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Summary

The pathophysiology of multiple sclerosis (MS) is characterized by demyelination, which culminates

in a reduction in axonal transmission. Axonal and neuronal degeneration seem to be concomitant

features of MS and are probably the pathological processes responsible for permanent disability in

this disease. The retina is unique within the CNS in that it contains axons and glia but no myelin,

and it is, therefore, an ideal structure within which to visualize the processes of neurodegeneration,

neuroprotection, and potentially even neurorestoration. In particular, the retina enables us to

investigate a specific compartment of the CNS that is targeted by the disease process. Optical

coherence tomography (OCT) can provide high-resolution reconstructions of retinal anatomy in a

rapid and reproducible fashion and, we believe, is ideal for precisely modeling the disease process

in MS. In this Review, we provide a broad overview of the physics of OCT, the unique properties of

this method with respect to imaging retinal architecture, and the applications that are being developed

for OCT to understand mechanisms of tissue injury within the brain.
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Review Criteria

Data used in the development of this Review were derived from searches performed in

MEDLINE and PubMed (without restriction to the year of publication). The search terms

used were “Optical Coherence Tomography” combined with “retinal nerve fiber layer”,

“multiple sclerosis”, “optic neuritis”, and “optic neuropathy”. The search was completed

in January 2008 and revised and updated as necessary.

Introduction

Multiple sclerosis (MS) is being increasingly recognized as a complex neurodegenerative

disorder of the brain and spinal cord that involves autoimmune mechanisms that target both

white and gray matter elements. The disease is characterized by demyelination, gliosis, axonal

dysfunction, and, ultimately, neuronal loss.1 The vast majority of individuals destined to have

confirmed MS later in their lives will already exhibit disseminated plaque lesions, as revealed

by conventional MRI techniques, at the time of their first inflammatory demyelinating event.
2 New and revised diagnostic criteria have enabled us to expedite the confirmation of MS, with

substantial implications for early intervention with disease-modifying treatment.2–4 However,

the ability to accurately image both neurodegeneration and its prevention in MS would greatly

facilitate the systematic evaluation of novel therapeutics and their efficacy over time.

In MS, a dissociation is widely acknowledged to exist between the lesional burden seen on

MRI scans and the corresponding clinical deficits documented on formal neurological

examination, a phenomenon referred to as the ‘clinico-radiological paradox’.5 Evidence has

emerged that links early inflammation (e.g. clinical exacerbations and MRI lesions) with a

likelihood of disease-related disability, and with the timescale of its evolution. For instance,

we now recognize that patients with high MRI lesion burdens at presentation represent a high-

risk group for early and substantial disability.6 While substantial ‘silent’ disease activity is a

classic feature of MS, the gradual accumulation of lesions will ultimately lead to the

disconnection of disparate and clinically relevant neural pathways.

The application to MS of nonconventional MRI techniques such as magnetization transfer

imaging, magnetic resonance spectroscopy, and diffusion tensor imaging, has led to modest

achievements in linking imaging data with clinical measures of disease severity.7 However,

despite these improvements, until recently the progress in coupling specific clinical syndromes

in MS with pathological changes within discrete tract systems was limited.8–10 This Review

describes a number of advancements in the application of optical coherence tomography

(OCT), a technology that enables objective analysis of the processes of neurodegeneration

within a highly discrete and eloquent CNS structure—the retina. OCT enables investigators to

rapidly and reproducibly evaluate the structural composition of the retina and to provide unique

insights into this structure. While already validated for the longitudinal assessment of

glaucoma11,12 and macular degeneration,13 OCT is currently being investigated for its utility

in tracking the progress of neurodegeneration in MS. Ultimately, OCT could substantially

increase our understanding of the mechanisms of tissue injury in MS, could be used to identify

new therapeutic strategies focused on neuroprotection of central axonal and neuronal

structures, and could even enable the detection and monitoring of the processes of

neurorestoration, a treatment goal not yet within the capability of the neurologist (but certainly

a central goal in modern neurobiology).
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Benefits of Early Diagnosis and Treatment in MS

The benefits of early treatment in MS are now widely accepted. Three studies based on class

I evidence have been published that have demonstrated clinical and radiographic benefits (at

least in the short term) in individuals with MS who were treated at the time of the first

exacerbation of their disease compared with those who were randomly allocated to receive

placebo.14–16 Furthermore, extensions of these studies suggested that the individuals in whom

treatment was delayed for 2 years because of allocation to placebo accrued more disease activity

and, when later treated, seemed to derive much less benefit, than did those who were treated

at presentation.17

During the transition from the inflammatory to the degenerative and progressive phases of MS,

immunological mechanisms that underlie adaptive and innate immune dysregulation continue

to operate, as they most probably do from the inception of the disease process. However, with

an increasing burden of tissue injury over time, certain thresholds may be exceeded beyond

which repair processes are ineffective.18 Microglia-mediated injury cascades, along with the

amplification of excitatory amino acid mechanisms, seem to figure prominently in the

emerging predominance of innate immune mechanisms (particularly when such mechanisms

are no longer acting in response to foreign antigens such as viruses or bacteria but instead are

directed against self-epitopes, as in autoimmune diseases).19 The ability to generate or harness

neuroprotective mechanisms would usher in a new era of therapeutic neurobiology with

implications for neurodegenerative disorders in general, and MS in particular.

The Eye as A Model of Neurodegeneration

The retina is a unique CNS structure in that it contains axons and glia in the absence of myelin.

The macula (which is about 1,200 μm in diameter) is easily identified within the retina, where

it produces its characteristic depression, with the center diameter of about 200 μm being

occupied by the fovea and foveola. The foveal portion of the macula contains the highest

density of cones, which contribute most to acuity-based and color visual processing. With the

understanding that myelination in the visual pathway begins slightly behind the eye at the level

of the lamina cribrosa, this unique structural specialization of the retina provides an opportunity

to study the proximal effect on isolated axons of a disease process that most often occurs in

the retrobulbar myelinated portion of the optic nerve.

Recent studies have demonstrated that optic neuritis seems to provide a useful clinical model

with which to couple clinical measures of visual function with validated and objective structural

and physiological correlates of MS.20 The anterior visual system is such a frequent target of

the MS disease process that, on post-mortem analysis, almost all patients with MS are found

to have characteristic MS changes in the retina and optic nerve, regardless of whether they

have previously experienced acute optic neuritis (AON)21,22—although as many as 30–70%

of patients with MS will, in fact, have inflammatory optic neuritis during the course of their

disease.20,23 When an individual has no history of the disorders that produce such characteristic

findings (e.g. glaucoma and macular degeneration), these findings are typically absent. These

data suggest that the visual system has a very high predilection for developing disease-related

disability both from acute episodes of AON and from the more-constitutive elements of the

disease process that contribute to an MS-related chronic optic neuropathy, and that it could be

used effectively to illustrate the histopathology of the disease process in MS.

In contrast with occult optic neuropathy in MS, which is a largely subclinical manifestation of

disease in the anterior visual system, most cases of AON are associated with pain and with

visual disturbances, including diminished vision, color desaturation, poor low-contrast acuity

and sensitivity, and field abnormalities.20 AON can, therefore, be evaluated with clinical and

neurophysiological techniques, such as patient-reported acuity (high and low contrast) and
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sensitivity, visual field analysis, and visual evoked responses.20,23 Furthermore, coronal, fat-

suppressed, T1-weighted gadolinium-enhanced MRI will reveal enhancement in the optic

nerve in over 90% of cases of optic neuritis, confirming a breach in the integrity of endothelial

tight junctions at the blood–brain barrier.24 Studies with conventional MRI have shown that

the optic nerve area declines subsequent to an event of AON in MS, when compared with the

unaffected (or at least not acutely affected) eye.25 Retinal imaging techniques have added

greatly to our knowledge of this area, revealing further changes in retinal architecture that

reflect alterations in visual system physiology and function. For instance, the measurement of

low-contrast letter acuity has been validated as a useful and reproducible measure of visual

function in patients with MS who present with acute optic neuritis but do not have a known

history of this condition.26,27 Visual function has been shown to directly relate to the integrity

of retinal anatomy, with abnormalities in this complex structure following optic neuritis

producing corresponding clinical deficits in patient performance on vision tests.28 However,

since visual function is a measure of both anterior and posterior visual pathways, and patient-

reported measures can be highly subjective and modified by a number of factors (e.g. fatigue,

ambient and core body temperature, exercise, stress, and infection), novel imaging approaches

that are specific to the retina and optic nerve may enable more-specific, more-reliable, and

more-reproducible quantification of axon injury related to optic neuritis.29

A direct bedside visualization of the retina and optic nerve was first achieved in 1851 following

the introduction of the hand-held ophthalmoscope by Helmholtz.30 Over a century later, in

1974, Frisén and Hoyt reported for the first time a subjective analysis of thinning of the retinal

nerve fiber layer (RNFL; which is principally composed of axons from ganglion cell neurons)

in patients with MS, as evaluated with hand-held ophthalmoscopy.31 This observation was

corroborated in 1994 in a post-mortem study that demonstrated atrophy of the RNFL in 35 out

of 49 eyes of patients with MS.32 Nevertheless, this study was not sufficiently quantitative to

enable a full appreciation of the relationship between vision, RNFL thickness, and the integrity

of the approximately 1.2 million axons that make up the optic nerve.

In recent years, we have observed the emergence of ‘quantitative ophthalmoscopes’ such as

Heidelberg Retinal Tomography (HRT), laser polarimetry with variable corneal compensation

(GDx-VCC), and OCT, all of which can be used to efficiently and objectively measure changes

in structural architecture within the retina.28,33

The Physics of Optical Coherence Tomography

OCT was first reported by Huang et al. in 1991.34 In vivo retinal imaging was first demonstrated

in 1993,35,36 and early studies in 1995 provided the first demonstration of OCT imaging of the

normal retina37 and of macular pathology.13 OCT is the optical analog of ultrasound B-mode

imaging (Box 1). With OCT, high-resolution cross-sectional or three-dimensional images of

the internal retinal structure are generated by an optical beam being scanned across the retina

and the magnitude and echo time delay of backscattered light being measured (Figure 1). In

contrast to ultrasonography, direct detection of light echoes is not possible with OCT, because

the speed of light is much faster than the speed of sound; therefore, correlation techniques must

be used. Early OCT systems were based on low coherence interferometry, a technique initially

demonstrated by Sir Isaac Newton. With this technique, measurements are performed by use

of a Michelson-type interferometer with a low-coherence-length, superluminescent diode light

source. One arm of the interferometer directs light onto the sample and collects the

backscattered signal. A second reference arm has a reflecting mirror, which is mechanically

controlled to vary the time delay and measure interference. The use of a low-coherence-length

light source means that interference occurs only when the distance traveled by the light in the

sample and reference arms of the interferometer match to within the coherence length. This

characteristic enables measurement of the echo delays of the light from the tissue with
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extremely high temporal accuracy. The resulting data set is a two-dimensional or three-

dimensional array, which represents the optical backscattering in a cross-section or volume of

the tissue. These data can be processed and displayed as a two-dimensional or volumetric gray-

scale or false-color image (Box 1).

Since the inception of OCT, its performance has been improved by dramatic technological

advances.38 The development of ‘Fourier domain’ (or ‘spectral domain’) detection, a technique

first proposed in 1995, has in particular enhanced ophthalmic OCT technology. Spectral

domain OCT detects light echoes by measuring the interference spectrum of the infrared light

by use of an interferometer with a stationary reference arm. A spectrometer and high-speed

line-scan camera record the interference spectrum, which is Fourier transformed to obtain the

magnitude and echo time delay of the light (the axial scan). Spectral domain OCT detects all

light echoes simultaneously, leading to a dramatic increase in sensitivity that enables high-

speed imaging.39–41 Retinal imaging with spectral domain OCT became possible only with

recent advances in camera technology. The first retinal images with this technique were

reported in 2002,42 and high-speed, high-resolution retinal imaging was demonstrated in

2003.43,44 The technology became commercially available in 2006; most commercial

instruments achieve axial image resolution of 5–7 μm with imaging speeds of 25,000 axial

scans per second, approximately 50 times faster than the previous generations of OCT

technology.39–45

Application of Optical Coherence Tomography in MS

The earliest application of OCT technology to the study of MS was reported by Parisi et al. in

1999.46 In this study, which used first-generation OCT technology, 14 patients with MS who

had completely recovered from a previous event of optic neuritis were compared with 14 age-

matched control individuals with respect to RNFL thickness measures. The thickness of the

RNFL was shown to be reduced by an average of 46% in the affected eyes of the patients with

MS versus the eyes of controls (P <0.01), and by an average of 28% when affected eyes were

compared with the ‘unaffected’ eyes of the same patient (P <0.01). Even in the supposedly

unaffected eyes of the patients, however, there was an average 26% reduction in RNFL

thickness when compared with control eyes (P <0.01).

The characteristics of optical coherence tomography (OCT)

Physical properties

• Optical analog of ultrasonography

• Generates cross-sectional images by measuring back-reflected echoes of light

• Interferometric methods are used to detect echoes, since the speed of light is too

fast to be measured by direct detection

• Current technology has 8–10 μm resolution; newly available technology has 5–7

μm resolution

Imaging metrics (current technology)

• Average retinal nerve fiber layer (RNFL) thickness

• Quadrant and clockface sector analyses

• Total macular volumes

• Quadrant assessment of parafoveal areas
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• Inferior and superior quadrants of the RNFL are thickest (double hump waveform

on temporal-superior-nasal-inferior-temporal [TSNIT] analyses)

Imaging metrics (new technology)

• Full RNFL mapping

• Mapping of intraretinal layers in the macula

• Three-dimensional OCT of optic nerve head topography and internal structure

• Technology is new and metrics remain to be defined

Biomarker features and validation

• Correlates with high-contrast and low-contrast visual acuity

• Pathological distribution predicts visual field changes

• OCT metrics predict brain atrophy

• Subtypes of multiple sclerosis predict severity of RNFL thinning

• Measures of laser polarimetry with variable corneal compensation (GDx-VCC)

corroborate OCT evidence of axonal degeneration

Application features

• Testing performance is quick and easy

• Pupil dilation is typically not required

• Low coefficient of variation for repeated measures

• Low inter-individual and intra-individual variation

• Low variability across different centers using the same device

• Scan quality can be assured with disc centering and adequate signal strength

In 2005, Trip and colleagues reported their observations with early generation OCT technology

in 11 patients with MS and 14 patients with clinically isolated syndrome, all of which

individuals had a history of a single episode of optic neuritis.47 The study was a cross-sectional

analysis with follow-up ranging from 1 to 9 years after the optic neuritis event. Corroborating

the previous findings of Parisi et al., the investigators found an average 33% reduction in RNFL

thickness in the affected eyes of patients when compared with the eyes of matched controls,

and an average 27% reduction when the affected and unaffected eyes of the same patient were

compared (P <0.001). Trip et al. extended the utility of OCT by also showing that the macular

volume (a reflection of retinal ganglion cell neuronal integrity) was reduced by an average of

11% in the affected eyes of patients with a history of optic neuritis when compared with the

eyes of control (P <0.001), and by 9% in the affected versus the unaffected eye of the same

patient (P <0.001).

An important finding of these studies was that the apparently unaffected eyes of patients with

MS were in fact significantly abnormal when compared with the eyes of control individuals

but were less abnormal than the eye with a history of AON. This finding indicates that AON

signifies accelerated and more-severe histopathological consequences on the retina, in contrast

to a more insidious and less perceptible change in individuals without a history of an acute

syndrome, in whom the disease process probably more closely resembles glaucoma.

As a validation of the fact that RNFL thinning, as measured by OCT, is attributable to axonal

degeneration, Trip and colleagues showed that such measures correlated better with visual
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evoked potential P100 amplitudes (a measure of axonal integrity or function) than with P100

latency (typically a reflection of myelin integrity).47 It is now generally accepted that disruption

of myelin has a direct impact on the function and preservation of axons.1 During the

pathological process, however, these two structural elements can become temporarily

uncoupled. The axon cylinder might be intact—albeit vulnerable—for a short period during

inflammation and myelin disruption. A demyelinated but intact axon can undergo a number of

different processes. The axon can be remyelinated if viable adult oligodendrocytes in the

vicinity can provide new concentric lamellar internodes, or recovery can also be provided

through oligodendrocyte progenitors terminally differentiating into adult process-bearing

myelinating cells. Even partial remyelination might be protective and thereby serve to guard

against axonal degeneration. Effective repair mechanisms would be expected to ultimately

result in greater preservation of RNFL thickness as measured by OCT.

In 2006, Costello and colleagues reported that about 75% of patients with MS who have AON

will sustain 10–40 μm of RNFL loss within a period of only about 3–6 months following the

initial inflammatory event.48 This finding is striking given that the RNFL is only about 110–

120 μm thick by the age of 15 years, and that most individuals (without a history of glaucoma

or macular degeneration) will lose only about 0.017% per year in retinal thickness, which

equates to approximately 10–20 μm over 60 years.49 Costello et al. also provided compelling

evidence to identify an injury threshold within the RNFL of about 75 μm; thinning of the RNFL

below this level led to a corresponding decay in visual function, as measured by automated

perimetry. This finding suggests that visual function seems to be preserved until a certain level

of retinal axonal loss has been reached.

The development of validated measures of visual functioning has greatly facilitated the

exploration for a structural biomarker for neurodegeneration in MS. Balcer's group has used

performance on low-contrast letter acuity charts to compare retinal structure imaged with early

(third) generation OCT technology (OCT 3 with 4.0 software) with visual function in patients

with MS who have MS pathology in the anterior visual system.50 In this study, patients with

MS and a history of optic neuritis were shown to have lower thickness measures of the RNFL

than patients with MS but no history of optic neuritis, as well as lower thickness measures than

individuals without a history of either condition. The fact that severity of visual loss (as

confirmed by performance on automated perimetry or low-contrast letter acuity) is a predictor

of abnormal retinal architecture is further evidence that OCT could be used as a noninvasive

approach to monitor the course of disease in patients with MS and that the technique could be

used to detect and monitor the efficacy of new therapies targeting mechanisms that might

promote neuroprotective effects on retinal axons and ganglion cell neurons (Figures 2–5; Box

1).

Axonal and neuronal degeneration might be readily expected to be present in eyes with a known

history of AON. In the Balcer investigation that used OCT, RNFL thickness was examined in

heterogeneous MS cohorts, and the researchers assessed whether scores for low-contrast letter

acuity might also reflect RNFL thinning in the eyes of patients with MS who do not have a

history of AON.50 Among 90 patients with MS (180 eyes) and 36 control individuals without

MS (72 eyes), the average RNFL thickness was significantly reduced in the former group

(including patients with and those without a history of AON). As expected, eyes of patients

with MS who had a known history of one or more attacks of AON had significantly lower

RNFL thickness (mean 85 ± 17 μm) than did the eyes of patients with MS who did not have

an AON history (mean 96 ± 14 μm; P <0.001). RNFL thickness was also reduced in the eyes

of patients with MS without an AON history compared with the eyes of control individuals

(mean 105 μm; P = 0.03). By use of normative data included in the 4.0 software for the Stratus

OCT3™ (Carl Zeiss Meditec, Inc), only 40 (22%) of 180 eyes from patients with MS were

determined to have ‘abnormal’ average RNFL thickness.50 In view of the fact that the OCT
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4.0 normative database (which is based on a large normal population cohort characterized for

age and sex by the manufacturer) considers the fifth percentile for age to be the cutoff for

abnormal values, however, abnormalities in RNFL thickness are likely to be of substantially

greater prevalence in the eyes of patients with MS and optic neuritis.

Results from the Balcer study also suggest that the ‘unaffected’ eyes of patients with MS who

have a history of AON are at a similar risk for axonal loss to the eyes of patients with MS in

general; both MS groups have more axonal loss than do age-matched control individuals. The

investigators also found that low-contrast letter acuity scores were significantly correlated with

overall average RNFL thickness in the eyes of patients with MS (P <0.001 by use of generalized

estimating equation models accounting for age and adjusting for within-patient, inter-eye

correlations); for every one-line change in low-contrast letter acuity score, an average RNFL

thickness difference of 4 μm was noted. Average overall RNFL thickness also declined with

increasing degrees of overall neurological impairment and disability in the MS cohort, and the

thickness was significantly associated with Expanded Disability Status Scale (EDSS) score

and disease duration (P = 0.02 for linear trend across EDSS tertiles 0.0–1.5, 2.0–2.5, and 3.0–

7.0).

The severity of RNFL thinning as measured by OCT has now been shown to be predicted

through the segregation of MS into its various subtypes (Box 1).51,52 In particular, patients

with a more progressive disease course are found to have more-substantial retinal pathology,

as measured by RNFL loss. With increasing brain atrophy, as measured by validated metrics

(such as the brain parenchymal fraction), there is a corresponding reduction in RNFL thickness.
53,54 Thus, the eye would seem to be capable of accurately modeling the mechanisms of

neurodegeneration and could even be used to monitor neuroprotection in MS. Specifically,

with OCT we can measure the integrity of both neurons and their axonal projections within

the retina; the severity of retinal damage directly correlates with clinical visual dysfunction,

and with both the severity of MS-related brain pathology (i.e. atrophy) and MS clinical subtype

designations (as stratified by disease progression status; Box 1).

The Future of Retinal Imaging in MS

The hypothesis that measures of the RNFL are causally related to visual performance has been

corroborated in recent experiments by our group with another type of quantitative

ophthalmoscope, GDx-VCC (Box 1). GDx-VCC is based on the projection of polarized light

into a tissue (such as the retina) and the measurement of polarization retardation when the light

is propagating through a birefringent medium (such as the RNFL). Water is not a birefringent

medium and thereby produces no light retardation; as such, edema does not affect GDx

measurements. GDx-VCC can be used to generate thickness measures of the RNFL that are

analogous and related to measures derived from OCT. The principal structure within the RNFL

that serves to retard light is the axonal microtubules; this technology's method is, therefore,

distinctly different from that of OCT, which measures RNFL thickness taking into account

axons, glia, and tissue water. One of the strengths of GDx is that it would seem to denote the

quantitative distribution of the nerve fiber regardless of thickness due to edema.55

Notwithstanding the differences between imaging technologies, we have confirmed that OCT

and GDx metrics yield very similar findings with respect to visual loss in patients with MS

who have optic neuritis (Figures 4,5).56 Like OCT, GDx-VCC produces measures that correlate

with performance on low-contrast letter acuity charts and with changes in visual field; however,

GDx can additionally detect abnormalities even when they are highly restricted to a particular

distribution (Figures 4,5).

OCT is also, however, undergoing improvements. The high image-acquisition speeds afforded

by the spectral domain instruments enable the generation of high-definition OCT images with
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increased numbers of transverse pixels and improved coverage of the retina, as well as the

acquisition of three-dimensional OCT (3D-OCT) data sets. 3D-OCT imaging is especially

promising, because projection image data can be summed to provide a virtual fundus image,

which enables precise and reproducible registration of individual OCT images to fundus

features.57,58 Together, these features promise to improve the reproducibility of RNFL

thickness measurements and other morphometric measurements. Furthermore, 3D-OCT data

can be processed to generate virtual circumpapillary scans, which can be co-registered to retinal

features during post processing (Figure 6). Volumetric 3D-OCT data also provide

comprehensive information about the optic disc. RNFL-thickness maps (analogous to

retardance maps from the GDx), or topographic maps (similar to those from HRT), can be

generated for greater retinal depth (three-dimensional) analysis.58

Some important issues remain to be addressed. Different OCT instruments have different

measurement protocols as well as different data analysis methods, so careful quantitative

studies must be performed to compare morphometry results and to establish consistent

normative baselines. In addition, questions remain about which protocols or visualization

methods are best suited for a given application, depending upon the disease process and the

resultant impact upon axons, neurons, or both. The new OCT devices offer automated disc

centering, longitudinal co-registration to minimize scan-to-scan variability, and correction for

eye movements that have previously resulted in retinal slip and image quality degradation.

These advantages substantially improve the accuracy attained by the examining technician in

comparison with earlier OCT technologies for which manual methods of scan alignment is

required (a source of scan-to-scan variability). The improved visualization and performance

of new OCT technology suggests that this technique will have an increasingly important role

in the assessment of processes of axonal and neuronal degeneration in neurological disease in

general, and MS in particular.

Conclusions

A major advance in modern neurobiology has been the development of the ability to couple

highly stereotyped clinical syndromes with predictable histopathological signatures in discrete

neuroanatomical tract systems. We believe that retinal imaging is vital to link these processes

in MS. While a clinical outcome of vision testing would at first glance seem to be sufficient to

couple pathological mechanisms of MS with relevant outcome measures in clinical trials that

test new treatment strategies, our ultimate objective is to determine whether what we observe

in the eye is translatable to what we would see in the brain and spinal cord in general (Box 2).

The relationship between these anatomical compartments is complex in that the structural

composition of the disease process may be similar in both locations, and the potential clinical

metrics to be validated for confirming protective or even restorative effects are manifold. As

such, we require a structure–function paradigm when designing novel trials, to which the

integration of OCT or similar technology is essential. An additional advantage of using these

new technologies for the corroboration of neuroprotective effects is that they give serial

structural measures over time that are highly reliable, not affected by physiological factors (e.g.

temperature, infection, stress or exercise) and have a very low intertest variability.59 By

contrast, serial measures of any clinical outcome can be highly variable across time, particularly

in a disorder such as MS in which a high degree of reversible conduction slowing (or even

block) is well recognized (the so-called ‘Uhthoff phenomenon’).

Initially employed as a secondary outcome measure in clinical trials of MS, but now with

sufficient prospective validation, OCT represents a new primary outcome measure as it directly

correlates with a clinically meaningful outcome—contrast letter acuity—for patients. The

modeling of processes such as neurodegeneration and neuroprotection in MS will, however,

require enormous precision and reproducibility if we are to confirm our assumptions about
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how the pathology evolves and whether therapeutic intervention to change these processes is

feasible. Prospective studies will be required to demonstrate predictive validity of these

techniques and the disease specificity of models such as optic neuritis. Specifically, does this

window on the brain work only for MS, or are there similar changes in other neurological

diseases? A recent report, for example, showed that the RNFL is abnormal in Alzheimer

disease,60 and this point requires further investigation to ensure that the RNFL findings in MS

are being correctly interpreted.

Ultimately, retinal imaging technologies such as OCT could be used to rapidly evaluate the

integrity of the RNFL and the macula for the purpose of tracking disease progression in MS,

and could also potentially be used to visualize neuroprotection. Importantly, studies have

demonstrated that thinning of the RNFL (through average RNFL, quadrant, and clockface

sector analyses) and volume reductions in the macula are associated with stereotypic declines

in visual functioning, particularly as measured by low-contrast letter acuity and visual field

analyses (Box 1).46–48,50,51,53 Using the eye as a model for the brain would facilitate an

efficient, cost-effective strategy by which we could longitudinally follow changes in structure

along with their clinical concomitants, and thereby refine our characterization of the disease

process in MS and develop the capability to monitor therapeutic effects to alter disease

progression.

Why model neurodegeneration in multiple sclerosis with optical coherence

tomography (OCT) in optic neuritis?

• Optic neuritis is among the most common syndromes in multiple sclerosis

• Occult optic neuropathy occurs in most patients with multiple sclerosis

• Patients predictably seek medical attention early

• Visual, physiological, and structural measures can provide a signature for the

syndrome

• Low-contrast letter acuity measures are valid patient performance outcomes that

causally relate to structural changes in the retina

• The retinal nerve fiber layer (RNFL) has no myelin and can thereby be considered

to be a highly enriched axonal tissue

• Changes in the RNFL and macula probably reflect mechanisms of inflammation,

demyelination (retrobulbar), axonal degeneration, and neuronal degeneration

• The timing of the changes in RNFL that follow acute optic neuritis has been

characterized

• The rapid changes in RNFL after acute optic neuritis make this syndrome ideal for

testing neuroprotective strategies over a short time frame with precise and

reproducible measures

Key Points

• Multiple sclerosis (MS) is characterized by axonal and neuronal degeneration in

both the white and the gray matter pathways of the CNS

• The retina is devoid of myelin but contains ganglion cell neurons and their

associated axons, and it thereby represents an ideal nervous tissue with which to

model processes of axonal and neuronal degeneration in MS
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• Optical coherence tomography (OCT) is a noninvasive retinal imaging technology

that can sensitively and rapidly measure changes in structural architecture that are

a consequence of the disease process in MS

• OCT metrics (retinal nerve fiber layer thickness and macular volumes) have been

shown to correlate with clinical measures of vision loss (e.g. low-contrast letter

acuity and visual field analyses)

• OCT, and perhaps other retinal imaging technologies, may facilitate visualization

of the disease process in MS and may be useful in detecting and monitoring the

process of neuroprotection in response to therapeutic agents

• More-advanced retinal imaging techniques are now available with the advantages

of high definition, high speed, automatic optic disc centering, co-registration

capability, and eye movement correction analysis, and they will ultimately bring

us closer to more directly interrogating CNS tissues to understand the mechanisms

of tissue damage and what can be done to prevent it
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Figure 1.

High-resolution images of the internal retinal structure taken with optical coherence

tomography (OCT), demonstrating the processes involved in using this technology. (A) Low-

coherence infrared light is transmitted into the eye through use of an interoferometer. (B) The

infrared light is transmitted through the pupil and then penetrates through the transparent nine

layers of the retina. Subsequently, the light backscatters and returns through the pupil, where

detectors can analyze the interference of light returning from the layers of the retina compared

with light traveling a reference path (mirror #2). An algorithm mathematically uses this

information to construct a gray-scale or false-color image representing the anatomy of the retina

(shown in the upper right portion of the figure). (C) A fundus image from the OCT device,

showing the optic disc appropriately centered and surrounded by the target image

circumference marker for analysis of the retinal nerve fiber layer.
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Figure 2.

A typical optical coherence tomography (OCT) report from a patient with multiple sclerosis

(MS), generated by Zeiss Stratus OCT3™ with software 4.0 (Carl Zeiss Meditec, Inc). On the

upper left, retinal nerve fiber layer (RNFL) thickness is plotted (Y axis) with respect to a

circumferential retinal map on the X axis (temporal-superior-nasal-inferior-temporal [TSNIT]

quadrants of the RNFL). Note the normal ‘double-hump’ appearance of the topographic map

of the right eye (OD), signifying the thicker RNFL measures derived from the superior and

inferior retina compared with the nasal and temporal regions. Also note the quadrant and

clockface sector measures of RNFL thickness (upper middle illustration). The table (lower

middle) compiles the quantitative data, including the average RNFL thickness (bottom row).

This patient experienced an episode of left optic neuritis 6 months before this study. Note the

marked reduction in RNFL thickness across all quadrants (red region denoting values below

1% of what would be expected when compared with a reference population), multiple sectors,

and with respect to the average RNFL thickness (bottom row of table). Abbreviations: OD,

right eye; OS, left eye.
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Figure 3.

An optical coherence tomography (OCT) report for the macular region of the retina from the

same patient with multiple sclerosis as is shown in Figure 2. Note the volume reductions in the

foveola (central macula) and the parafoveal quadrants on the left of the report. Whereas the

reductions in retinal nerve fiber layer thickness implicate loss of ganglion cell axons, macular

changes implicate losses of the ganglion cell neurons themselves. While the patient has had

no history of optic neuritis in the right eye, there are some subtle macular changes on that side,

suggesting occult involvement of this eye as well. Abbreviations: OD, right eye; OS, left eye.
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Figure 4.

Data are presented from a patient with multiple sclerosis with a remote episode of right optic

neuritis resulting in superior visual field loss. (A) A Humphrey automated perimetry visual

field analysis is shown, demonstrating a superior altitudinal field cut, best confirmed on the

pattern deviation plot (bottom right). (B) The corresponding optical coherence tomography

(OCT) report from the same patient. The OCT report reveals only a 6.58 μm difference in

average retinal nerve fiber layer thickness between the two eyes. However, more-prominent

discrepancy is demonstrated on quadrant and sector analysis in an inferior distribution.

Abbreviations: OD, right eye; OS, left eye.
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Figure 5.

Fundus (left), nerve fiber layer maps (middle), and deviation maps (right; compared with

normal individuals) derived from laser polarimetry (GDx) imaging of the same patient as is

shown in Figure 4. Note the reduction in retinal nerve fiber layer thickness in the inferior neural

retinal rim in (A) the right eye compared with (B) the normal left eye, as shown in both the

thickness map (less red) and deviation maps (increased colored pixels; arrow).
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Figure 6.

High-definition, ultra-high-resolution optical coherence tomography (OCT) scans. The high

data acquisition speeds available with spectral domain detection enable the acquisition of high-

definition images with large numbers of transverse pixels. (A) A 10,000 axial scans per second

image of the papillomacular axis acquired in 0.6 s. The axial image resolution is approximately

3 μm. The image may be zoomed in the (B) foveal or (C) optic disc regions to visualize details

of internal retinal morphology. OCT has been termed “optical biopsy”, and ultra-high-

resolution OCT imaging can provide excellent visualization of retinal architecture.

Abbreviations: ELM, external limiting membrane; IS/OS, junction between inner and outer

photoreceptor segments; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer

plexiform layer; RPE, retinal pigment epithelium.
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