
of communication with study centers (e.g., feed-
back following certification scans, email traffic),
and typically this is preserved along with all
patient data at EOS for 10-15 years, at the trial
master file (TMF) of the study sponsor.

Documentation and Quality
Assurance

Just as at the RC, clinical sites must also preserve
a clear audit trail. Staff CVs, job descriptions,
training and certification records, equipment cer-
tificates, image acquisition, and transmission
logs including feedback from the RC must all be
maintained. Communication logs should also be
retained. Sites must be aware that regulatory or
sponsor monitoring visits may be also conducted
at individual clinical sites.

Procedures at the RC

In the planning phase of a study, documentation is
created at the RC that must include at a minimum
the study protocol, which outlines the study
requirements and is developed by the sponsor or
study group in cooperation with the RC; the safety
reference manual, specifying the safety aspects of
the study intervention(s); the regulatory (ethics)
approval(s) provided by the sponsor; a study-spe-
cific manual of procedures (MOP), which
describes the work performed at the RC (staff
assignment, roles, and responsibilities); the
planned image and data storage and archiving pro-
cedures; the image acquisition protocol (described
earlier); and the image grading protocol.

The grading protocol defines the aims of
grading and details equipment criteria, e.g.,
grading screen parameters, routines for color
management (e.g., screen calibration) necessary
for accurate color (and grayscale) reproduction,
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hardware tools for grading (e.g., stereo view-
ers), and software tools for viewing and grading
images (including making measurements).
Finally, the grading SOP defines the grading
data entry procedures. Nowadays grading data
are entered directly into a dedicated data entry
tool tailored to the complexity of the specific
grading, to maximize speed and minimize the
risk of grader error. All database management
systems employed should be compliant with the
Code for Federal Regulations (CFR) Title 21,
Part 11, issued by the US Food and Drug
Administration (FDA) [11].

During the Implementation Phase
of the Study

Preparation of Images for Grading

During the execution phase of the study, image
sets submitted by clinical sites are downloaded
from the transfer server (or CD/flash media).
Images received are inspected and checked
against the transmittal form to ensure that the cor-
rect number and types of images were received,
visit intervals were as prescribed in the study pro-
tocol, appropriate file formats were used, the
labels/file names comply with the SOP, the patient
study identifiers are correct (when receiving fol-
low-up scans for a particular patient, it can be use-
ful to compare previous fundus images to those in
the new scans in order to confirm that a patient has
not been scanned under an incorrect study ID),
and no data enabling identification of the patients’
real name or clinical status are present (if so, the
site and the sponsor are informed, the data are
immediately deleted, and a resubmission request
is sent) (Fig. 13.2). Images are then uploaded to
an image file server that is accessible to graders,
an acknowledgement of receipt is sent to the sub-
mitting site (indicating any issues or, if necessary,
requesting resubmission), and the images are
entered into the grading queue (i.e., the graders
are notified). All steps in this process are docu-
mented in the relevant SOP. Common errors
observed by the RC in uploaded scans include
incorrect or incomplete study or center ID, patient
visit outside the schedule specified in the study
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protocol, incorrect scan protocol, and incomplete
anonymization or pseudonymization. The impor-
tance of these factors cannot be overstated to
study sites. In particular, an incorrect study ID
input for the OCT scan will result in the data for
that patient being ascribed to another participant,
potentially distorting the results and thus the study
outcome. A “zero tolerance” approach to study ID
errors is therefore recommended, with any scans
that have invalid or incorrect IDs immediately
being rejected and resubmission with the correct
details requested.

Image Grading

Initial image analysis (grading) is performed by
primary graders according to the grading SOP
within a predefined time period following receipt
of the images. Grader hierarchy and the adjudica-
tion process are defined in the MOP. Some graders
may only be authorized to determine participant
eligibility or to perform primary grading. More

accurate quality reading

senior graders can also perform secondary grad-
ing, i.e., reanalyze cases where primary gradings
are inconclusive or discrepant. Graders are
selected for appropriate roles based on their expe-
rience. All graders receive uniform study-specific
training. Persisting grading controversies are
resolved by an adjudicator who may be the princi-
pal investigator or other nominated senior expert
clinician. Image grading begins with the recording
of grader ID, grading date and time, and an image
quality grading (with scans of insufficient quality
being rejected). This is followed by a grading of
the relevant features of the phenotype, according
to the SOP. Once an image (set) has been graded,
it is locked, i.e., no longer available to graders,
other than for secondary grading or adjudication.
Revision of grading is possible but must be fully
documented and done under the supervision of a
more senior grader, with preservation of the origi-
nal grading data along with the revised data and a
description of the reason for the revision. A subset
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of images (typically 10 %, depending on the over-
all sample size) may be graded multiple times
(with a minimum interval of 4 weeks) and by mul-
tiple graders. This makes it possible to compare
gradings and calculate intra- and inter-grader
repeatability. Intra-grader repeatability shows how
consistently a grader performs over time. A typi-
cal phenomenon is “drift,” which is a gradual
change in grading over time, partly due to the
learning curve but possibly also to further insight
gained during the study. Nevertheless it is impor-
tant to ensure that grading remains as consistent as
possible. Inter-grader repeatability demonstrates
how similarly different graders perform. Good ini-
tial training is the most important factor ensuring
high inter-grader repeatability (see also Chap. 3).
Variability in excess of predefined acceptable lev-
els may necessitate re-training or even full recerti-
fication of graders.

Image and Data Management

Data safety and access control are managed by
local IT support staff. Access control is key to
ensuring subject and study confidentiality; i.e.,
patient data must be masked to reduce grading bias
but also to protect the privacy of the participant.
Processes must be in place to deal with premature
unmasking of study personnel. Grading logs and
image tracking may be automated or manual,
depending on the size/complexity/scope of the
study. Data safety is guaranteed by the redundancy
built into the system, through multiple levels of
backup servers and a policy for data backup at
regular intervals. Most data storage solutions are
now cloud-based services; when selecting a ser-
vice provider, it should be kept in mind that regu-
lators (e.g., the FDA [11] or the European
Medicines Agency, EMA [12]) may have restric-
tions regarding the location of the hosting servers
(EU/USA) as well as the routing of data.

At the End of a Study Cycle

Once the last image set has been graded, variable
levels of error checking (“database cleaning”)
may be necessary, depending on the quality of the
implementation of the grading data entry software
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(e.g. filtering of impermissible values or blank
data cells at the point of entry) and on the level of
continuous data maintenance. Once database
maintenance is concluded, the grading database is
finalized and locked (i.e., no further changes are
permitted). Grading and clinical databases may be
merged and are sent to the sponsor as well as
made available for final analyses. At this point,
graders may be unmasked to patient and clinical
data and may participate in data analyses and
reporting in scientific journals or at meetings.

Data Archiving

Study images, grading data, and administrative
records must be archived for extended periods
(typically 5-25 years, depending on the prefer-
ences of the sponsor and the relevant legislation
and regulatory guidelines). Archival also has a
purpose beyond regulatory compliance and QA
considerations. Often, the results of a study may
prompt new research ideas long after the study
has been concluded, and so the image database
must be kept intact and available for future analy-
ses. Technically this is achieved by an individu-
ally optimized combination of online (supporting
frequent, very rapid access to data) and near-line
(safe, long-term, with infrequent access to data)
cloud storage.

QA Measures

Reading centers operate within the framework of
Good Clinical Practice [1-7]. All activities must
be transparent and well documented, including
clear definitions of roles, authorizations and
responsibilities of personnel, and procedures rel-
evant to the study. Records of all activities must
be kept up to date. Staff must be capable of
implementing the necessary work on the study
according to SOPs and the MOP but also in how
to recognize and report protocol breaches and
how to analyze and adjust routines in order to
avoid future occurrences. Frequent communica-
tion with the research team (and with regulators
if necessary) is essential throughout the study
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cycle to avoid or at least identify and manage
(potential) protocol breaches at an early stage.
Prior to initiation, meetings are held with the
sponsor’s operational staff, followed by an RC
orientation meeting/initiation meeting and start-
up meetings with investigators and research
group staff. Agendas and minutes are recorded
for all study meetings. Internal and external
audits are conducted, and based on the audit
reports, root cause analyses (RCAs) are per-
formed and corrective and preventive action
(CAPA) plans are developed. The activities of the
RC are also subject to monitoring visits by the
sponsor and regulatory bodies. Regulatory
inspections may be conducted with or without
notice, so preparedness for monitoring visits (at
the RC and at clinical sites) is essential.
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