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Abstract Multiple sclerosis (MS) is a chronic demyelinating
disease of the central nervous system. Magnetic resonance
imaging (MRI) is sensitive to lesion formation both in the
brain and spinal cord. Imaging plays a prominent role in the
diagnosis and monitoring of MS. Over a dozen anti-
inflammatory therapies are approved for MS and the develop-
ment of many of these medications was made possible
through the use of contrast-enhancing lesions on MRI as a
phase II outcome. A similar phase II outcome method for
the neurodegeneration that underlies progressive courses of
the disease is still unavailable. Although magnetic resonance
is an invaluable tool for the diagnosis and monitoring of treat-
ment effects in MS, several imaging barriers still exist. In
general, MRI is less sensitive to gray matter lesions, lacks
pathological specificity, and does not provide quantitative data
easily. Several advanced imaging methods including diffusion
tensor imaging, magnetization transfer, functional MRI, mye-
lin water fraction imaging, ultra-high field MRI, positron
emission tomography, and optical coherence tomography of
the retina study promising ways of overcoming the difficulties
in MS imaging.
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Introduction

Significant advances have been made in the treatment of mul-
tiple sclerosis (MS) over the last 20 years with the develop-
ment of over a dozen disease-modifying medications [1]. This
accomplishment was aided by the availability of an imaging
biomarker for relapsing forms of the disease. New lesion for-
mation was able to predict the response to anti-inflammatory
medications [2]. Magnetic resonance imaging (MRI) has
emerged as the most useful biomarker in relapsing forms of
MS. In contrast, there are no validated imaging biomarkers to
measure therapeutic benefit in progressive forms of MS, al-
though several candidate MRI measures hold promise. Many
challenges remain in the application of imaging toMS, includ-
ing the optimalMRI measure for progressive forms ofMS, the
low sensitivity for detection of cortical lesions, and the some-
what limited sensitivity even in white matter disease. In this
review, we will review the data demonstrating the evidence of
MRI as a biomarker in MS, as well as several candidate im-
aging biomarkers which hold promise for the future.

Brain MRI Measures

Lesional Measures

The association of clinical relapses with focal lesion develop-
ment was recognized through the use of MRI [3]. In the ear-
liest studies, it became clear that MRI disease activity was
more common than clinical relapses [4]. From a statistical
standpoint, an average of 10 to 15 new brain lesions are
formed for every 1 clinical relapse [5]. This opened the pos-
sibility of using new lesion formation on MRI as a potential
mechanism to screen for early disease activity and to measure
the effect of anti-inflammatory therapies. The volumetric
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assessment of T2 lesions in aggregate is considered a measure
of the overall burden of the disease and is associated with
clinical disability. MRI is able to provide some temporal data
on lesion formation. New lesion formation is pathologically
characterized by perivenular inflammatory infiltrates with var-
iable amounts of myelin loss and axonal injury. This focal
breakdown of the blood–brain barrier can be visualized on
MRI as areas of contrast enhancement on T1-weighted images
and is the radiological hallmark of new lesion formation. This
enhancement typically has a duration of 4 to 8 weeks [6], and
provides temporal information in MS. Contrast enhancement
is useful in determining dissemination in time criterion, even
when using a single MRI [7]. Similarly, classifying MS le-
sions based on their T1 signal has been proposed as a way
to assess the degree of tissue injury. T1 hypointense lesions,
also known as Bblack holes^, have been found to have signif-
icant loss of axons and are associated with disability measures
[8, 9]. Lesion localization appears to be important in
predicting disability, with periventricular lesion load being a
predictor of disability [10]. Localization of lesions in the brain
stem has been associated with increased level of disability and
appears to be a strong predictor of clinical conversion to def-
inite in patients with a single demyelinating episode, also
known as clinically isolated syndrome [11]. Lesion load and
new lesion formation are key features of the McDonald 2010
criteria and MS can now be diagnosed after a first clinical
event with a singleMRI scan; this reveals the prognostic pow-
er of the imaging technique as a biomarker of disease course
[7]. There have been recent modifications to the application of
MRI findings to the dissemination in time and space criteria
for the diagnosis of MS (Table 1) [12]. A previous require-
ment that only asymptomatic gadolinium-enhancing lesions
could be used to fulfill criteria has been dropped, as there
was not a major change to specificity and sensitivity.
Dissemination in space criteria now can use both cortical le-
sions and optic nerve lesions, and the number of
periventricular lesions needed has been increased to 3.

To date, new lesion activity is arguably the best biomarker
of active inflammation in MS identified. A clear relationship
between lesion development and relapses is best evidenced
when examining clinical trials of MS disease-modifying ther-
apy. Sormani et al. [2, 13] conducted several meta-analytical
studies correlating the effect of disease-modifying treatments
on new lesions and relapses (Fig. 1). From an analysis of 31
trials and > 18,000 individuals, they found that a treatment’s
effect on new or enlarging T2 lesions was highly predictive of
its effect on relapses (R2 = 0.71). Additionally, treatment ef-
fects on lesion development predicted a treatment effect on
relapses both in the short term (6–9 months), as well as in
the longer term (12–24 months). Using a similar meta-
analysis method, the same group found the combination of
an effect onMRI and relapses predicted an effect on disability
as measured by confirmed worsening on the Expanded

Disability Status Scale (EDSS) [13]. The authors conclude
that MRI lesions and relapses can function as a surrogate
measure for disability. These analyses have validated the use
of new MRI lesions (new or enlarged T2 and new gadolinium
lesions) as the primary outcome of phase II trials of anti-
inflammatory therapies in relapsing forms of MS.

The development of new lesions during treatment with
disease-modifying therapies has predictive properties.
Among patients treated with interferon (IFN)-β1a, the pres-
ence of gadolinium-enhancing lesions and new T2 lesions
during the first few years of therapy predicted disability wors-
ening over 15 years [14]. Although there is agreement that
new lesion development during IFN therapy predicts worse
clinical outcome, the appropriate cut-off for number of new
lesions that predict poor outcome is not clear. A similar vali-
dation of new lesion formation predicting poor outcome dur-
ing treatment with newer MS therapies is not yet available.
However, given that all currently approved medications ap-
pear to exert their effects through prevention of new focal
demyelinating lesions, it is likely this observation will hold
across different medications. The combination of relapses and
new MRI lesions has been shown to predict response to inter-
feron therapy and long-term outcomes [15]. The modified Rio
Score is a clinical tool that assigns points based on the pres-
ence and quantity of new lesions and relapses and has been
proposed as a useful tool in clinical practice.

The evidence that lesion formation is a predictor of disease
activity in relapsing–remitting MS (RRMS) and is a predictor
of response to anti-inflammatory therapies has made MRI one
of the most useful clinical practice tools in MS. Clinicians use
MRI to detect subclinical disease activity and make changes
before clinical relapses occur. MRI measures form part of the
concept of Bno evidence of disease activity^ (NEDA). NEDA
is a state in which patients do not have new/enlarging T2
lesions, gadolinium-enhancing lesions, clinical relapses, or
disability progression [16, 17]. NEDA is now being accepted
as a target for treatment in patients with RRMS [18, 19]. New
lesion formation is the most common reason for patients to
leave NEDA status, and this observation highlights the impor-
tance of MRI a clinically useful biomarker in MS.

The identification of central veins from MS lesions has
been proposed as a sensitive diagnostic tool for the dis-
ease. Central veins may help differentiate MS lesions
from nonspecific white matter lesions and from lesions
that may occur in the context of migraine headaches.
Central veins are most easily appreciated using ultra-
high field imaging and also can be seen at 3T, particularly
with the help of specialized T2* imaging sequences [20].
Mistry et al. [21] established a set of rules for the use of
central veins for diagnosis of MS (Table 2). Validation of
these rules is still needed, but the presence of central
veins within focal T2 lesions may aid clinicians when
the diagnosis of MS is in question.
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Brain Atrophy

Measurement of whole brain or regional atrophy using MRI
has been advocated as a method to assess both diffuse tissue
injury in MS, as well as aggregate tissue injury (i.e., the sum-
mation of both focal and diffuse injury). Although lesions
provide a reasonable biomarker of inflammatory disease ac-
tivity in MS, there is no similar measure in progressive MS.
Atrophy measures hold promise as potential biomarkers for
more diffuse neurodegenerative processes in progressive MS.

There are several methods available to quantify whole
brain atrophy. In general, brain tissue volume needs to be
normalized for cranial volume, and assessment of longitudinal

changes require some type of co-registration methods to iden-
tify changes over time. Registration-based methods involve
comparing longitudinally acquired images and measuring
changes in brain surface. Common registration-based tech-
niques include structural image evaluation using normaliza-
tion of atrophy (SIENA) and statistical parametric mapping.
Segmentation-based techniques commonly involve direct
measurement of brain volume in a single scan, the values of
which can be compared over time. Segmentation-based tech-
niques include brain parenchymal fraction and SIENAX,
among others.

Whole brain atrophy measures have shown modest corre-
lations and some predictive properties with overall disability
scores including EDSS and Multiple Sclerosis Functional
Composite [22, 23]. Whole brain atrophy has demonstrated
correlations with cognitive function [24, 25]. The effect of
whole brain atrophy has been examined in treatment trials of
MS. In RRMS, results have not shown a consistent correlation
between atrophy and effect on relapses. The explanation for
this dissociation may relate to the biological mechanism of the
different anti-inflammatory medications, use of several differ-
ent atrophy detection methods, and heterogeneity in the clin-
ical characteristics of the subjects. A paradoxical decrease in
brain volume during the first months of treatment, also known
as Bpseudo atrophy ,̂ has been observed for several anti-
inflammatory disease-modifying agents [26]. Pseudo atrophy
complicates analysis of brain atrophy and requires following
atrophy over long periods (i.e., 2 years) to mitigate this effect.
Additionally, as MS progresses, atrophy is probably driven
more by neurodegenerative changes than focal lesions and
relapses, which could explain the limited association between
these measures.

Table 1 Magnetic resonance
imaging (MRI) as a diagnostic
criteria for multiple sclerosis

Criteria for dissemination in space

Dissemination in space can be shown by involvement of at least 2 of 5 areas of the CNS as follow:

Lesion location Number of lesions required

Periventricular ≥3
Infratentorial ≥1
Spinal cord ≥1
Optic nerve ≥1
Cortical/juxtacortical ≥1
Criteria for dissemination in time

Dissemination in time can be
demonstrated by:

Criteria Description

1 A new T2 and or gadolinium-enhancing lesion(s) in follow-up MRI, with
reference to a baseline scan, irrespective of the timing of the baseline
MRI

2 Simultaneous presence of gadolinium-enhancing and nonenhancing lesions
at any time

Taken from Filippi et al. [12] and Polman et al. [7]

CNS = central nervous system

Fig. 1 Meta-analysis of 31 trials (circles) with regression (lines) plotted
shows the effect of relapses based on the effects on magnetic resonance
imaging (MRI). Log(MRIeffect) is logarithm of the MRI lesion rate ratio.
Permission from Sormani et al. [2]
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Because of its aggregate measurement qualities, brain atro-
phy has been proposed as a potential outcome measure in
phase II studies of neuroprotective medications and in pro-
gressive MS. Atrophy is likely a good global measure of neu-
rodegenerative processes in MS, and standardized methodol-
ogy make its application easily feasible across several centers.
Proposed sample sizes for neuroprotection derived from
whole brain atrophy have been published, with estimated sam-
ple sizes between 80 and 398 subjects per treatment arm in
RRMS [27]. For secondary progressive MS (SPMS) trials,
similar estimates have been proposed using SIENA, with as
few as 32 patients required per arm to detect a 50% treatment
effect [28]. Although atrophy is an attractive outcomemeasure
for progressive forms of the disease, the sample size estimates
noted above are calculated using quite large effect sizes.
Atrophy can be viewed as a relatively final effect in the path-
way of neurodegeneration, and markers that detect brain inju-
ry prior to actual tissue loss may be advantageous in detecting
early neuroprotective treatment effects. Brain atrophy has
been proposed to be incorporated into the traditional NEDA
measures, commonly referred to as NEDA-4 [29]. However,
because atrophy measurements are typically not conducted in
routine clinical practice and given the difficulty in establishing
a meaningful atrophy progression threshold, the use of atro-
phy in NEDAwill have limited utility in clinical settings for
now.

Gray Matter Atrophy

Regional atrophy measures have emerged as more specific
markers of the disease progress. Instead of examining whole
brain atrophy, segmenting white matter and gray matter inde-
pendently has shown improvements in the association and
prediction of disability over time. Measurement of gray matter
atrophy can be conducted using similar methodology as de-
scribed for whole brain atrophy. Specifically, atrophy in both
deep and cortical gray matter, have demonstrated stronger
correlations with clinical disability than white matter atrophy,
even over 20 years of disease evolution [30]. Gray matter
atrophy occurs early in MS and correlates with lesion load
better than white matter atrophy [30–32]. Gray matter atrophy
is found in a gradient with increasing severity in clinically
isolated syndrome, RRMS, and SPMS (as compared with
healthy controls), while white matter atrophy appears to be

relatively constant of the disease course. Mechanisms of direct
injury, as well as antegrade and retrograde axonal degenera-
tion, has been hypothesized for the gray matter in MS—even
in radiologically isolated syndrome gray matter volume is
reduced [33]. Gray matter atrophy demonstrates stronger cor-
relations with cognitive function [34, 35].

Another way of assessing cortical atrophy is through mea-
surement of cortical thickness. Cortical thickness can be de-
termined using several semiautomated techniques, perhaps the
most widely used being FreeSurfer [36, 37]. Some technical
challenges exist as misclassification of lesion tissue with cor-
tex is common, and some methods have been developed to
overcome this problem, including in painting of lesions [38],
and algorithms that incorporate lesions maps into deformable
cortical models [39].

Several studies have explored the contribution of specific
deep gray matter nuclei in MS. The thalamus changes from
very early stages of disease, including radiologically isolated
syndrome [40] and pediatric populations [41]. Thalamic atro-
phy has been correlated with neuropsychological function
[42–44], ambulation [45], and fatigue [46]. The hippocampus
shows atrophy in all stages of MS and is associated with defi-
cits in memory encoding and retrieval [47]. Hippocampal atro-
phy has been described in pediatric MS and appears to be
regional, with selective vulnerability of the cornu ammonis,
subiculum, and dentate gyrus, rather than global. In pediatric
MS hippocampal regional atrophy correlates with attention and
language function. Similarly, caudate atrophy has been de-
scribed in MS [48], and an increase in the bicaudate ratio has
been found to predict impaired cognitive function [49].

Gray Matter Lesions

Although focal white matter lesions are predominant in MS,
gray matter demyelination has been described. Cortical gray
matter lesions have been extensively identified on pathological
specimens of both early and late stages of MS [50, 51]. Lesions
have been classified based on their location as type I (cortical,
juxtacortical), type II (intracortical lesion without extension to
the surface of the brain or white matter), type III (band-like
subpial lesions), and type IV (intracortical full width of the
cortex without subcortical white matter involvement)
[51–53]. Cortical lesions appear to differ pathologically from
white matter lesions, as they contain fewer inflammatory

Table 2 Central vein diagnostic
rules as proposed by Mistry et al.
[21]

Criteria

1 Presence of at least 6 morphologically characteristic lesions, the diagnosis is inflammatory
demyelination

2 If there are < 6 morphologically characteristic lesions, but morphologically characteristic lesions
outnumber the nonperivenous lesions, the diagnosis is inflammatory demyelination

3 If neither of these conditions is met inflammatory demyelination should not be diagnosed
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infiltrates, transected neurites, and apoptotic neurons [51].
These pathological differences likely explain why these lesions
are not easily identified on conventional MRI studies [54]. In a
postmortem study, only 32% of lesions detected histologically
were evidenced on conventional MRI [55]. Focal disruption of
the blood–brain barrier does not seem to occur with new for-
mation of cortical lesions and, hence, lesions are not typically
contrast enhancing. Despite these limitations, several imaging
sequences have been developed to improve the sensitivity of
cortical lesions detection. Double inversion recovery, which
provides an inversion for both white matter and cerebrospinal
fluid, helps in the detection of intracortical lesions and precise
localization of cortical/juxta cortical lesions [56]. Ultra-high
field imaging provides improved detection of cortical lesions
with greater anatomic resolution and differentiation of lesions
seen with double inversion recovery. Seven Tesla (T) also per-
mits differentiation of extracortical blood vessels, which can be
confused with cortical lesions [57]. Several studies have found
an association between cortical lesion load and cognitive func-
tion both at 3 T [58] and at 7 T [57].

Gray matter lesions have been identified in deep brain
structures. On pathological examination focal demyelination
accounted for about 15% (range 0.2–31.6%) of the deep gray
matter in patients with RRMS [59]. Deep gray matter lesions
many times involve both white and gray matter with an inter-
mediate amount of inflammation between cortical lesions and
white matter lesions. Even early MRI studies suggested that
approximately 5% of total lesion volume came from deep gray
matter structures [60]. In the thalamus, for example, a recent 7
T study found lesions in approximately 70% of patients with
MS [61]. Thalamic lesions were described as either discrete/
ovoid or lining the ventricle. Thalamic lesion load was found
to correlate with EDSS and with cortical lesion load.

Advanced MRI Methods

In addition to standard MRI methods, several Badvanced^
MRI measures have been proposed with the promise of devel-
oping more sensitive and specific markers for MS. Diffusion
tensor imaging (DTI) is a quantitative technique that permits
the characterization of water motion through the application of
multiple diffusion gradients [62]. In DTI water motion is
modeled to yield measures of axial, radial, and mean diffusiv-
ity, as well as overall diffusion anisotropy (fractional anisot-
ropy). DTI permits the characterization of tissue architecture
with radial diffusivity corresponding roughly to myelin con-
tent [63, 64], and axial diffusivity corresponding to integrity of
axons [65]. Several longitudinal DTI studies have demonstrat-
ed progressive increase in radial diffusivity over time [66, 67].
Additionally, DTI measures have been shown to predict black
hole formation [66, 68], and lesion formation from normal
appearing white matter [69]. Tract-based DTI measures im-
prove prediction of disability over conventional MRI

measures. DTI has been assessed across multiple scanners/
platforms and is being used in multicenter studies of progres-
sive MS [70]. More complex modeling of diffusion data may
enable determination of more specific tissue properties, in-
cluding axon density and neurites [71]. DTI may have role
in trials assessing overall brain tissue integrity and testing
neuroprotectant medications.

Functional MRI (fMRI) provides signal related to brain
activation based on blood oxygen consumption and blood
flow in brain tissue. fMRI has been immensely useful in un-
derstanding how brain structures are connected and how inju-
ry in different brain regions correlate. fMRI has served as an
important tool in addressing cognitive function in MS [72]. In
relation to cognition it appears people with MS initially ex-
hibit increased connectivity as a compensatory mechanism;
however, over time, connectivity in the severely diseased
MS brain tends to decrease [73]. fMRI studies also were able
to demonstrate the reorganization of brain function during
cognitive tasks with MS [74]. Several studies have used
fMRI to integrate both diffusion and atrophy changes to better
explain cognitive dysfunction and disability [75, 76].

Magnetization transfer imaging involves measurement of
the transfer of magnetization between the free and bound pro-
ton pool in tissue [77]. Magnetization transfer imaging in-
volves applying 2 sequences: 1 with a magnetization transfer
pulse and 1 without. The images are then subtracted with a
resultant magnetization transfer ratio (MTR) image. MTR has
been proposed as a measure of myelin content [78]; however,
MTR may be measuring water content as well [79]. MTR in
white matter lesions has a predictable and biological time
course consistent with demyelination and remyelination
[80]. MTR has been shown to be sensitive to demyelination
in the cortex [81] and deep gray matter [82]. MTR from
normal-appearing brain tissue has been associated with clini-
cal disability [83], although a stronger clinical association of
lesional MTR over normal-appearing tissue has been reported
[84]. MRI is sensitive to water content and methods have been
developed to identify water located between the lipid bilayers
of myelin. From whole brain water measures of myelin water
fraction based on multiexponential T2 decay can been derived
using several methods with promising results in MS [85, 86].
MTR and water myelin fraction may have a significant role in
trials using purported remyelinating agents.

Sodium imaging using MRI is a novel technique that in-
volves using the magnetic resonance signal of 23NA. This im-
aging modality is of interest as several studies have suggested
that intraxonal accumulation of sodium may relate to axonal
degeneration [87]. Sodium imaging requires a special MRI
nuclear coil with significant postprocessing for determination
of sodium concentrations. Sodium imaging using ultra-high
field MRI has been employed in MS, and intracellular sodium
increases from lesions have been associated with clinical dis-
ability [88]. Magnetic resonance spectroscopy allows the
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characterization of the metabolic function of brain tissue
through assessment of metabolites such as N-acetyl aspartate,
creatine, and choline. Differences between healthy controls and
patients with RRMS and SPMS using this technique have been
well documented [89]. Several longitudinal studies have dem-
onstrated that the relation between disability and assessment of
N-acetyl aspartate to creatine ratios [90]. Magnetic resonance
spectroscopy has been proposed as a method to monitor tissue
injury both from lesions and normal-appearing white matter
[91]. Newer methods examining γ-glutamate and γ-
aminobutyric acid (GABA spectroscopy) have been attempted
in MS and may carry greater pathological specificity [92, 93].

Spinal Cord MRI

The spinal cord is a prominent site of injury in MS and spinal
cord lesions are a strong predictor of disability. In the spinal
cord, unlike the brain, there is more limited neuroplasticity
and few clinically silent regions. This may explain the stron-
ger correlations between spinal cord imaging and disability
compared with brain imaging. However, several factors have
complicated the use of spinal cord imaging in MS, including
low spatial resolution, physiological movements, partial vol-
ume averaging, and the disappearance of cord lesions over
time [94, 95]. Despite these limitations, and with improve-
ments in technology, spinal cord imaging holds great promise
as a biomarker in MS. Although lesions occur less frequently
in the spinal cord than in the brain [96], lesions of the spinal
cord tend to show a greater individual correlation with disabil-
ity [97, 98].The presence of spinal cord lesions is a strong
predictor of developing MS among patients with clinically
isolated syndrome, with 1 study showing an odds ratio of
14.4 for developing clinically definite MS in the presence of
spinal cord pathology [99]. In radiologically isolated syn-
drome, the presence of asymptotic spinal cord lesions was
associated with an odds ratio of 75.3 for development of clin-
ically isolated syndrome or primary progressive MS [100].
This last observation highlights the fact that spinal cord le-
sions may occur asymptomatically and may be worth moni-
toring for response to disease-modifying treatment. Spinal
cord volume appears to be a good differentiating tool between
relapsing and progressive MS disease course [101]. Upper
cervical cord cross-sectional area was found to be one of the
strongest predictors of disability [97, 102]. Longitudinal as-
sessment of spinal cord atrophy has demonstrated good cor-
relation with changes in disability [103]. Cervical atrophy has
already been used as an outcome measure in at least 1 neuro-
protection trial, where the active agent riluzole decreased the
rate of cervical cord atrophy [104]. Similar to what is observed
in brain, regional changes in the spinal cord also seem to be
important, with several groups describing changes in the pos-
terior and lateral segments of the cord [105, 106].

Several advanced MRI imaging techniques have been ap-
plied to the spinal cord and have shown promising results.
DTI measures derived from the cervical spinal cord were
found to correlate and predict hip flexion strength and vibra-
tory sensation [107]. DTI tractography of the corticospinal
tract has shown correlation with disability [108]. MTR from
gray matter in the spinal cord correlates strongly with disabil-
ity measures [109]. A more recent study shows that MTR
from pial and subpial regions of the spinal cord correlates with
spinal cord atrophy and shows a biological gradient acrossMS
disease courses [110]. Spectroscopy of the spinal cord can be
used to identify changes in metabolite profiles both from le-
sions and nonlesional tissue [108, 111].

The application of ultra-high field imaging in spinal cord
provides an increased resolution for better anatomic charac-
terization, which is particularly evident on axial images [112].
Ultra-high field imaging of the spinal cord helps to better
discriminate white and gray matter, as well as individual le-
sion in the cervical spine, with some studies showing an in-
crease in lesion detection of > 50% [113]. Similar to what is
observed in brain, lesions in spinal cord gray matter can be
more easily visualized at high field [114]. Water myelin map-
ping of the spinal cord at 7 T holds promise as a more specific
marker with excellent resolution at 7 T [115].

Positron Emission Tomography Imaging in MS

The use of radioligand compounds to look for specific patho-
logical substrates has been proposed and studied in MS [116].
Chemical compounds are labelled with positron-emitting iso-
topes which can be imaged in tissue using a positron camera
[117]. Positron emission tomography (PET) technology can be
combined with computed tomography or MRI to provide im-
proved anatomic localization. Several imaging targets have
been proposed in MS and PET may be the most direct way to
quantify pathology in MS. Several limitations of PET include
limited availability of scanners, limited spatial resolution, and
significant costs related to radiotracer production. Perhaps the
best data exist for PET markers of microglia. Several radio-
tracers bind to translocator protein, which is a marker of acti-
vated microglia: 11C-PK11195 [118], 11C vinopectine [119],
11C-PBR28 [120]. These markers have been shown both in
gray [118] and white matter [121], have shown correlation with
disability, and in some cases correlate with the presence of
microglia in postmortem studies [122]. PET studies have mea-
sured myelin with ligands such as C-11-labeled N-methyl-4,4′-
diaminostilbene, which is proposed as a probe sensitive to my-
elin in animal testing [123].11C-PIB has been tested in 2 pa-
tients with MS showing promise as a potential myelin marker
[124]. More nonspecific markers such as fluorodeoxyglucose
has been used as a marker of inflammation [125] and cortical
metabolism/cognition [126]. Although PET markers hold great
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promise for the future the number of patients studied using this
technology remain limited and significant barriers, such as cost,
access to PET machines, and low resolution, will have to be
addressed before this imagingmodality can receive widespread
use as a biomarker in MS.

Optical Coherence Tomography as a Biomarker
in MS

Optical coherence tomography (OCT) is a noninvasive method
that is useful for imaging the retina. OCT technology similar to
B-mode ultrasound relies on low coherent infrared light to ob-
tain high spatial resolution images of the retina [127]. OCT has
significant advantages as it is noninvasive, relatively inexpen-
sive, easy to perform in the office setting, fast, and produces
quantitative measures reliably. OCT is able to characterize pa-
thology in the retina as it relates to injury of the optic nerve, and
also may serve as a window into underlying changes in the
entire central nervous system. As such, OCT holds significant
promise as a biomarker in MS. The most recent generation of
OCT machines (spectral domain OCT) provide better resolu-
tion with decreased scan times than older time-domain ma-
chines [128]. OCT enables measurement of the retinal nerve
fiber layer (RNFL), thought to be a marker of axon loss and the
neuronal ganglion cell layer.

After optic neuritis a clear drop in RNFL thickness can be
observed with OCT [129, 130] Loss of RNFL appears to
affect preferentially the temporal region of the retina and tends
to occur in the first several months after acute optic neuritis
[131]. It has been demonstrated that RNFL is thinner in pa-
tients with MS than in healthy controls, even in patients with
MS who have not had episodes of optic neuritis [132]. This
last finding suggests OCT may be measuring a more diffuse
pathological process which better corresponds to overall cen-
tral nervous system damage, although, alternatively, it may be
simply measuring subclinical optic neuritis. Longitudinal
evaluation using OCT demonstrates progressive loss of
RNFL, and this is seen in eyes both with and without a history
of optic neuritis [131, 133].

Several studies have examined the relation between RNFL
thickness and more global measures of injury in MS, includ-
ing clinical manifestations and brain MRI changes. Changes
in letter acuity and low-contrast letter acuity are associated
with RNFL thickness in longitudinal studies [134]. RNFL
has been correlated with brain atrophy [135], T2 lesion vol-
ume [136], severity of injury in the spinal cord [137], and DTI
measures of brain white matter [138]. RNFL thickness seems
to be a useful method for differentiating patients with MS
from those with neuromyelitis optica [139, 140].

Measurement of ganglion cell layer thickness has emerged
as a valuable OCTmarker, possibly representing a pathological
process other than pure axon loss. Ganglion cell thickness in

some studies was found to have better correlations with visual
function [141, 142], andmirrors findings comparingwhitemat-
ter and gray matter atrophy. Finally, macular volume can be
used as a measure of neuronal loss in MS and has been shown
to mirror RNFL loss as well [143]. The use of OCT to measure
macular volume in the clinic serves to screen for macular ede-
ma in patients starting fingolimod, or for surveillance once the
medication is started [144].

Imaging as an Early Biomarker for Progressive MS

In RRMS contrast-enhancing lesions have served as a useful
outcome in phase II studies to screen for the relative potency
of anti-inflammatory MS therapies. In progressive MS a sim-
ilar outcome has not been identified, representing a significant
challenge to the development of therapies. MRI methods de-
scribed above, especially brain atrophy, are reasonable candi-
dates but may reflect downstream pathology and may require
both long studies and large sample sizes. Advanced metrics
such as DTI, MTR, and OCT are promising as phase II out-
comes, but still need further validation. The Progressive MS
Alliance is currently focusing on identification and validation
of potential outcome metrics for faster clinical trials [145].

Conclusion

Imaging markers have demonstrated significant utility as bio-
markers in MS. Development of new brain lesions is perhaps
the most useful biomarker available in the early stages of MS
and is used routinely in clinical practice to monitor therapeutic
response. New lesions are not a useful biomarker in progressive
MS, although several advanced imaging candidates and ultra-
high filed MRI of the brain and spinal cord hold significant
promise for filling that unmet need. Large validation studies
of these methods will be needed so that these advanced imag-
ing biomarkers can be applied reliably in the clinical setting and
to test new therapeutics.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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