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Synopsis

Magnetic resonance imaging (MRI) has rapidly become a leading research tool in the study of
multiple sclerosis (MS). Conventional imaging is useful in diagnosis and management of the
inflammatory stages of MS, but has limitations in describing the degree of tissue injury as well as
the cause of progressive disability seen in the later stages of disease. Advanced MRI techniques
hold promise to fill this void. Magnetization transfer imaging is a widely available technique that
can characterize demyelination and may be useful in measuring putative remyelinating therapies.
Diffusion tensor imaging describes the three-dimensional diffusion of water and holds promise in
characterizing neurodegeneration and putative neuroprotective therapies. Spectroscopy measures
the imbalance of cellular metabolites and could help unravel the pathogenesis of
neurodegeneration in MS. Functional (f) MRI can be used to understand the functional
consequences of MS injury, including the impact on cortical function and compensatory
mechanisms. These imaging tools hold great promise to increase our understanding of MS
pathogenesis and provide greater insight into the efficacy of new MS therapies.

Keywords

MRI; imaging; magnetization transfer imaging; spectroscopy; functional MRI; diffusion tensor
imaging

Introduction

Magnetic resonance imaging (MRI) is a non-invasive imaging technique, providing
excellent contrast between intact and demyelinated white matter. MRI lesions typically
persist for decades, providing a long term record of MS injury within the brain and spinal
cord. MRI was formally integrated into the MS diagnostic criteria in 2000 and can be used
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to demonstrate both of the classic demyelinating hallmarks of MS — dissemination in space
and dissemination in time [PG1][rf2].105 MRI also has been an important tool in the study of
new MS agents, where reduction in new lesions is usually the primary outcome of phase Il
trials of anti-inflammatory therapies.

Conventional MRI modalities include T2-weighted, T1-weighted, and post-gadolinium T1-
weighted images. Although useful in the diagnosis and management of MS, conventional
imaging has several limitations. Lesions are non-specific, indicating areas of inflammation,
demyelination, ischemia, edema, cell loss, gliosis. Conventional imaging is unable to
differentiate between these different pathologies. Conventional imaging also poorly
characterizes the degree of injury in demyelinated lesions. In addition, conventional imaging
does not identify all of the pathology in MS: there are widespread abnormalities in the white
matter which appears normal on T2- and T1-weighted images. Cortical demyelination is
common in MS patients, but is rarely seen on conventional imaging. Gradually progressive
disability is common on the later stages of MS, even though conventional imaging usually
shows no changes. To address these short-comings, advanced imaging modalities have been
developed and applied to MS. These advanced imaging methods provide a more sensitive
and specific assessment of MS tissue injury. MRI is also useful in studying the
pathophysiology of MS, with different imaging modalities providing pathologic insights into
the MS injury and later recovery. This review will describe some of the ways MRI is used to
study MS.

Brain Atrophy

Inflammatory injury in MS causes both demyelination and axonal loss.1®” The end result of
this injury can be loss of tissue, and this loss of tissue can be measured by brain atrophy.1®
Brain atrophy begins early in the disease course and progresses throughout the different
stages of MS. Although atrophy correlates only modestly with existing clinical disability,
progression of atrophy more strongly predicts later disability progression.51

MS therapies might also impact the progression of brain atrophy, although the relationship is
not always straightforward.81:107:135 The anti-inflammatory effect of MS therapies can
reduce brain volume, called a “pseudo-atrophy” effect.167 Even patient hydration status can
also affect atrophy measurements.#8 Brain atrophy is an attractive outcome metric for
progressive MS trials using putative neuroprotective therapies, where conventional lesion
measures do not characterize the underlying neurodegeneration.!

Quantitative Analysis of Conventional Imaging

Since new and enlarging lesions define active inflammation, sensitive and accurate
quantitative measures of these lesions are a valuable research tool. Image analysis software
has been helpful in measuring lesions accurately and reproducibly. Application of
quantitative lesion measures to longitudinal studies can characterize changes in lesions over
time, including new lesions and changes in overall lesion burden. Quantitative measures of
conventional imaging are now standard outcomes metrics in MS clinical trials. New
gadolinium-enhancing or T2 lesions are typical primary outcome measures in Phase Il anti-
inflammatory MS trials, while these lesion measures are relegated to secondary outcomes in
phase II trials.

Although useful in many ways, quantitative measures have several limitations. The
measures are relatively dependent upon pulse sequence and other scanner settings. Changes
in scanner settings, including scanner and pulse sequence upgrades, can significantly impact
quantitative measures. Different software programs work differently, yielding different
measures of lesion burden and atrophy.50 Artifacts such as patient motion can also impact
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quantitative measures. Because imaging abnormalities are not specific for MS, not all
“lesions” seen on imaging represent actual MS lesions. Nonetheless, quantitative image
analysis software provides powerful tools to assess the inflammatory components of MS
injury.

Magnetization transfer imaging

In vivo markers of myelin are essential for quantifying demyelination and remyelination in
the brains of MS patients. Unfortunately, the protons associated with myelin have T2
relaxation times that are too short (<1 ms) to be directly detected by conventional brain
MRI. Instead, the protons associated with myelin can be indirectly detected by harnessing a
physical phenomenon called magnetization transfer (MT). MT ratio (MTR) imaging is one
of the most promising MRI modalities with sensitivity and specificity to myelin and
widespread availability.

MT is a phenomenon in which protons of two or more environments (pools) with distinctly
different magnetic resonance (MR) properties exchange magnetization. In a simple model of
the brain, two pools of protons with distinctly different MR properties and biological
properties are liquid (or mobile) protons and macromolecular (or bound) protons. The
protons associated with water (both intracellular and extracellular) contribute to the liquid
pool of protons. The protons associated with myelin, cell membranes and proteins contribute
to the macromolecular pool of protons. To detect the macromolecular pool of protons, an
off-resonance radio-frequency pulse (often referred to as the MT pulse) is used. This pulse
preferentially excites the macromolecular pool of protons and is added immediately prior to
a conventional (usually T1-weighted or proton-density-weighted (PDw)) MRI sequence.
Adding this pulse induces the transfer of magnetization from the macromolecular protons to
nearby liquid protons, yielding an MRI with intensities that have been modulated by the
presence of myelin.

One type of MT imaging is quantitative MT (qMT) imaging. In a gMT imaging session,
many different MRIs with different parameters (e.g. MRI modalities without the MT pulse,
MRI with variable MT pulse duration or pulse offset frequency, etc.) are acquired. After the
acquisition, these MRIs are analyzed to completely characterize the two- (or more) pooled
model of protons in the brain. One of the quantities that can be extracted from this analysis
is a 3-dimensional (3D) image of the fraction of macromolecular protons (fg). The
sensitivity and specificity of fg to myelin density in lesional white-matter (WM) and
normal-appearing WM (NAWM) has been demonstrated in a study that performed gMT]I on
unfixed brain slices, followed by histopathological analyses3°. Unfortunately, qMT
imaging can only be performed at specialized centers and it typically yields low-resolution
images if performed on the whole brain31:156.

Another type of MT imaging is MTR imaging (Figure 1). To obtain an MTR image, two
different MRIs are acquired in a single session: 1) an MT ¢ image, which is a conventional
MRI (T1w or PDw); and 2) an MT,,, image, which is the same conventional MRI acquired
with the additional MT pulse. After acquisition, a 3D MTR image is calculated by
measuring the percentage difference in the MT,,, image relative to the MT ¢ image (MTR =
100*[MT g — MTon)/MTs1). The sensitivity of MTR to myelin density has been
demonstrated by post mortem imaging and histopathological analyses in MS brains that
revealed strong associations between myelin content and MTR in WM lesions and
NAWM1L138 |n addition, in vivo imaging and post mortem histopathology in MS brain are
validated MTR metrics for remyelination and demyelination within an initially enhancing
WM lesion.34
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The relative specificity of MTR to myelin density in brain has been demonstrated by post
mortem imaging and histopathological analyses that revealed no significant associations
with axonal count (after accounting for the correlation between myelin content and axonal
count) or gliosis,138 and by in vivo imaging of acute MS lesions that revealed no significant
effect of inflammation on the correlation of MTR with gMT-derived macromolecular
content.8” Although changes in brain MTR values underestimate demyelination in acute
lesions due to edema,5” several observations suggest that MTR imaging is a powerful tool
for MS research: the strong correlation between MTR and gMT-derived macromolecular
content over the 10-month evolution of acute lesions, the strong associations between MTR
and histopathologically-derived metrics of myelin density, and the clinical feasibility of
performing whole-brain MTR imaging on most modern scanners at a clinically relevant
resolution.

MTR has provided many insights regarding the evolution of demyelination and
remyelination in acute WM lesions. Decreased in MTR prior to the appearance of a WM
lesion on T2-weighted MRI or Gadolinium (Gd)-enhanced T1w MRI suggests early myelin
pathology not detectable by conventional MR1.%6:124:131 The evolution of MTR within
new lesions varies from lesion to lesion: mean lesional MTR may recover over 1-5 months,
58:91,131,142,159 g ggesting remyelination; or, it may remain low®8:131:159 or decrease
further47:58:159 syggesting on-going demyelination. This variable MTR outcome for acute
lesions is supported by post mortem observations of both remyelinated shadow plaques and
demyelinated lesions in the same brain.23 The evolution of MTR in individual lesion voxels
(typically 1 to 3 mm3) has also been shown to vary: within a given lesion there may be
groups of voxels that remain stable with low MTR, suggesting static demyelination; or
increase significantly, suggesting remyelination; or decrease significantly, suggesting on-
going demyelination.33:34 This variable MTR outcome for different regions of a lesion is
supported by post mortem observations of inactive demyelinated WM lesions with variable
peripheral remyelination,126 and in vivo MTR with post mortem histopathology validating
that the spatial variability in MTR outcome was associated with demyelinated and
remyelinated lesion regions.34

MTR of non-lesional brain tissue has also been found to be abnormally low in MS patients,
in both NAWM#2 and normal-appearing grey-matter (NAGM).#2:127 MTR of non-lesional
brain tissue has been shown to be associated with concurrent disability. Mean MTR of
normal-appearing brain tissue was associated with existing cognitive impairment.59 MTR in
cortical regions was associated with the regionally relevant clinical disability scores.84.
Mean cortical MTR was significantly lower in cognitively impaired compared to cognitively
preserved benign MS patients.?

MTR of non-lesional brain tissue predicts disability progression. Mean MTR in NAWM
predicted disability progression over five years.137 Peak height of the NAGM MTR
histogram best predicted progression over three years.82 Despite the clinical relevance of
these MTR findings in brain regions without MRI-detectable WM lesions, studies of
NAWM and NAGM using both MRI (including high-resolution MTR) and histopathology
(including immunohistochemical analyses to determine myelin distribution and pathology,
and electron microscopy to investigate myelin and tissue ultrastructure) have not been
performed to adequately understand the substrate for these MTR differences.

MTR of cervical spinal cord has also been found to be abnormally low in MS patients and
associated with disability.2! Performing MTR imaging in spinal cord is challenging, in part
due to the motion of the cord during each scan and between the two scans. A new approach
acquiring only the MT,,, scan and normalizing the intensities using the cerebrospinal fluid
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(MTCSF) has demonstrated associations between column-specific MTCSF values and the
relevant measures of sensorimotor impairment.16°

Future Challenges to MTR Imaging

An important goal for MS therapies could be to enhance remyelination, yet there is no well-
accepted MRI metric of remyelination. The sensitivity and specificity of MTR to myelin
suggests that image processing of MTR may yield a metric of in vivo remyelination. As
described earlier, there is preliminary validation of MTR as useful metrics for remyelination
and demyelination of acute WM lesions.3* Another method of detecting significant changes
in MTR within lesional and non-lesional brain voxels has also been proposed, 0 although
further validation of all of these methods is still needed. An advantage with MTR is that
most imaging systems have MTR easily available, making implementation in multi-centered
clinical trials more straight-forward than other advanced imaging techniques. Additional
advances in standardized image acquisition and analysis will help increase the application of
MTR to assessing therapies which target remyelination. Several ongoing clinical trials are
using MTR, and initial results appear promising.3

Cortical demyelination is commonly observed in MS brains through post mortem
histopathology and the extent of demyelination can be quite great. Some cortical lesions can
be observed by double-inversion-recovery (DIR),29:66:143 fluid-attenuated-inversion-
recovery and spoiled-gradient-recalled-echo,9 DIR and phase-sensitive-inversion-recovery
(PSIR),116 DIR and PSIR and magnetization-prepared-rapid-acquisition-with-gradient-echo
(MPRAGE),115 MPRAGE and T2w imaging.10 However, all of these methods identify
only a small proportion of the overall cortical lesions seen on histopathology. The most
common cortical lesions involve the layers nearest to the pial surface, and these are typically
not visualized with current techniques, including MTR. Advanced image-processing of
MTR, however, may yield a metric of in vivo cortical demyelination that is not always
visually apparant. As described earlier, image processing of cortical MTR has detected
abnormalities, but further MRI and histopathological studies are needed to determine the
relationship between cortical lesions and abnormal cortical MTR.

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an advanced imaging method which describes the three-
dimensional diffusion of water within tissue. In the 1960's Stejskal and Tanner found that a
magnetic field gradient can be used to measure the ease by which molecules can diffuse.150
Moseley et al recognized that adding diffusion weighting gradients (DWG, or a gradient in
the magnetic field across the imaging plane) into an MRI acquisition could detect edema on
acute ischemia, leading to the earliest clinical application of diffusion imaging.110

DWG can be applied in only one direction per scan (or single image acquisition), while DTI
takes advantage of the fact that the direction of the DWG affects the signal contrast within
tissues. When a DWG is parallel to the axons and myelin sheaths (the least restricted
direction of diffusion), there is relatively more signal attenuation. When a DWG is
perpendicular to myelin sheaths, the most restricted direction of diffusion, the signal is
brighter (Figure 2). By integrating the signal contrast when DWG are applied in different
directions over multiple scans, a three-dimensional characterization of water diffusion can
be derived.

The “diffusion ellipsoid” provides an intuitive description of the diffusion tensor (Figure 3).
The shape of the ellipsoid corresponds with tissue microstructure, with the long (principal)
axis parallel to fiber bundles. Although only six DWG are needed to fully describe the
ellipsoid, tensor estimates will vary depending upon the orientation of the ellipsoid with
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respect to the primary magnetic field if only six DWG’s are used. Therefore, typically 30 or
more non-collinear (i.e. different directions) DWG's are utilized to reliably estimate the
diffusion tensor.”®

A number of metrics can be derived from the tensor to correlate with degree and type of
tissue injury. The two most commonly reported metrics are mean diffusivity (MD), which is
reflects the overall amount of diffusion, and fractional anisotropy (FA), which represents the
degree of elongation of diffusion. An increase of MD can accompany loss of physiological
barriers to diffusion associated with cell loss or injury and is commonly observed in MS
patients. FA is large in highly organized white matter, since diffusion is relatively elongated,;
tissue injury (e.g. demyelination) can therefore lead to a decrease in FA.

The individual components of the diffusion ellipsoid (called eigenvalues) can be evaluated
separately, too. Longitudinal diffusivity (LD) is simply the largest of the three eigenvalues
and is also known as axial diffusivity. Relative decreases in LD correlates with axonal injury
at the acute stage of inflammatory injury,52:86 and such abnormalities are found distal from
site of injury.25:44 This observations suggests a picture in which transection of axons
reduces the ease by which water moves along axon bundles.37+164 Transverse diffusivity
(TD) is the mean of the smaller two eigenvalues and is also known as radial diffusivity. In
highly organized fiber tracts, radial diffusivity corresponds to diffusion across fibers.
Relative increase of TD correlates with demyelination and suggests a picture in which
fragmented or missing myelin leads to fewer barriers for water diffusion.2%146

DTI Tractography

Tractography is a diffusion analysis technique that aims to identify specific white matter
pathways and may enable association between white matter injury and functional deficit. For
example, measures of TD in the motor pathway has been found to correlate with arm
function (the 9 hole peg test) in MS patients. Injury has been found in pathways connected
distal to MS lesions, providing an imaging correlate to Wallerian degeneration.37:144:164
These changes may also explain advanced imaging abnormalities in white matter regions
that appear normal on conventional imaging.

The basic concept behind tractography entails connecting the orientation information at each
voxel. In the most common implementation, the principal eigenvector, which is associated
with the largest axis of the diffusion ellipsoid, is used. Streamline is constructed by
connecting principal eigenvectors in each voxel, thus creating whole-brain maps of fibers.
12,109 ynfortunately, such methods fail with small fibers, in regions of fiber crossings and in
the presence of tissue injury such as MS lesions.24 A number of higher-order methods have
been developed to model crossing fibers,118 78:158 and more complex tractography methods
have been introduced to capture more of the fascicle anatomy.88:148

Analysis of tractography results typically involves either of two approaches. One can
measure tract-specific values such as LD, TD, FA, and MD.%8 This approach has found
correlation with clinical measures of disability in MS and with functional MRI measures of
transcallosal inhibition. Another approach essentially counts streamlines generated by the
tractography algorithm. However, this counting approach and the related tract volume metric
demonstrate relatively high variability and reduced sensitivity.”2

Tract based spatial statistics (TBSS) is a tractography method which constructs a white
matter skeleton from fractional anisotropy images.14> Imaging metrics associated with these
skeletons can be compared between subjects and so TBSS shows promise for bridging the
gap between imaging and clinical disability.46'68
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The sensitivity and physiological interpretation of DT suggest a range of applications
relevant to MS. DTI is sensitive to abnormalities in “normal appearing white matter,” which
appears normal on conventional imaging,>*8° and can differentiate different types of
lesions.112:161 DT|-related parameters have also been used to assess the impact of new drug
therapies.140:141 Correlation with a number of clinical, physiological, and psychological
scores suggest the potential of DTI for assessing and perhaps predicting patient-specific
progression of disease and response to therapy.63:98:130

Future Challenges to DTI

Modeling water diffusion as a tensor is helpful in highly organized white matter tracts, but
the tensor models are a less accurate description of water diffusion in more complex tissues,
including those with crossing fiber tracts, gray matter, and tissue injury. Therefore, several
methods have been proposed to model multi-component diffusivity, which may provide
additional information about tissue. Examples include diffusion spectrum imaging,6° g-
space imaging,® multi-exponential modeling,111 and diffusion kurtosis imaging.’’

The wide dynamic range of measurement and the relative pathologic specificity of DTI to
axonal and myelin integrity suggests that it may be useful in measuring the impact of MS
therapies. As therapies emerge with potential remyelination and neuroprotection effects,
DTl is an attractive metric to assess efficacy.52 Methods to assure comparability of DTI
measures across different magnet types and different centers are needed to effectively
implement DTI in multi-center clinical trials.

Spectroscopy

MRS in MS

Magnetic resonance spectroscopy (MRS) is an imaging tool used to study the chemical
characteristics of tissues. Where conventional MRI characterizes the physical characteristics
of a region of tissue relative to surrounding regions, MRS characterizes the chemical
properties of a region of tissue, most commonly focusing on cellular metabolites. The
sensitivity of MRS measurements is proportional to Ay3, where A is the natural abundance
of the isotope of the MR active nucleus, and v is the gyromagnetic ratio, which is
determined by the magnetic moment of the nucleus. The sensitivities of the isotopes
commonly used in clinical MRS are listed in Table 1.

Of the three isotopes listed in Table 1, proton (1H) spectroscopy is used most frequently in
clinical practice. Table 2 lists some of the major resonances appearing in in vivo MR spectra
from cerebral imaging.#1:/% Imbalances in the relative amount of the metabolites measured
in vivo indicate presence of diseases, and so precise identification and accurate
quantification of the peaks in MR spectra are sometimes necessary for diagnostic purposes.

MRS has been used to study changes and imbalances in different cellular metabolites over
the course of MS. MRS has also been explored as a diagnostic tool, although MRS is not
considered a standard modality in the diagnosis of MS.136

N-Acetylaspartate (NAA)—MS lesions usually have lower NAA, which is an indicator
of axonal/neuronal loss or dysfunction. Significant reduction in NA (sum of NAA and N-
acetyl aspartyl glutamate (NAAG)) was found in chronic white matter lesions in relapsing
remitting (RR), secondary progressive (SP) and primary progressive (PP) MS patients, while
no such reduction in NA was seen in benign MS patients.39 The same study found a
decrease in NA level in normal appearing white matter (NAWM) in PPMS, while no such
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effect was seen in benign MS. MRS has shown a decrease in NAA/Cr ratio in patients with
moderate to severe chronic disease.4 In a longitudinal study, transient changes of NAA level
in acute plaques were observed, indicating that reduced NAA is not necessarily associated
with axonal 10ss.113 The average NAA level within the spectroscopic volume was found to
be inversely correlated with the total lesion volume in the whole brain in the same study.
Reduction in NAA level in cortical gray matter (CGM), NAWM and lesion have been
reported in mild RRMS, suggesting widespread neuronal loss or dysfunction early in the
course of the disease.80 Decrease in NA levels in CGM and NAWM has been reported in
early RRMS.32 Significant reduction in whole brain NAA level has been reported in RRMS
patients, where the observed decrease in NAA was higher in older than younger patients.69

Creatine—MRS has found mixed results for Cr levels. Cr level was similar in NAWM and
CGM between RRMS and healthy controls,155 and in NAWM between PPMS and controls.
93 In other studies, however, Cr level was modestly higher in MS NAWM than in controls,
71,76 although Cr concentration was similar within T1 isointense lesions and NAWM in
RRMS. Cr levels in CGM correlated with clinical disability as measured by the MS
Functional Composite (MSFC).32

Choline (Cho)—No significant difference between Cho concentration in isointense lesions
in T1 weighted MRI and NAWM in RRMS was seen in MRS study, while NAWM Cho
concentration was reported to be 14% higher in MS patients compared to controls.”* The
increase in Cho and Cr levels was interpreted as (i) attempted remyelination in isointense
lesions and ongoing gliosis, and (ii) increased cellularity (gliosis, inflammation) along with
membrane turnover. Significant increase in Cho level in MS plaques has been reported,%?
and a decrease in NAA/Cho ratio observed in the same study was speculated to be related
either to axonal degeneration or gliosis. In a short-term serial study,5 Cho levels in large
demyelinating lesions was found to increase 3 days after the onset of symptoms, and at 8
months the level remained high at the center of the lesion. The Cho levels surrounding the
lesion, however, normalized by 8 months. The abnormal Cho level was interpreted to
indicate persistent demyelination. In a longer-term longitudinal study, Cho levels within
NAWM that became a visible MS lesion 6-12 months later showed higher Cho compared to
regions that did not become lesions.153 Similarly, lesions which increased in size after six
months had higher Cho/Cr ratio at baseline than lesions which remained stable in size.
Significant reduction in CGM Cho level was observed in RRMS.32

Glutamate (Glu) and Glutamine (Gln)—Elevated Glu has been reported in acute
lesions and NAWM, while no significant elevation in Glu within chronic lesions was
observed.14” These observations suggest an alteration of Glu metabolism in MS. A
significant reduction in GIx (combined Glu and GIn) levels has been observed in CGM, and
a significant correlation between CGM GIx level and disability (measured by MSFC) has
also been reported in MS.32 The correlation between clinical disability and CGM Cr and Glx
levels but not between disability and NAWM NA is suggestive of close correlation between
reduced NAA and neuronal metabolic dysfunction rather than neuronal loss in early RRMS.
32

Myo-inositol (mI)—MRS studies in MS patients have observed increased ml levels in
acute MS lesions and chronic T2 lesions.43:80 ml levels are also elevated in NAWM, and
these elevations are inversely correlated with disability as measured by MSFC.32 This
correlation is speculated to relate to glial proliferation and function in MS patients. ml levels
are also elevated in NAWM and cortical gray matter of patients with either MS or clinically
isolated syndromes (CIS) suggestive of MS.53:80
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Other metabolites—Elevated lactate levels have been reported in acute MS lesions.*3
Elevated levels of macromolecule have been observed in acute MS lesions compared to
chronic lesions in MS patients and NAWM from healthy controls indicating that
macromolecule resonances may be a useful marker of acute MS lesions.101 Lipid resonances
were observed to be elevated in enhancing MS lesions, which probably represented lipid
products of myelin breakdown. These lipid levels remained elevated for a mean of five
months.40 Elevated lipid peaks have also been observed in chronic T2 lesions, suggesting
possible alternative pathophysiologic processes leading to demyelination.112 Strong lipid
resonances in GM and NAWM have been reported in PPMS even in the absence of lesions,
which is suggestive of regionally altered myelin macromolecular structure.114

MRS to measure the impact of MS therapies—Since MRS is thought to provide a
quantitative (relative and absolute) measure of many different metabolites, it is reasonable to
hypothesize that MRS may measure the efficacy of MS therapies. However, to date only a
few studies have used MRS to evaluate the effect of MS therapies, with mixed results.136

Future Applications and Challenges of MRS

With the recent development of improved hardware (higher strength clinical scanners, multi-
channel phased array coils etc.) and software (improved pulse sequences for scans, data
analysis softwares), MRS is becoming a more useful tool than ever in the understanding of
MS. These developments should allow increased understanding of MS pathophysiology and
its relationship with brain function.

Spinal cord MRS—Most MRS research in MS has focused on the brain. While the spinal
cord is known to be involved in the disability associated with MS,13:154 few MRS studies
have focused on this region. H MRS could provide useful information on axonal damage in
spinal cord. Spinal cord MRS, however, is technically challenging due to the small size of
the cord, susceptibility artifacts at tissue-bone interfaces, artifacts from cardiac and
respiratory motion and CSF pulsations, and hence only a few spinal cord MRS studies have
been performed. Nonetheless, the feasibility of cervical cord MRS and metabolite
quantification has recently been demonstrated using 3 tesla magnets in healthy controls.104
Significant differences in NA, Cr, Cho and ml concentrations were observed between spinal
cord and brainstem. A study in MS patients found reduced level of NAA in the cervical
spinal cord in MS supporting the presence of axonal loss and damage in normal-appearing
spinal cords of MS patients.82 Significant correlations were also observed between Cr, Cho,

and ml levels in the cervical cord and disability, as measured by EDSS and 9-hole peg test.
38

Identifying cortical marker of MS—Damage to cortical GM in MS has long been
acknowledged in pathological studies.?2:85 MRS can be explored as a potential cortical
marker of the disease. For this purpose, it would be most appropriate to study metabolites
contained within neurons, which are present primarily in GM. GABA is an inhibitory
neurotransmitter which is present in GM at a much higher level than in WM.3%:123 While
pathological study has explored the role of GABA in MS,*® MRS of cortical GABA in MS
is largely not explored. In vivo cortical GABA measurement by MRS is technically
challenging due to very low cerebral GABA level and presence of stronger overlapping
resonances. Nonetheless, a recent preliminary study of MRS of GABA in MS is
encouraging.16

Motion—A significant problem in MRS studies is subject motion. A single scanning

session is 30-45 minutes or longer, and it is very difficult for a subject to stay still
throughout such a long session. Patient motion can result in scanning the wrong brain region
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and thus can lead to inaccurate results.8? The advent of multi coil technology and parallel
imaging have reduced the total scan time, but it remains [rf3] important for subjects to
remain still for each 5-10 minute [PG4] and this is often difficult for MS patients.
Moreover, identification of motion from final spectrum is not always possible,18 and so it is
very important to have other mechanisms to identify motion during the scan. While several
studies have proposed methods to address the issue of subject motion,18:51:125:166 the
problem can still persist with patient population for longer scans.

Functional MRI

fMRI in MS

Functional MRI (fMRI) techniques take advantage of the relationship between brain activity
and small changes in MRI signal. This effect, called the blood oxygen level-dependent
(BOLD) effect, is the result of a cascade of physiological events that link neural activity to
MRI signal changes.27:96 Upon initiating a task, the neurons in the brain regions involved
in that task increase neuronal firing. This neural activity leads to increased metabolic
demand, to which the brain responds. Through a combination of metabolic and synaptic
signaling, cerebral blood flow (the hemodynamic response) is increased in the local blood
capillaries within approximately one millimeter of the neural activity. This increased blood
flow results in increased total blood oxygen content. In appropriately tuned MR acquisitions,
the increased blood oxygen produces an increase in the MRI signal. The BOLD signal
change is typically only a few percent of the baseline signal, which can make it difficult to
detect from background variability, or noise.

The BOLD effect has been used to identify and study brain activity in response to various
tasks or stimuli by looking at the time evolution of changes in signal across the brain.90-117
The typical MRI pulse sequence for fMRI is the echo-planar imaging (EPI) sequence. This
pulse sequence allows fast (2—-3 seconds per whole-brain sample) imaging of the BOLD
effect across the entire brain with spatial resolution of a few tens of cubic millimeters.
Neuroimaging fMRI studies typically involve the performance of some task during the scan
session. The subject’s response to the task in the scanner is compared with the MR signal to
obtain various parameters relating to the neural activity, such as 3-dimensional maps of
BOLD activation. The task or stimuli can be designed to stimulate a particular domain, such
as motor, sensory, emotional or cognitive. The overall study design typically measures
activation during a task and compares that between two groups of subjects. Comparison can
be between MS patients and healthy controls, or between different MS subgroups (Figure 4).
Functional connectivity MRI is a newer fMRI technique in which measures low frequency
oscillations in BOLD signals across the entire brain.19:9 The same type of data as fMRI is
acquired in functional connectivity MRI studies, but the subject is usually resting in the
scanner instead of performing a task. Functional connectivity analysis depicts the strength of
networks between cortical regions.

Functional MRI (fMRI) of MS has produced a range of insights into the progression of the
disease. Early studies of fMRI in MS began through evaluations of the visual and motor
systems. The first use of fMRI in MS was a case report of a patient fully recovered from an
acute episode of homonymous hemianopsia.106 During the fMRI scan, hemifield visual
stimulation was presented, and the resulting activation maps were compared to those of
controls. They found that the recovered visual cortex behaved similarly to controls. Several
years later, motor and visual tasks were used to evaluate changes in fMRI in MS patients.
163 This study found MS patients with motor weakness experienced larger motor activation
than controls while patients with optic neuritis experienced smaller visual activation than
controls. The reduced visual activation in optic neuritis was confirmed shortly after and
shown to correlate with increased latency of visual evoked potentials (VEP) recorded in the
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cortex of the affected eye.64 Subsequent studies explored attention and arithmetic
performance using the paced serial addition test (PASAT),7:149 working memory
(Sternberg task),73 attention processes,120:122 and verbal working memory,151 among
others.

Compensation and Reorganization—The majority of the fMRI studies in MS have
examined compensatory processes and reorganization of functional tissue. Observations of
cortical reorganization support the hypothesis that compensatory processes in brain tissue
limit the correspondence between pathology and apparent disability.24128 The most
common finding is increased extent or strength of activation in MS patients compared to
controls, implying compensation or reorganization of neuronal activation.129:134 Later
studies investigated how the limits of the adaptive cortical changes may play a role in
clinical progression.122 The basis for these limits were seen in studies that showed regions
recruited by MS patients during simple motor tasks are components recruited by healthy
controls in more difficult tasks.>’ Reorganization of sensory circuits to sensori-motor
integration circuits (e.g. putamen) was seen in a passive motor movement fMRI study.36
These studies of adaptive reorganization suggest that clinical disability is dependent upon
some combination of tissue damage, repair and cortical reorganization.132 Longitudinal
fMRI studies are needed to further understand this complex relationship and provide clinical
benefit to MS patients.24

Rehabilitation & Longitudinal Studies—Longitudinal studies have been used to
evaluate how fMRI findings relate to disease evolution and clinical recovery. Initial
longitudinal studies found reduced ipsilateral motor activation correlated with disease
progression.119 Later studies found adaptive plasticity in bilateral visual cortex and lateral
geniculate nucleus following recovery from acute unilateral optic neuritis.87 A change in
cognitive activation in the lateral prefrontal cortices in MS patients correlated with change in
PASAT scores over one year.8 The use of serial administration of PASAT suffers from the
potential confound of practice effects.30 These training effects were explored by pre and
post-training fMRI motor task sessions, with a reduced effect of training seen in MS
patients, implying reduced capacity to adapt.108 Administration of the cholinesterase
inhibitor rivastigmine in MS patients causes a normalization of fMRI activation on an
attention fMRI task (Stroop).28:120 Further studies are needed to clarify how fMRI may be
helpful in guiding specific rehabilitation methods.121

Fatigue—Fatigue is a common but incompletely understood symptom in MS. fMRI studies
have observed a relationship between cortical activation and fatigue severity.55 Fatigue
Severity Scale scores correlated inversely with right hand finger flexion-extension motor
activation in several motor-associated regions: greater fatigue was associated with less
relative activation in these regions. Subsequent studies indicate that non-motor functions of
the basal ganglia may be involved in fatigue processes, where greater activation over time in
MS patients was observed over repeated sessions of a processing speed task.4> Performance
of a cognitively fatiguing mental task (PASAT) between motor fMRI scans led to an
increase in activation to a paced finger task in primarily non-motor areas of MS patients, but
a decrease in controls. This observation implies that the presence of fatigue may suggest an
increased level of neuronal reorganization required to perform a particular task.152
Furthermore, newly-recruited tissue may not habituate or respond in the same way as older
ingrained circuitry in the presence of fatigue. In a similar study, performance of a physically
fatiguing motor task between motor fMRI scans showed little change in activation in MS
patients in the second (post-fatigue) scan but an increase in control subject activation.162
However, a group comparison showed that MS patients had significantly greater activation
in the pre-fatigue scan, such that post fatigue level of activation was already at maximum for
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MS patients. These studies all point to fatigue in MS patients being associated with reaching
the limit of neuronal compensation. Further exploration in the area of fatigue in MS is
needed.

Connectivity—Imaging biomarkers of MS progression historically relied on T2 and
contrast-enhanced lesions, with the assumption that structural connections between brain
regions were reduced in MS. Studies correlating structural damage (T2 lesion load) and
functional changes support this hypothesis.102:133 Trans-cranial magnetic stimulation
(TMS) and motor fMRI showed that loss of trans-callosal inhibitory motor fibers is
correlated with increased ipsilateral motor activation.95 MS patients with damage to the
superior longitudinal fasciculus (SLF) had bilateral activation to a serial addition task, which
results in lateralized (language-dominant hemisphere) activation in controls and MS patients
without SLF damage (no difference in task performance).20 A study of functional
connectivity and diffusion tensor imaging (DTI) structural connectivity between motor
cortices found a direct correlation between the two modes of connectivity in MS patients
and controls.97

Future Directions

Several areas of research remain for fMRI studies. More longitudinal studies are needed to
evaluate adaptive plasticity and rehabilitation.24:103 Specifically, the current imaging
biomarkers of disease progression have a poor prospective correlation with eventual
outcomes.”> Improved understanding of the reorganization process (including natural tissue
repair, natural reorganization, rehabilitation-induced reorganization and pharmacological-
induced reorganization) and the limits of cortical adaptability to various cognitive demands
could improve the ability to predict outcomes in MS. However, a single fMRI scan is
typically specific to one or two pathways, and but MS deficits may arise from injury or
dysfunction to a number of different pathways. The pathway-specific nature of fMRI may
limit its application in predicting general MS outcomes. Functional connectivity and
structural connectivity, however, can be determined for many different pathways in a
practical scan-time, which may overcome that limitation. Longitudinal connectivity studies
and other fMRI biomarker studies are needed to better understand the ability of fMRI to
measure overall disease progression.

An often under-appreciated issue in BOLD fMRI is bias and improper design. fMRI and
connectivity techniques have been shown to be sensitive several [PG5][rf6] potential
confounds that could bias results, and many were not recognized in previous studies.”#
These include the effect of motion,26 physiologic noise,17:100 vasoreactivity and blood
flow,”* among others. Sensitive behavioral measures of performance also need to be
recognized. For example, bilateral fiber optic gloves to monitor hand movements are
preferable over visual inspection, since visual inspection often misses subtle motor
activation that may impact fMRI results. MS patients differ from healthy subjects in several
ways: increased motion, altered cerebral blood flow, and reduced ability to perform
behavioral tasks. A failure to account for these differences in a population-based study may
question the study’s conclusions, calling into question whether the results are only non-
disease-related artifacts of the patient population. Even within a single MS patient
population, a change in these variables over time may mask an underlying change in fMRI
or masquerade as altered activation. These short-comings not-withstanding, fMRI has
become a powerful tool in understanding cortical function and the connectivity between
different brain regions. The data provided by fMRI complements that obtained by
conventional imaging in understanding the impact of MS disease injury.
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agnetic resonance imaging (MRI) has rapidly become a leading research tool in the study
MS. Advances in imaging are providing a more accurate characterization of tissue injury,

including demyelination, axonal injury, and its functional and metabolic consequences.
These tools are not only providing greater insight into MS pathophysiology, but several may
be useful in measuring the potential benefit of remyelinating and neuroprotective therapies.
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Figure 1.

Magnetization Transfer Ratio imaging in a secondary-progressive MS patient at 1.5 T: The
3D MTR image is calculated by measuring the percentage difference in the MT,, image
relative to the MTy¢ image. The MT pulse was applied to a 3D Fast Low Angle Shot PDw
(TR=30 ms, TE=11 ms, flip angle=15°).
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O
(D

Figure 2.

An illustration of the contrast induced by diffusion weighting gradients (DWG). When the
DWG is aligned left-to-right (A), signal attenuation is greatest in regions with highly
organized bundles of myelin aligned left right (B, arrows. When the DWG is aligned
anterior-to-posterior (C), signal attenuation is greatest in regions with myelin sheaths
aligned anterior posterior (D, arrow).
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Figure 3.

(A) Cartoon of an axon with myelin sheaths (blue). A water molecule diffusing in this
environment follows a path with movement preferentially aligned along the myelin sheath
(red arrow). (B) Diffusion ellipsoid representation of diffusion tensor, with long axis aligned
with preferred direction of water diffusion.
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Patients

Controls

Figure 4.

Group averaged BOLD activation to a complex finger tapping task in MS patients and
controls. MS patients showed 5% larger cortical volume of activation.
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The abundance and sensitivity of isotopes commonly measured in clinical spectroscopy studies

Isotope | y (MHz T~1) | Abundance (%) | %Sensitivity
1H 42.58 99.98 1.00

31p 17.25 100.0 6.65 x 1072
3c 10.71 1.108 1.76 x 1074
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Table 2

Major resonance peaks in MR spectra

Metabolite

Description

N-Acetylaspartate (NAA)

predominantly present in cell bodies and acts as neuronal marker

creatine (Cr) / phosphocreatine (PCr)

PCr is converted to Cr during the conversion of ADP to the high energy compound ATP

choline (Cho) containing compounds

usually grouped within the B-complex vitamins and are present in the synaptic ends of cholinergic
neurons and cell membranes, and are part of lipid metabolism

glutamate (Glu) and glutamine (GIn)

Glu is the major excitatory neurotransmitter and GlIn is a regulator of Glu metabolism

myo-inositol (ml)

acts as glia cell markers in brain tissue

lactate (Lac) and glucose

Lac is the final product of the anaerobic glycolysis cycle, and is important in assessing ischemic tissue
and tumors; glucose is important in energy metabolism of the brain

alanine (Ala)

a glucogenic amino acid and is readily converted to pyruvate, which can enter the TCA cycle

gamma amino butyric acid (GABA)

a major inhibitory neurotransmitter

macromolecules and lipids

cellular components
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