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Abstract

In addition to providing information on tissue structure, magnetic resonance (MR) technology offers
the potential to investigate tissue metabolism and function. MR spectroscopy (MRS) offers a wealth
of data on the biochemistry of a selected brain tissue volume, which represent potential surrogate
markers for the pathology underlying multiple sclerosis (MS). In particular, the N-acetylaspartate
peak in an MR spectrum is a putative marker of neuronal and axonal integrity, and the choline peak
appears to reflect cell-membrane metabolism. On this basis, a diminished N-acetylaspartate peak is
interpreted to represent neuronal/axonal dysfunction or loss, and an elevated choline peak represents
heightened cell-membrane turnover, as seen in demyelination, remyelination, inflammation, or
gliosis. Therefore, MRS may provide a unique tool to evaluate the severity of MS, establish a
prognosis, follow disease evolution, understand its pathogenesis, and evaluate the efficacy of
therapeutic interventions, which complements the information obtained from the various forms of
assessment made by conventional MR imaging.
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Conventional magnetic resonance imaging (MRI) is based on hydrogen nuclei (protons,

or 1H) in water molecules, which are 1000-fold more abundant than any brain metabolite.
But when the water-related signals are suppressed, a wealth of additional data emerge, enabling
the same technology to offer novel information on the biochemistry of a selected tissue volume.

Asearly as 1990, it had been suggested that these data—obtained by proton magnetic resonance
spectroscopy (MRS)—might hold value in the evaluation of multiple sclerosis (MS).?"4 Today,
a substantial body of evidence supports the use of MRS to evaluate the severity of MS, establish
a prognosis, follow its progression, understand its pathogenesis, and evaluate the efficacy of
therapeutic interventions. However, the details of data interpretation, the nature of underlying
pathological changes reflected in MRS findings, and even a standardized protocol for obtaining
the data still remain to be firmly established.

Deficiencies of Conventional MRI

The early advocacy for MRS came at a time when conventional MRI evaluation of lesion
volume and lesion activity was gaining the approval it continues to hold for assessing MS. Yet
conventional MRI findings, such as T2-weighted lesion load, correlate only weakly with
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clinical disability in cross-sectional studies.>—8 (For a further discussion of this clinical-MRI
paradox, please see the accompanying article in this supplement.s) For one thing, MRI-defined
lesions often occur without symptoms. Indeed, clinically silent acute lesions are a routine
finding, identified 2 to 15 times more often than clinical relapses.9 Conversely, symptoms may
occur without MRI-defined lesions. Longitudinal analysis has shown a better predictive value
of Mé?ll(l)esions for long-term disability, yet the strength of association remains moderate at
best.©

The explanation for such a clinico-pathological paradox11 may lie in the lack of sensitivity
and specificity of conventional MRI for detecting important pathophysiological facets of MS.
12 Classically, attacks of inflammation, with consequent demyelination and a degree of
remyelination, are taken to characterize the early course of relapsing forms of the disease, and
neurodegeneration, with accompanying gliosis, marks the later stages (and also the early stages
of primary-progressive MS [PPMS]).13'14 Amid this heterogeneity of events, pathological
and MRI studies have emphasized the importance of neurodegeneration, and in particular of
axonal injury and central nervous system (CNS) atrophy, as identified even in early Mms.15
Some studies have used biomolecular markers of damaged or transected axons—amyloid
precursor protein16 or nonphosphorylated neurofilamentsl’—to identify tissue destruction in
acute MRI-defined lesions. Others have discovered significant axonal pathology in normal-
appearing white matter (NAWM)18 and neuronal pathology in normal-appearing gray matter
(NAG M).19'20 For example, a numerical axonal loss of more than 50% has been documented
in corpus callosum tissue far from any platques.21 Consequentially, demyelination is no longer
viewed as a prerequisite for axonal pathology, and it is increasingly appreciated that the full
impact of MS at every stage of the disease reflects injury both to axons and to myelin sheaths.
The evidence also emghasizes axonal pathology and CNS atrophy as major causes of MS-
related disability.19:22,23

The lesion contrast at any given time point on either T1- or T2-weighted images is nonspecific
for the underlying pathology and may reflect a combination of events including demyelination,
remyelination, inflammation, edema, gliosis, axonal loss, and Wallerian degeneration.24‘
The specificity of conventional MRI may be improved by following lesion evolution, such as
the transformation of newly appearing lesions into chronic persisting T1 hypointensities.27
(For an in-depth discussion of lesion evolution in MS, please see the companion article in this
supplement. 7) Despite these refinements, conventional MRI is insensitive to clinically
relevant pathology in normal-appearing brain tissue.28 The overall deficiencies of
conventional MRI were explored in a recent study of 34 patients with untreated PPMS (Fig 1).

9 Using conventional MRI, the patients were classified as having a low (less than 3 cm3) or
high T2-weighted lesion load, and brain atrophy and brain metabolite ratios were assessed
quantitatively by MRI and MRS in a volume centered on the corpus callosum. In both respects,
these 2 groups of patients differed from healthy controls, but no correlations could be identified
between lesion load and either atrophy or the N-acetylaspartate (NAA)-creatine (Cr) ratio,
supporting the conclusion that in MS, axonal injury and brain atrophy proceed with only a
minimal relation to lesion load.

MRS Peaks and Their Biological Significance

Unlike the hypo- or hyperintensities seen on conventional MRI,27 the peaks in MRS data

quantify specific neurometabolites, in turn potentially representing specific MS-related events,
such as demyelination, inflammation, and axonal/neuronal dysfunction. Fundamentally, MRS
analyzes a region as small as a single volume element (voxel), a brick-shaped volume typically
2 to 8 cm3, or an array of many voxels (in which case, the data can be displayed as a 2- or 3-
dimensional MRS “image”) selected by MRI. By examining one or another species of atomic
nucleus—most often 1H or 31P—the spectra can quantitate the concentration of a large number
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of brain molecules, 30 each of which produces a peak, or resonance, at a characteristic position
along the frequency scale. The position of the peaks is expressed as parts per million (ppm).
The sharpness and height of a given peak are governed not only by a molecule’s identity and
concentration but also by its moblllty Only freely mobile molecules produce well-defined
resonances.

Routine 1H-MRS of CNS tissue, requiring no special upgrade of the MRI technology, exhibits
fewer than 15 peaks, but several appear to be highly pertinent to MS. From right to left, the
spectrum (Fig 2) may include resonances representing free lipids, lactate, NAA, glutamate/
glutamme Cr/phosphocreatine (the Cr peak), choline (Cho; the Cho peak), and myo-inositol
(mI) In spectra obtained at long echo times, some of them—including the peaks for NAA,
Cr, Cho, and lactic acid—tend to be sharp. By contrast, lipid signals relax rapidly, necessitating
short-echo MRS.1 Among the various peaks, the lactate peak should be weak in normal tissue.
Representing the biochemical end product of glycolysis, it normally gains prominence only if
the selected CNS volume reflects the lactate content of cerebrospinal fluid. 30 Lactate does,
however, accumulate abnormally during necrosis, inflammation, or other tissue injury. 32

The free-lipid peaks should also be weak in normal tissue, in that normal myelin, with its highly
compacted structure, affords little mobility in its constituent lipids. In MS, however, the
margins of active plaques show myelin breakdown and even myelin debris within
macrophages.33 In an early study of the capacity of MRS to identify active MS lesions, 316
MS patients underwent MRI to identify plaque-containing volumes of interest for 1H-MRS.
Among 25 of the resulting spectra, 8 (from 6 patients) differed from the spectra of healthy
controls in exhibiting free-lipid peaks. In some patients, their presence was accompanied by
clinical or MRI evidence of MS activity, but no conventional MRI findings were predictive of
an MRS finding of lipid peaks.

The other peaks can all be expected in 1H-MRS spectra of normal CNS tissue. Among these,
the glutamate/glutamine peak represents a mixture of amino acids and bioamines used
throughout the CNS as excitatory and inhibitory neurotransmitters, and the ml peak represents
a sugar-like molecule thought to be a marker of glial proliferation and now recognized for its
importance in osmotic regulation of brain-tissue volume.30 A recent MRS evaluation of
glutamate concentrations in 25 MS patients, comprising relapsing-remitting MS (RRMS),
secondary-progressive MS (SPMS), and PPMS, found elevated levels of the metabolite in
acute, enhancing lesions (P=.02) and in NAWM (P=.03) compared to 16 controls. 34 Because
of glutamate’s neurotoxic potential when its homeostasis is altered, excess glutamate in active
lesions could contribute to axonal damage, brain atrophy, and neurological disability.34

The presence of elevated levels of ml, a possible indicator of glial cell proliferation or gliosis,
in patlents with clinically isolated syndromes (CIS) and various MS subtypes has also been
found.3>-37 Ina study of 41 patients who had initially presented with CIS 14 years previously,
the patients had elevated ml levels compared to 21 controls in NAWM and in lesions, and the
ml concentration in NAWM was correlated with Expanded Disability Status Scale (EDSS)
score (r=0.48, P= 005) Interestlngly, after 14 years, 32 of 41 initial CIS patients had
developed clinically definite MS (78%) and 9 remained with CIS (22%); it was the metabolite
changes in NAWM and NAGM that separated these 2 groups: MS patlents had increased ml
in these tissues, and the patients who remained with CIS did not. 35 Elevated ml levels in
NAWM were also found in an analysis of 96 patients evaluated about 19 weeks after onset of
CIS compared with 44 controls (P=.001), but there was no significant correlation of this
elevation with the CIS patients’ T2 lesion load.36 Further investigation recently has shown
that increased NAWM ml levels did not correlate with disability scores in a study that included
76 patients with RRMS, SPMS, and PPMS; although there was an elevation in ml levels for
MS patients compared to the 25 controls, there were no metabolite differences between the
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disease subtypes.?’7 This ml increase early in the disease process may hold prognostic promise
for future relapses and disability. However, care must be exercised in interpreting the changes
in the ml level because of its proximity to the water peak.

The remaining 3 peaks are of special interest in MS. 2,32 The Cr/phosphocreatine peak lies at
3.0 pzpm It represents the high-energy biochemical reserves of neurons and even more so of
glla Because the concentration of Cr arguably is typically stable and unaffected by the
disease process, the other metabolites are expressed as a ratio relative to Cr as a means of
normalization. The Cho peak, at 3.2 ppm, encompasses several soluble Cho-containing
phospholipid constituents of all cell membranes and, hence, of myelin. Because almost all Cho
is normally in insoluble form, a heightened Cho peak may represent abnormal Cho mobility,
in turn suggesting inflammation, demyelination, and remyelination.4

The NAA peak, at 2.0 ppm, is, perhaps, the most informative spectral feature of all. In normal
CNS tissue, it is the highest peak, representing a variety of N-acetyl compounds but chiefly
NAA, an amino-acid derivative synthesized almost exclusively in neurons and distributed
throughout the cell’s dendrites and axon, along which it travels by anterograde axonal transport.
0 NAA, therefore, is thought to constitute a specific marker of neuronal viability or, in white
matter, a specific marker of axonal integrity. Decreases in NAA identified in white matter,
therefore, are taken to reflect axonal injury or loss.130 The presence of NAA in
oligodendr gllal precursor cells is now deemed highly unlikely to confound the data for mature
CNS tissue.« Meanwhile, an animal study has confirmed NAA’s relationship to axonal
ggmage. In transected adult rat optic nerves, NAA declined to undetectable levels in 24 days.

As early as 1990, MRS detection of NAA deficiency was proposed for quantifying MS-related
axonal dysfunction or loss. 34 Indeed, the early work correlated NAA deficits with MS-related
disability, implicating axonal damage as an important direct cause of chronic functional
impairment. Since then, reduced NAA has repeatedly been identified in acute lesions, chronic
lesions, NAWM, and NAGM.39-45 The de ree of reduction has repeatedly been correlated
with the degree of clinical dlsablllty 6a relationship that emphasizes the importance
of axonal pathology in MS. 321na postmortem study of spinal cord tissue from paralyzed MS
patients, diminished axonal abundance and volume correlated with diminished NAA levels,
both within lesions and in NAWM, offering direct ewdence of relationships between NAA
deficiency, axonal pathology, and MS-related dlsablllty

In MS, an MRS spectrum may exhlblt an abnormally strong or weak peak or abnormal patterns
in the strengths of several peaks 0 The simplest interpretive strategy is to judge the absolute
value of a peak (or the implied concentration of the corresponding brain metabolite) against a
baseline or control value or to gauge the peak against the same spectrum’s Cr peak, on the
assumptlon right or wrong, that the Cr peak is not affected very much by a pathological state.

A7 Although the NAA-Cr ratio is widely used, no standardized method of reporting and
interpreting MRS findings has yet been achieved.3

Evaluation of MRS Capabilities

Lesion Evolution

Acute MS lesions, marked by gadolinium enhancement on conventional MRI, have shown a
range of MRS abnormalltles including a diminished NAA peak and increased Cho and free-
lipid peaks (Fig 3) 2,47-49 Remarkably, the NAA peak has sometimes been found to regain
much or evenall of itsnormal strength.39’ Linone study, 25 MS patients with mild to moderate
disability underwent serial MRI, MRS, and lesion-volumetric analyses for as long as 2 years.
47 To force an unbiased selection of tissue, the volume of interest was kept within the centrum
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semiovale without regard to the presence or absence of MRI-defined lesions. Two acute lesions
(in different patients) showed transient NAA level declines, which normalized in about 120
and 161 days (Fig 4). Proposed explanations have included an ebbing of lesional edema,
remyelination, and reversal of a temporary metabolic disturbance, perhaps in mitochondria.?
By contrast, 25 stable lesions (lacking gadolinium enhancement) showed an enduring NAA
deficiency. In 4 patients, strong free-lipid peaks were detected in regions lacking any MRI-
defined pathology. In 3 of these patients, an MRI-defined lesion subsequently appeared. (The
fourth patient withdrew from the analysis.) When free-lipid peaks occurred in association with
Iesionsd,}he anatomical source of the lipid signal appeared to extend beyond the MRI-defined
lesion.

Chronic persistent lesions tend not to show similar dynamics.2 They do, however, exhibit
persistently diminished NAA levels, particularly if a T1 hypointensity has developed. In one
recent study, NAA, Cho, and Cr levels were measured at better than 1-cm?3 spatial resolution
in nonenhancing lesions and NAWM of 9 RRMS patients and in the white matter of 9 healthy
controls.20 Among a total of 66 T2 lesions that had been evident for at least 6 months, 43 could
be classified on T1-weighted imaging as hypointense “black holes,” considered to be foci of
severe tissue damage, and 23 as isointensities, considered to be prime candidates to become
black holes (Fig 5). The mean NAA level was significantly lower in hypointensities than in
isointensities in NAWM or in control white matter. Cho and Cr peaks were significantly higher
in isointensities and in NAWM than in controls. The overall impression was of abnormal
metabolic activity in all MS tissue types.

Correlations With Disability

Studies to detect correlations between MRI metrics and clinical measures of disability have
presented conflicting results, and greater correlation between T1 lesion load and disability than
T2 lesion load and disability is observed.8:°1,52 MRS measures, however, may prove to
correlate better with clinically measured disability.

Inastudy of 31 patients with clinically definite MS, a significant correlation was found between
the NAA-Cr ratio in NAWM and disability as measured by EDSS score (r= —0.38; P< 0.03).
53 The study also compared the NAA-Cr ratio in NAWM and white matter lesions to other
disability scales, including the Multiple Sclerosis Functional Composite, but no correlations
were found. Correlations between EDSS score and NAA-Cr ratio were found in several other
studies as well,42'44'46'53 suggesting that MRS measures of brain metabolites are better
predictors of clinical disability than are conventional MRI lesion measures.

Evaluating Occult Disease

Several recent reports explored the use of MRS to identify MS-related tissue abnormalities
beyond the macroscopic lesions identified by conventional MRI. For a study of occult
involvement of the brain’s white matter, 31 RRMS patients underwent MRS and clinical
assessment on the same day. The MRS was to evaluate neuronal damage in NAWM, and the
clinical assessment was to seek linkage with the patients’ degree of disability.53 The NAA-Cr
ratio was lower in patients than in healthy controls, both in NAWM and in MRI-defined lesions.
This reduction correlated with EDSS scores but not with MS Functional Composite Scale
scores. Another study12 recruited 40 PPMS patients, in whom the NAA-Cr ratio proved to be
significantly lower than in healthy controls, with no significant difference between lesion-
containing regions and NAWM. In the normal-appearing regions, 24 patients also exhibited
strong free-lipid peaks. No MRS findings showed any correlation with conventional MRI
measures or with EDSS score.
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To evaluate NAWM during clinically silent MS, a third study evaluated 11 RRMS patients,
none of whom had experienced a relapse for at least 3 months.28 In normal-appearing callosal
white matter, NAA levels were 9% lower, Cr levels 22% higher, and Cho levels 32% higher
than in healthy controls (but among these differences, only the Cho level distinguished patients
from controls with 100% specificity and better than 90% sensitivity).

For a study of occult involvement of the spinal cord, 9 MS patients underwent MRS of normal-
appearing cervical tissue.94 No patient had clinical signs indicative of cervical involvement,
and no patient had cervical lesions. Nevertheless, the NAA level was found to be significantly
reduced. For Cr, Cho, lipid, lactate, and ml features in the MRS data, the findings for patients
differed insignificantly from those for healthy controls.

Gray matter is known to be involved in MS,2:56 put its involvement has been hard to evaluate
using conventional MRI because lesion contrast in gray matter is less dramatic than in white
matter.®” Intracortical, juxtacortical, and subcortical gray matter lesions have nonetheless been
identified, often histopathologically and sometimes by MRI.57-60 For an MRS study of
cortical involvement, 52 RRMS patients and 20 normal controls underwent serial MRI (using
a method adjusted to heighten lesion contrast) and short-echo MRS over spans of up to 3 years.
45 Although few of the identified macroscopic lesions were intracortical, substantial numbers
of juxtacortical (positioned amid U-fibers) or subcortical (near cortex but distinct from it)
lesions were detected. MRS spectra showed a depressed NAA peak accompanied by elevations
in the Cr/phosphocreatine and Cho peaks, but in 13 patients, roughly 10% of the voxels
exhibited strong additional free-lipid peaks. These appeared to originate mainly in the gray
matter, either affected (with MRI-defined lesions within or nearby) or normal appearing.

The deep gray matter is also a site of significant tissue damage in MS as shown by
pathological 9 and MR studies.61:62 MRS has also shown sensitivity for detecting deep gray
matter involvement in MS. For a study of 3 such sites—the thalamus, the putamen, and the
head of the caudate nucleus—MRS was performed in 15 RRMS patients and 9 controls.®3 The
7% decrease in NAA level in these patients was deemed likely to be an effect of distal white
matter lesions, and the observed 14% increase in Cho level was judged to be smaller than would
be expected for white matter affected by MS, reflecting the lower abundance of myelin in gray
matter. The Cr peak showed no significant difference between patients and controls. Overall,
findings of gray matter involvement in MS expand the classic view of MS as a white matter
disease, perhaps because oligodendrocytes invest axons with myelin sheaths beginning close
to the neuronal cell bodies#® or because other direct processes are occurring in gray matter
that contribute to the degenerative aspects of the disease.5%

Establishing a Prognosis

Because axonal damage may be the dominant cause of irreversible deficits in MS, several
research groups have hypothesized that the whole-brain NAA concentration might accurately
mirror the extent of a patient’s MS and might also yield a prognosis. In one exploration of this
possibility, 42 patients with RRMS had brain atrophy assessed by MRI and also underwent an
MRS determination of whole-brain NAA.6° Although atrophy increased and NAA declined
linearly with increasing MS disease duration, the rate of decline for NAA was 3.6 times faster
than atrophy. The researchers concluded that neuronal dysfunction, as represented by NAA
decline, precedes parenchymal loss and therefore might be an earlier, more sensitive marker
of disease progression.

In another study, 49 RRMS patients underwent a 1-time MRS assessment of whole-brain NAA.
66 To derive a rate of change, each patient’s MS duration was defined as the time since
diagnosis of clinically definite MS, and a study of healthy volunteers 16 to 52 years 0ld67 was
used to set a mean normal whole-brain NAA (13.2 mmol/L). By this standard, 10 patients
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(20%) were stable, showing an insignificant decline; 27 patients (55%) showed a moderate
rate of decline, at a mean of 2.8% per year; and 12 patients (25%) showed rapid decline, a mean
of 27.9% per year. Their median duration of MS was significantly shorter than that of the other
subgroups, but no subgroup showed a correlation between whole-brain NAA and patient age,
implying that low whole-brain NAA may represent an aggressive MS variant with onset at any
age. When MS duration was redefined as time since the first of the 2 episodes required for a
clinically definite diagnosis (Fig 6), 5 patients in the rapid group were reclassified into the
moderate group, but no patient was reassigned to the stable group.

It was proposed that evaluation of whole-brain NAA at the time of a first clinical episode may
hold value for identifying a deficiency and for permitting a follow-up measurement at a second
episode, in turn permitting a clinically definite diagnosis of MS to be accompanied by accurate
assignment to a prognostic category.66 For stable patients, the likely future might be a long
period without substantial accrual of MS-related disability. For patients in the rapid group,
aggressive intervention might be especially advisable. The intermediate majority of patients
might be counseled to expect a “typical” MS course. In research settings, the rapid (or
moderate) group might produce the best cohorts in which to test therapies.

Correlations With Fatigue

Defined as a feeling that a given activity requires disproportionate effort (distinct from muscle
weakness), fatigue is a prominent MS symptom and often makes major contributions to a
patient’s disability.68 MRI studies have shown no consistent relationship between fatigue and
lesion burden or atrophy.68’69 To explore the possibility that the symptom might reflect diffuse
cerebral axonal damage, data from 73 MS patients who had undergone MRS and had completed
the Fatigue Severity Scale (FSS) questionnaire were analyzed.7 In a supracallosal volume
chosen to encompass frontal, parietal, and occipital white matter, the NAA-Cr ratio was
significantly lower among high-fatigue patients (FSS scores no lower than 5) than among low-
fatigue patients (FSS scores no higher than 4). The relationship was independent of EDSS
score, T2-weighted lesion volume, patient age, and MS duration, and it persisted after the
exclusion of patients on antidepressants, anxiolytics, or fatigue-modifying drugs (such as
amantadine) and patients with a diagnosis of depression. Across all patients, the NAA-Cr ratio
—but not the T2-weighted lesion volume—showed a correlation with the FSS score.

Correlations With Cognition

MRI studies have generally found no more than a moderate correlation between conventional
imaging findings and cognitive function in MS.”L The question is whether identification of
diffuse occult damage in tissue that appears normal on conventional MRI might yield a stronger
relationship with cognitive function.

One of the most common and disabling cognitive signs in MS is impairment of working
memory and attention. One group studied these aspects using a forced-attention dichotic
listening task, in which participants were cued by a tone to pay attention to one or the other
ear and then report the syllable they heard in that ear.”2 RRMS patients had already shown a
significant impairment in performing this task, even early in the MS disease course.”3 For a
pertinent neuroanatomical region, the researchers chose the locus coeruleus, a brainstem cell
group prominent as a source of noradrenergic innervation of cerebral cortex, evidently enabling
the cell group to modulate cortical attention. Among 19 mildly disabled RRMS patients with
no brainstem lesions, the listening task identified attentional dysfunction in 47%. On MRS,
the pontine NAA-Cr ratio near the fourth ventricle, in a volume closely matching the location
of the locus coeruleus, accounted for 39% of the variance in the cognitive test results (with the
lowest levels in patients with the greatest attentional disturbance). When left- and right-side
NAA-Cr values were analyzed separately, the right-side value explained 43% of the cognitive
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variability, a finding consistent with studies associating attentional tasks with higher right-
hemisphere activation.”% 75 In one such study, the investigators found that atrophy in the
central region of the brain accounted for more than 50% of the variance in overall cognitive
performance in 37 RRMS and SPMS patients with known cognitive impairment and that this
atrophy measure was significantly correlated with NAA-Cr ratios of the right hemisphere.75

Effects of Therapies

Because of MRS’s ability to monitor the cerebral metabolite changes in relatively small
volumes of interest, a few studies have now used MRS to evaluate immunomodulatory
therapies in RRMS. In a small 6-month study that evaluated lesions in the white matter and
NAWM during a first treatment period, 5 untreated RRMS patients were matched with 5 RRMS
patients treated with once-weekly intramuscular interferon -1a (30 pg).76 The untreated
patients had insignificant variances in their NAA, Cho, inositol, and Cr peaks over the study
time. However, in the treated group, there was a significant increase (P<.001) in the Cho peak
area at the 1-month time point compared with baseline, and this elevation was also present at
the 6-month time point. Because of the treated group’s Cho increase and the insignificant
changes in Cr and NAA peaks, there was a significant increase in the Cho/Cr (P< .02) and
Cho/NAA (P< .005) ratios for this group over the 6-month evaluation period compared with
baseline values. Although these findings confirmed that cerebral metabolites are markers of
MS activity and demonstrated that intramuscular interferon p-1a affects metabolite
concentrations in MS lesions, the relatively short time frame of this study could not assess the
potential for this treatment to induce remyelination.

An early study of interferon B—lb77 identified a 1-year increase of 5.5% (P=.05) in the NAA-
Cr ratio measured in a large, central brain volume among 10 patients with moderately active
RRMS, compared with an insignificant decrease in untreated controls. The finding was judged
consistent with research showing that declines in NAA levels may reflect axonal dysfunction,
which may be partially reversible with interferon therapy’s reduction of inflammation.”” In a
longer term study (up to 34 months) that assessed 10 RRMS patients who received interferon
B-1b, NAA, total Cr, and Cho-containing compounds were evaluated in unenhanced lesions
and contralateral NAWM using MRS.”8 The concentrations of Cho and Cr were higher in the
MS brain tissue than in brain tissue from 10 healthy controls. In treated patients, there was a
lower (insignificant) NAA concentration in lesions than in NAWM, but no other differences
were observed. The metabolite concentrations, although exhibiting variability, were stable over
time, which the authors speculated may have resulted from the interferon B therapy.

In another study, 11 patients with a median relapse rate of 1.5 per year were monitored during
a year of interferon B therapy: 9 patients received subcutaneous interferon p-1a, 22 ug 3 times
per week; 1 patient received intramuscular interferon p-1a, 6 MIU once weekly; and 1 patient
received interferon -1b, 8 MIU every other day.79 The patients showed a significantly reduced
relapse rate, and the T2-weighted lesion load showed a median 8% decrease. But in a volume
centered on the corpus callosum, the NAA-Cr ratio, already 16% lower than in healthy controls,
continued to decline, with a mean 6.2% 1-year change. The controls showed no 1-year decline.
Small sample sizes in each of these studies limit the generalizability of the results or the ability
to draw firm conclusions on the treatment effect of interferon p on MRS metrics.

Similar to the interferon  studies, data on glatiramer acetate are limited to small studies. In a
nonrandomized study of glatiramer acetate, MR1 and MRS were performed annually for 2 years
in 18 RRMS patients who had started to use the drug and in 4 patients who chose to remain
untreated.80 In a volume centered on the corpus callosum, the NAA-Cr ratio increased by a
mean 10.7% among treated patients and decreased by 8.6% among untreated patients. The
treated patients showed decreases in lesion burden and relapse rate, and the untreated patients
showed an increase in lesion burden and no change in relapse rate. A decrease in the NAA-Cr
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ratio of untreated patients is consistent with the findings in an earlier pilot study that compared
the NAA-Cr ratios in 15 RRMS patients treated with glatiramer acetate with those of matched,
untreated, natural history controls.81 One year after baseline, a significant number of untreated
controls had decreased levels of NAA relative to Cr. To more completely understand the effect
of disease-modifying therapies on MRS findings in MS, larger prospective studies are needed.

MRS is poised to play a major role in the evaluation of treatment efficacy. The major challenge
remains tied to the technical aspects of MRS, which differ from conventional MRI in terms of
low signal-to-noise ratio, poor sgatial resolution, limited spatial coverage, and the complexity
of data-processing paradigms.1 (For a discussion of medical image—processing pipelines,
please see the accompanying article in this supplement.82) The routine adoption of MRS
imaging to multicenter clinical trials is feasible but cannot happen until it is determined whether
there is an imaging-center effect; that is, the MRS imaging results depend on where the images
are generated and how the MRS metabolite data on any patient subset compare with preexisting
published data for the patient “universe” with the same disease and demographic
characteristics. The center effect may be surmountable in multicenter trials if there is strict
adherence to protocols, including imaging protocols.12 Metabolite-specific information from
patient subsets can be compared to the findings from previous, similar studies, but the power
of these findings may be enhanced by calculating absolute concentrations in specific tissues
and for selected individual patients and then monitoring the fluctuations over long time periods
(3 or more years).lzl78

In seeking to account for the disability caused by MS, the sphere of interest has widened from
overt foci of inflammation and demyelination to diffuse axonal and neuronal pathology. MRS
is emerging as a valuable tool to demonstrate widespread changes in the brain, such as
deficiency of the axonal marker NAA, not only in MRI-defined lesions but also in normal-
appearing CNS tissue, even early in MS.1 The MRS findings support pathological studies
suggesting widespread tissue destruction extending beyond white matter plaques.31 Within
this complexity, nerve fiber loss in NAWM and neuronal loss in NAGM may make a significant
contribution to MS-related physical and neuropsychological disabilities.

Research shows a role for NAA decline in MS-related clinical disability—a relationship that
may prove to be stronger than those for lesional assessments offered by conventional MRI.L
The value of the NAA peak as a measure of axonal and neuronal integrity is gaining acceptance.
The implication is that patients might benefit greatly from neuroprotective measures that
specifically address axonal and neuronal dysfunction and damage. The major contribution of
MRS, therefore, may prove to be its quantification of tissue biochemistry as a means of not
only monitoring MS but also of more fully understanding it in the quest for improved therapies
and treatment strategies.
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Fig 1.

Deficiencies of conventional magnetic resonance imaging as a means of monitoring multiple
sclerosis (MS) are illustrated by a study of 34 patients with untreated primary-progressive MS
in which subgroups defined by a T2-weighted lesion load (LL) lower (light gray) or higher
(dark gray) than 3 cm3 showed no significant difference in central brain N-acetylaspartate
(NAA)-creatine (Cr), the ratio of NAA to Cr, a magnetic resonance spectroscopy measure of
axonal pathology (A). The subgroups also failed to differ in an index of brain atrophy (B).
From Pelletier et al. J Neurol Neurosurg Psychiatry 2003;74:950-952.29 Adapted and
reproduced with permission from the BMJ Publishing Group.
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Fig 2.

Magnetic resonance spectroscopy (MRS) spectrum of brain along with molecular assignment
of resonances. The normal 1H-MRS spectrum is dominated by an N-acetylaspartate (NAA)
resonance, flanked at the left by peaks for glutamate/glutamine (GIx), creatine (Cr)/
phosphocreatine, choline (Cho)-containing phospholipids, and myo-inositol (ml) and at the
right by peaks for lactate and free lipids. In multiple sclerosis, abnormal findings often include
a decrease in the NAA peak (indicative of axonal pathology) and an increase in the Cho peak
(indicative of demyelination). Adapted with permission from Lin et al. Efficacy of proton
magnetic resonance spectroscoga/ in neurological diagnosis and neurotherapeutic decision
making. NeuroRx® 2:197-214.°Y Copyright © 2005, American Society for Experimental
Neuro Therapeutics. All rights reserved.
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Fig 3.

Contrast-enhanced and T1-weighted axial turbo spin-echo images of a small, acute, contrast-
enhancing lesion and a large corresponding hyperintense lesion in the periventricular white
matter of a patient with multiple sclerosis (MS). The saturation slices and position of the 8-mL
volume of interest are noted. The STEAM spectrum shows a reduced N-acetylaspartate level
(NAA) and an elevated myo-inositol (ml) level. Cho = choline; Cr = creatine; Lac + MM =
lactate + lipids + macromolecules. Reprinted with permission from Mader et al. Proton MR
spectroscopy with metabolite-nulling reveals elevated macromolecules in acute multiple
sclerosis. Brain 2001;124(Pt 5):953—961,49 by permission of Oxford University Press.
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Magnetic resonance spectroscopy of a multiple sclerosis patient’s centrum semiovale exhibits
temporary changes in normal-appearing white matter, including the reversal of a depression
in N-acetylaspartate (NAA) level. The spectra shown were obtained on days 98 (A), 147 (B),
189 (C), and 259 (D) of a longitudinal study; the second and third in the series show a fall in
the NAA peak (at 2.0 ppm), but the fourth spectrum documents a recovery. The second
spectrum also shows temporary free-lipid features, toward the right side of the data. The
neuroanatomical region subsequently developed a magnetic resonance imaging—defined
lesion. Adapted from Narayana et al. Serial proton magnetic resonance spectroscopic imaging,
contrast-enhanced magnetic resonance imaging, and quantitative lesion volumetry in multiple
sclerosis. Ann Neurol 1998;43:56-71.47 Copyright ©1998 Wiley-Liss, Inc., A Wiley
Company. Reproduced with permission ofJohn Wiley & Sons, Inc.
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Magnetic resonance spectroscopy findings for a total of 66 T2-weighted lesions that had
persisted for at least 6 months in one or another of 9 relapsing-remitting multiple sclerosis
(MS) patients showed NAA levels to be lowest in T1-weighted hypointensities, or “black
holes” (HYPO), while creatine (Cr) and choline (Cho) are higher in T1-weighted isointensities
(1SO) and in normal-appearing white matter (NAWM) than in white matter of normal controls
(NWM). In all instances, horizontal lines are medians, boxes show 25% to 75% values, vertical

lines span £95%, and asterisks show outliers. Adapted with permission from He et al.

Relapsing-remitting multiple sclerosis: metabolic abnormality in nonenhancing lesions and
norn%aol-appearing white matter at MR imaging—initial experience. Radiology 2005;234:211—

217.
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Fig 6.

Whole-brain levels of N-acetylaspartate (WBNAA) for 49 patients with relapsing-remitting
multiple sclerosis (MS) are plotted against each patient’s duration of MS, beginning with the
initial clinical episode. The data define distinct trends for patients with an insignificant rate of
NAA decline (black circles), a decline calculated not to exceed 1.7 mmol/L/y (squares, with
shaded squares indicating patients who received MS treatment at the time of the NAA
measurement), or a rapid decline (triangles). Dashed lines show 95% confidence intervals.
Adapted with permission from Gonen et al. Relapsing-remitting multiple sclerosis and whole-
brain N-acetylaspartate measurement: evidence for different clinical cohorts—initial
observations. Radiology 2002;225:261-268.66
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