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Abstract

Objective—There is increasing evidence that altered glutamate (Glu) homeostasis is involved in
the pathophysiology of multiple sclerosis (MS). The aim of this study was to evaluate the in vivo
effects of excess brain Glu on neuroaxonal integrity measured by N-acetylaspartate (NAA), brain
volume, and clinical outcomes in a large, prospectively followed cohort of MS subjects.

Methods—We used multivoxel spectroscopy at 3T to longitudinally estimate Glu and NAA
concentrations from large areas of normal-appearing white and gray matter (NAWM and GM) in
MS patients (n = 343) with a mean follow-up time of 5 years. Using linear mixed-effects models,
Glu was examined as a predictor of NAA decline, annualized percentage brain volume change,
and evolution of clinical outcomes (Multiple Sclerosis Functional Composite [MSFC], Paced
Auditory Serial Addition Test-3 [PASAT], and Expanded Disability Status Scale). GIu/NAA ratio
was tested as a predictor of brain volume loss and clinical outcomes.
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Results—Baseline Glupnawm) Was predictive of accelerated longitudinal decline in NAA[gw) (-
0.06mM change in NAAGmy/yr for each unit increase in Glu; p = 0.004). The sustained elevation
of Glupnawmy Was predictive of a loss of 0.28mM/yr in NAAnawwmj (P < 0.001) and 0.15mM/yr
in NAA[GMm] (p = 0.056). Each 10% increase in GIUNAA[nawm) Was associated with a loss of
0.33% brain volume/yr (p = 0.001), 0.009 standard deviations/yr in MSFC z-score (p < 0.001), and
0.17 points/yr on the PASAT (p < 0.001).

Interpretation—These results indicate that higher Glu concentrations increase the rate of NAA
decline, and higher GIuU/NAA[Naww] ratio increases the rate of decline of brain volume, MSFC,
and PASAT. This provides evidence of a relationship between brain Glu and markers of disease
progression in MS.

Multiple sclerosis (MS) is an immune-mediated disorder in which inflammatory cells attack
the myelin of the central nervous system (CNS), leading to varying extents of neuroaxonal
injury. There is increasing evidence that glutamate (Glu) is involved in the patho-physiology
of MS and its animal model, experimental autoimmune encephalomyelitis (EAE). Increased
extracellular Glu concentrations result in neuronal and glial cell death via excitotoxic
mechanisms.! Evidence that Glu is involved in MS pathophysiology includes: (1) the
abnormal elevation of levels of phosphate-activated glutaminase, the principal enzyme for
the production of Glu, in macrophages and microglial cells over lesional white matter (WM)
and dystrophic axons?; (2) the deficient expression of Glu transporters on the surface of
oligodendrocytes responsible for Glu reuptake in MS WM3; (3) the overexpression of
metabotropic Glu receptors on injured axons in MS#; (4) the elevation of Glu concentrations
in the cerebrospinal fluid of MS patients experiencing relapses and progressive disability
worsening®®; and (5) the association of Glu receptor genes with MS susceptibility.” In EAE,
treatment with different Glu receptor antagonists has been shown to ameliorate clinical
outcome, reduce spinal cord neurodegeneration and dephosphorylation of axonal
neurofilament, and increase oligodendrocyte survival independently of lymphocyte
infiltration and lesion size.8-11

Proton magnetic resonance spectroscopic imaging (*H-MRSI) at 3T offers a unique method
to noninvasively measure and resolve Glu and glutamine resonances in vivo, which remains
challenging with lower field strength spectroscopy. It has been demonstrated!? that the
zeroth component of a 2-dimensional (2D) J-resolved spectrum results in an unobstructed
detection of Glu at 2.35ppm that is distinct from glutamine and N-acetylaspartate (NAA), a
specific marker of axonal integrity and mitochondrial dysfunction.13 This technique, called
TE-Averaging, shows elevated Glu concentrations in contrast-enhancing WM lesions and
normal-appearing WM (NAWM) but not chronic lesions of MS patients.1# To better assess
Glu levels in large areas of NAWM and gray matter (GM), we combined TE-Averaging
with a fast multivoxel spectroscopic imaging scheme (TE-Averaged 1H-MRSI) acquired
within a clinically reasonable time.1> We recently used TE-Averaged 1H-MRSI to measure
Glu concentration as an endophenotypic trait and assessed the extent to which Glu
concentration is under genomic control (whole genome DNA variants); using pathway-
based analysis, we identified a module of 70 genes with high relevance to Glu biology.16
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This work is the first longitudinal study of the association between in vivo brain Glu
concentration and markers of brain injury in MS. Whereas other investigators have recently
used single-echo, single-voxel magnetic resonance spectroscopy,l’ we use TE-

Averaged IH-MRSI to estimate the levels of Glu and NAA from large areas of NAWM and
GM centered around the corpus callosum?® of MS patients. Our hypothesized model was
that in vivo brain Glu would be associated with loss of neuroaxonal integrity, determined by
an acceleration of NAA decline over time, which would in turn lead to decreased brain
volume and, ultimately, a worse clinical outcome. Finding relationships in the data that are
supportive of this model of brain injury would provide in vivo evidence for the hypothesis of
Glu excitotoxicity in MS.

Subjects and Methods

Research Participants

These patients were part of a large, prospective, phenotype— genotype biomarker study
conducted at the University of California, San Francisco (UCSF) Multiple Sclerosis Center
between January 2005 and December 2010. White patients aged 18 to 65 years who fulfilled
2005 McDonald criteria for MS9 were offered the opportunity to participate. A cohort of
>500 MS patients of all stages and clinical subtypes of the disease?® was assembled and
followed longitudinally with annual clinical visits and brain magnetic resonance imaging
(MRI) scans for an average of 5 years. TE-Averaged *H-MRSI baseline data were collected
on 402 of 583 patients as part of their annual study brain MRI. Subjects were excluded from
the MRI and spectroscopy acquisition if they had experienced a clinical relapse or received
treatment with corticosteroids within the month prior to their scan, or if time did not allow
for spectroscopy acquisition. The concomitant use of disease-modifying therapies for MS
was permitted. In addition, 42 adult healthy control subjects were recruited and scanned at 1
time point during the study period. The protocol was approved by the Committee on Human
Research at UCSF, and informed consent was obtained from all participants.

Study Design

The first step in our hypothesized pathway of MS brain tissue injury was that increased Glu
would predict NAA decline. As such, the main entry criterion for a subject to be included in
this analysis was that they must have at least 1 valid baseline Glu and at least 2 valid NAA
measurements (after quality checking the spectroscopy data). Of the 402 subjects who had
baseline spectroscopy measurements, 343 (N,) fit the entry criterion and comprise the main
study population included herein. In addition, we considered a definition of sustained
elevation of Glu as a predictor of NAA decline. To be included in this sub-analysis, patients
needed at least 2 valid consecutive Glu and at least 2 valid NAA measurements. There were
211 (N5) such subjects.

Image Acquisition

Structural MRI scans were performed on all subjects at each annual study visit. Images were
acquired using an 8-channel phased array coil in reception and a body coil in transmission
on a 3T GE Excite scanner that did not undergo hardware upgrades throughout the duration
of the study period (January 2005-December 2010). A 3D inversion recovery spoiled
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gradient-echo (IRSPGR) T1-weighted isotropic volumetric sequence (1 x 1 x 1mms3, 180
slices) was acquired for brain volume measurements (echo time [TE]/repetition time [TR]/
inversion time = 2/7/400 milliseconds, flip angle = 15°, 256 x 256 x 180 matrix, 240 x 240
x 180mm? field of view, number of excitations = 1).

Spectral Acquisition, Repositioning, and Quantification

TE-Averaged 1H-MRSI (TR 5 1 second, 64 echo time steps starting at TE = 35 milliseconds
with an echo time increment of 2.5 milliseconds, total acquisition time = 21 minutes)1®
spectra were acquired with an in-plane resolution of 1.2 x 1.0cm over a single slice of
thickness 1.5cm in the supratentorial brain just above the corpus callosum.18 Briefly, we
have previously demonstrated using single-voxel spectroscopy that a multiecho technique,
TE-Averaging, can obtain an unobstructed Glu measurement (ie, separate from glutamine
and NAA) compared to single-echo techniques.12 Subsequently, to measure Glu from larger
areas of the brain than a single-voxel technique would allow, we extended the TE-Averaged
point resolved spectroscopy (PRESS) technique to a 2D multivoxel imaging scheme (TE-
Averaged H-MRSI). We were again able to obtain an unobstructed measure of Glu (Fig,
1A).15 To keep the acquisition time clinically reasonable, TE-Averaged H-MRSI acquires
data in a flyback echo planar (ie, spiral) gradient, which are then transformed back into a 2D
grid (see Fig, 1B).

The spectroscopic data were acquired on the same 3T GE Excite scanner as the structural
MRI, immediately following the acquisition of the anatomical images but prior to the
administration of the contrast agent. The resulting coil combination data were TE-averaged,
and the metabolic concentration of Glu and NAA were obtained using the LCmodel
quantification algorithm. Because of the short repetition time (TR = 1.0 second),
concentration estimates were corrected for T1 relaxation times derived from both WM and
GM compartments using the same methods and phantom basis sets described elsewhere.1®
The NAA T1 relaxation times used were 1.03 and 1.21 seconds in WM and GM,
respectively. Glu T1 relaxation times used were 0.67 and 0.88 seconds in WM and GM,
respectively. Individual NAA T2 relaxation times in MS WM and GM were measured
directly from the TE-Average multiecho sequence at each time point. Glu T2s were not
available. As this is a longitudinal spectroscopy study, we considered it important to acquire
spectra from the same location for each patient at each time point. We used in-house
software, now commercially available, that estimates the location of the PRESS box in 3
orthogonal planes from the baseline 3DIRSPGR. The coregistration software provides the
MRI technician with the location information (right/left, anterior/posterior, superior/inferior)
to assure a sufficient overlap between the PRESS boxes with an accuracy of 96 to 98%.15

Metabolite Estimates in Normal-Appearing GM and NAWM

On a per-subject basis, metabolite concentrations were estimated for each voxel within the
2D spectroscopic grid using LCmaodel (see Fig, 1B). In brief, nonbrain regions were
removed from the anatomical images using an automated brain extraction tool
(fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) that is part of FSL.2! T1-weighted images were
segmented into nonlesional GM, WM, and cerebrospinal fluid compartments using FAST,
Functional Magnetic Resonance Imaging of the Brain's Automated Segmentation Tool
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(fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST),22 and T1 lesion masks.1® After segmentation, the GM
and WM maps were regridded to the spectroscopic resolution and convolved with the point-
spread function for spectroscopic imaging from which the percentage GM and WM content
were estimated for each spectroscopic voxel. By modeling metabolite concentrations and
magnetic resonance (MR) relaxation parameters as a linear function of WM content, normal-
appearing GM and WM NAA and Glu estimates were extrapolated from the end points of a
linear regression fit to all voxels within the PRESS box (see Fig, 1C).23 Spectroscopic
voxels were included in the linear fit only if their concentration estimates had Cramer—Rao
bounds within a threshold of 15% for Glu and 5% for NAA.15 Metabolite estimates outside
these bounds did not contribute to reported values. The overall scan—rescan estimates of
coefficients of variation of this method were 5% and 13% for NAA and Glu, respectively.1®

Brain Volume Measurements

Annual percentage whole brain volume change was calculated from 3D-IRSPGR images
using Structural Image Evaluation Using Normalization of Atrophy (SIENA), a fully
automated method of longitudinal brain change analysis (fsl.fmrib.ox.a-c.uk/fsl/fslwiki/
SIENA).24 Output is converted into percentage brain volume change (PBVC) per year
between pairs of scans. For use as a baseline covariate, we also calculated normalized brain
parenchymal volume from 3D-IRSPGR images using SIENA/X (fsl.fmrib.ox.ac.uk/fsl/
fslwiki/SIENA).24 T1 lesion masks were derived from manual segmentation of T1-visible
WM lesions on the 3D-IRSPGR using methods described previously.2526 T1 lesion masks
were incorporated into the SIENA/X program to prevent voxel misclassification errors. In
addition, T1 lesion volume was used as a baseline covariate.

Clinical Outcomes

Neurologic evaluations were performed annually, including the Expanded Disability Status
Scale (EDSS)?” and the Multiple Sclerosis Functional Composite (MSFC).28 MSFC testing
included 9-Hole Peg Test, Paced Auditory Serial Addition Test-3 (PASAT), and Timed 25-
Foot Walk.

Statistical Analysis

All statistical analyses were performed using R (www.r-project.org). Linear mixed-effects
modeling formed the core of statistical analysis.2 All reported mixed-effects models were
fitted using restricted maximum likelihood estimation (maximum likelihood estimated
models were only used when comparing models with different sets of fixed effects).
Generalized linear models were fit using maximum likelihood. Linear mixed-effects models
were initially fit with random (subject-specific) intercepts and slopes, but these generally did
not converge. Diagnostic plots indicated that this was due to a lack of identifiability between
residual error and random variation in slopes. We therefore fit models that included random
effects for the intercept only.

The primary predictors of interest were baseline and sustained elevation of Gluinawm,
Gluiemy, GIUNAANAwM], and GIU/NAA(G;. Patients were considered to have a sustained
elevation of Glu if their Glu concentration was >2 standard deviations above the mean Glu
concentration in the healthy control sample at 2 consecutive time points (12-month
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sustained). The presence or absence of sustained elevation of Glu was modeled as a binary
predictor in a linear mixed-effects model.

The first hypothesis was that in vivo Glu would predict the loss of neuroaxonal integrity
over time, as measured by decline in NAA. This was tested by modeling baseline Glu as a
predictor of NAA decline, separately for WM and GM, with estimation and hypothesis
testing focused on annual rate of change in NAA (mM/yr). Glu was also examined as a
predictor of PBVC per year, measured with SIENA, as well as EDSS, MSFC, and PASAT.
EDSS, MSFC, and PASAT were modeled as continuous variables. For SIENA, we adopted
a model30 accommodating the inherent correlation between all pairs of change scores.
However, we only modeled PBVC measurements between subsequent pairs of time points
(ie, baseline—year 1, year 1-year 2, year 2-year 3, year 3-year 4) to create a slope for each
patient rather than changes between all time point pairs because of the nonadditivity of
percentage changes across multiple intervals.

Covariates in all models included age, sex, disease duration, baseline normalized brain
parenchymal volume, baseline T1 lesion volume (from 3D-IRSPGR), EDSS (except when
modeling clinical outcomes), and the presence of contrast-enhancing lesions. In linear
mixed-effects models, each baseline predictor was modeled with an interaction with time (in
addition to their main effects) to allow an association with longitudinal change in the
outcome. In these models, the primary interest was in detecting statistically significant time
by predictor interactions, that is, modifiers of the rate of change in out come (conditional t
test). Models were fit for all predictor and outcome combinations, and each model was fit
using 2 approaches: (1) a simple model that included only the primary predictor of interest
(plus interaction with time in linear mixed-effects models), and (2) with aforementioned
covariates added to the model. In the logistic regression models, the focus was on detecting
a statistically significant effect of the predictor (Wald test). In all models, the estimated
direction and size of the effect for the main variable of interest (Glu concentration or
GIu/NAA ratio) remained approximately consistent regardless of whether covariates were
added to the model (indicating robustness to precise model specification). We therefore only
report 1 set of results here, namely those from the full models that include the additional
covariates.

All hypothesis tests were performed at a nominal o = 0.05 significance level (ie, without
adjustment for multiple comparisons). Although the need to adjust for multiple comparisons
is controversial, it is most appropriate when several independent tests are conducted on 1
population. In the present analysis, independence cannot be assumed; rather, there are
correlations and clear biologic relationships among many of the variables that reinforce
rather than detract from each another. Thus, adjustment for multiple comparisons would be
counterproductive in this situation. We rely on scientific judgment rather than formal
adjustment methods to indicate where caution is warranted despite findings with p <
0.05.31.32

Motivation for GIu/NAA Ratio Predictor

The lack of a clear longitudinal effect of Glu or NAA alone on structural or clinical effects
in this large data set prompted the consideration of baseline GIuU/NAA ratio as a predictor so

Ann Neurol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Azevedo et al.

Results

Page 7

that baseline Glu concentrations would be in some sense adjusted for the amount of neuronal
dysfunction present. Because Glu is stored in neurons, which are known to have reduced
function/ integrity in MS,33 we considered it biologically plausible that loss or dysfunction
of neurons may be associated with lower total Glu concentrations. We hypothesized that a
predictor that appropriately combines Glu and NAA would have increased predictive power
over Glu or NAA concentrations alone.

Demographics of the Subjects

Baseline demographics and clinical data for subjects included in this study are given in
Table 1.

Glu in NAWM and GM: Patients versus Healthy Controls

Table 2 shows baseline metabolite concentrations for MS subjects and healthy controls, and
a comparison of each metabolite between all MS patients and controls. Glu and NAA
concentrations were normally distributed in both GM and WM. Glupnawwmy Was statistically
significantly higher, and NAAnawm] and NAA[g\) were statistically significantly lower,
in MS patients compared to healthy controls. The estimated difference in Glujgm; between
MS patients and healthy controls was small and not statistically significant.

Glu as a Predictor of NAA Decline

Parameter estimates, 95% confidence intervals (Cls), and p values obtained from multiple
predictor models with Glu as the predictor and NAA as the outcome are given in Table 3.
The mean follow-up time in this portion of the analysis was 2.2 years. Baseline Glupyawm)
was a statistically significant predictor of longitudinal decline in NAA[g;, with an
annualized rate of change adjustment in NAA g\ of —0.06mM/yr (95% CI = -0.02 to —
0.11mM/yr; p=0.005). That is to say, for each 1mM increase in baseline Glunawwmy, there
is an estimated additional loss of 0.06mM/yr of NAA[gmj, with a 95% CI of 0.02 to
0.11mM/yr. This effect of Glu on NAA decline occurs in addition to the effect of time (this
interpretation applies to all of the results given in this work). Baseline Glujgn) was a
statistically significant predictor of longitudinal decline in both NAA[gm; and NAANawM).
For each additional millimole in baseline Glujg, there is an estimated change of
20.05mM/yr in NAA[Gm) (95% CI =-0.02 to -0.11mM/yr; p = 0.003), as well as an
estimated change of —0.03mM/ yr in NAAnawwm] (95% CI =-0.002 to -0.07mM/yr; p =
0.038). Baseline Glupyawmy Was not a statistically significant predictor of longitudinal
decline of NAANawwm], With an estimated change of —0.03mM/yr (95% CI = -0.07 to
0.01mM/yr; p = 0.12). However, the estimated effect was in the expected direction, and the
magnitude was comparable with the other significant results.

Sustained Elevation of Glu as a Predictor of NAA Decline

Sustained elevation of Glunawm) Was a statistically significant predictor of decline in
NAA[Nawwm); the presence of a sustained elevation of Glupnawm) was associated with an
estimated change of —0.28mM/yr in NAANawwm] (95% CI = -0.15 to 20.41mM/yr; p <
0.001) compared to patients who did not have a sustained elevation of Glupnawwmj- The
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presence of a sustained elevation of Glupyawm) Was associated with an estimated change of
20.15mM/yr in NAA[Gm) (95% CI = -0.004 to -0.30mM/yr; p = 0.056) compared to
patients who did not have a sustained elevation of Glunawwm;. Sustained elevation of
Gluem) was not a statistically significant predictor of NAA decline in either the WM or the
GM, with Cls extending widely on both sides of zero and hence leading to inconclusive
interpretation (see Table 3).

Glu and Sustained Elevation of Glu as Predictors of Annualized PBVC, MSFC, PASAT, and
EDSS Decline

Neither Glupnawmy, Glujgmy, the sustained elevation of Glupyawmy, nor the sustained
elevation of Glujgmy were statistically significant predictors of linear PBVC after 2.8 years
mean follow-up, or MSFC or EDSS worsening after 3.8 years mean follow-up. The results
from this portion of the analysis were inconclusive; some estimates of the longitudinal effect
of Glu on the outcome were in the expected direction, and others were not, making it
difficult to interpret any overall pattern in the results. The single exception was that the
sustained elevation of Glujgmy was a statistically significant predictor of PASAT decline.
The presence of a sustained elevation of Glujgm; was associated with an additional change
of —1.2 points/yr on the raw PASAT score (95% CI =-0.003 to —2.4 points/yr; p = 0.0496),
compared to patients who did not have a sustained elevation of Glujgn;. This finding was
not congruent with other results in this portion of the analysis.

Glu/NAA Ratio as a Predictor of Annualized PBVC, MSFC, PASAT, and EDSS Decline

Parameter estimates, 95% Cls and p values obtained from multiple predictor models with
baseline GIu/NAA as the primary predictor of interest and PBVC or linear change in clinical
metrics as outcome are given in Table 4. These estimates and Cls are expressed as change in
outcome for every 0.1U change in GIuU/NAA ratio. The mean follow-up time for PBVC and
clinical metrics was 2.8 and 3.8 years after the baseline GIu/NAA, respectively.

GIu/NAANawM) Was a statistically significant predictor of longitudinal decline in brain
volume. Each 0.1U increase in baseline GIuU/NAANawwm) Was associated with an additional
—0.33% brain volume per year (95% CI =-0.13 to —0.52%/yr; p = 0.001). Baseline Glu/
NAA[gMm) Was not a statistically significant predictor of brain volume change. Each 0.1U
increase in baseline GIU/NAA g\ Was associated with an additional —0.06% brain
volume/yr (95% ClI, —0.08 to 0.20%/yr; p 5 0.42). This estimate is in the expected direction,
but Cls include the possibility of no effect of GIuU/NAA[g\m; on the annual rate of brain
volume loss.

GIu/NAANawMm) Was a statistically significant predictor of linear decline in MSFC z scores
over time; for each 0.1U increase in baseline GIUNAANawwm], there was an additional
change of —=0.009 in the MSFC zscore per year (95% CI = -0.004 to —0.014U/yr; p < 0.001).
In addition, GIUNAANawMm) Was a statistically significant predictor of longitudinal PASAT
decline; for each 0.1U increase in baseline GIUNAANawwm), there was an additional change
of —0.17 points on raw PASAT scores per year (95% CI =-0.07 to —0.27 points/yr; p <
0.001). GIu/NAA[NawMm] Was not a statistically significant predictor of longitudinal EDSS
decline. Each 0.1U increase in baseline GIU/NAA[Nawm) Was associated with an additional
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change in EDSS of —0.0008 points/yr (95% CI =-0.02 to 0.02 points/yr; p = 0.9245).
Although the effect is in the expected direction, the magnitude is very small, and the Cls
include the possibility of no effect of GIuU/NAANawm) on EDSS over time.

Discussion

In this work, we used a multivoxel spectroscopy pulse sequence that provides unobstructed
Glu signal detection, allowing estimation of Glu concentration in NAWM and GM in a
large, prospectively collected cohort of MS patients. We hypothesized that increased brain
Glu would lead to a cascade of detrimental effects, starting with neuroaxonal dysfunction,
followed by decreased brain volume, and ultimately, worsening clinical outcomes.
Consistent with our hypothesized sequence of events, our data indicate that higher Glu
concentrations increase the rate of NAA decline over 2 years, and higher GIu/NAA ratio in
NAWM increases the rate of brain volume loss over 3 years, and MSFC and PASAT decline
over 4 years. These results suggest that Glu plays an important role in markers of disease
progression in MS, although contributions from other mediators associated with
inflammation (such as reactive oxygen species34~36) are not excluded.

Strengths of our study include the 5-year prospective study design, the large sample size, the
application of a multivoxel Glu spectroscopy method to MS, and a hypothesis-driven
approach to the analysis. Moreover, the statistical methods yielded robust findings that
demonstrate effects of Glu on NAA and GIu/NAA on brain volume, MSFC, and PASAT
occurring in addition to the effect of time (and other covariates including relevant brain MRI
metrics and patient demographics). In other words, these results demonstrate the
independent relationship between Glu, and by inference Glu toxicity, and our markers of
neurodegeneration.

A better understanding of the pathophysiology underlying MS progression is paramount in
accelerating the development of new therapeutic agents targeting permanent CNS injury.
Disease heterogeneity is likely broad in MS and could involve several different biological
processes and pathways. Our data presented here support a potential bridge between
inflammatory and neurotoxicity events mediated by Glu. Across all outcomes, Glu and
GIu/NAA were stronger predictors in NAWM than in GM. Although current proton MR
spectroscopy does not differentiate between intracellular and extracellular Glu, the excess
Glu that we detected in MS subjects is likely to be driven by intracellular Glu; in MS,
histopathological data indicate that there is an excess of activated macrophages/microglia in
the NAWM.37 Such cells carry Glu, and can release their Glu content into the extracellular
compartment,38 where there is defective Glu uptake due to decreased excitatory amino acid
transporter expression on the surface of oligodendrocytes.3 Additionally, it has been
elegantly demonstrated that WM axons can express functional kainate receptors that
recapitulate postsynaptic glutamatergic synapses in the GM. These Glu receptors internalize
calcium and initiate the oxidative cascade. This is likely to be a relevant mechanism of
axonal compromise and degeneration in the WM of MS subjects.3940 Oxidative stress is a
downstream effect of excess Glu that leads to the overproduction of reactive oxygen species
(ROS), which have been shown to damage myelin,34 oligodendrocytes,3® and
mitochondria.38 Glutathione is an antioxidant that is essential for protecting against ROS. In
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MS, several glutathione S-transferase polymorphisms have been associated with more
severe long-term disability in Northern European Caucasians.*! Interestingly, in vivo MR
spectroscopic imaging of glutathione at 7T has demonstrated a reduction of glutathione in
the GM of MS patients compared with healthy controls, as well as in an MS lesion.*2 These
data suggest that MS patients may lack the ability to produce sufficient glutathione in the
presence of a Glu stimulus.

Injured WM and axonal degeneration in the brain can impact brain volume. Brain atrophy
will eventually lead to clinical symptoms, particularly cognitive dysfunction. It is perhaps
not surprising that neither Glu nor GIu/NAA was predictive of EDSS decline, as the EDSS
is dominated by ambulation and spinal cord injury, which are not evaluated by brain Glu
measurements. An alternative explanation for our findings could be that Glu and GIuU/NAA
were stronger predictors in the WM because there is typically a higher signal-to-noise ratio
in the WM in MR spectroscopy compared to the relatively thin cortical GM, where partial
voluming plays a prominent role. Of note, in a case—control study using a single-echo,
single-voxel spectroscopy technique and specifically focusing on MS GM, Muhlert et al
recently reported a reduction of Glu plus glutamine and Glu in MS patients compared to
healthy individuals.1” In our study we did not see such a reduction in [Glu]gp when
comparing all MS patients to healthy controls. This may have been due to differences in
acquisition and metabolite quantification methods, including how our method addressed
partial voluming. Interestingly, when adjusting [Glu] for [NAA] in GM, we find an increase
in the Glu/ NAAgum in MS patients compared to healthy controls (see Table 2). Further
studies specifically focusing on the GIU/NAA[G\ ratio between MS subtypes would be of
interest.

We consider the biological interpretation of Glu/ NAA to be different than that of the
NAAV/Cr ratio, another metabolite ratio that has been used in MS research for >2 decades. In
the NAA/Cr ratio, creatine is used as an internal reference, whereas in the GIu/NAA ratio,
both metabolites may reflect linked pathological processes of CNS injury. Glu is stored in
neurons, which are known to have reduced function/integrity in multiple sclerosis.33 As
such, we consider it biologically plausible that NAA and Glu concentrations may not be
independent in MS, and that a predictor that adjusts Glu concentrations for the amount of
neuronal dysfunction present would have increased predictive power over either metabolite
alone. Although it has been shown that NAA concentrations in the NAWM can fluctuate
over time, particularly in early relapsing-remitting MS,*3 neither NAA nor Glu alone
predicted brain volume decline or clinical outcomes in our cohort. This suggests that our
findings were not simply a function of fluctuating NAA levels, and supports our
interpretation that GIu/NAA may be a more biologically relevant predictor than either
metabolite alone.

Our study has limitations. This study was conducted at a single site. Although prospective,
our study is observational. Our sample size is relatively large, but the study design did not
include a separate group of patients for replication. Results from other data sets or groups
would need to replicate our findings. Finally, our cohort included a relatively low number of
patients with primary and secondary progressive MS, so our findings are mostly
representative of patients with relapsing-remitting MS.
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In conclusion, the combined presence of an elevation of Glu and a reduction of NAA in
NAWM is predictive of tissue loss and clinical worsening in MS. This provides further
evidence that Glu biology is a relevant pathway of disease progression in MS, and adds to
our prior work showing that the presence of a higher number of module-specific Glu-
associated genomic variants is correlated with faster rates of NAA decline and brain volume
loss.16 Therefore, the development of MS therapies targeting Glu biology as a therapeutic
goal could be worthwhile to slow down disease progression.
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FIGURE 1.

(A) Spectra from a subset of proton magnetic resonance spectroscopic imaging (*H-MRSI)
voxels obtained from phantoms containing only glutamate (Glu), glutamine (GIn), N-
acetylaspartate (NAA), and myo-inositol (ml), and their relationship to an in vivo spectrum
acquired using the same parameters. The unobstructed glutamate peak remains visible at
2.35ppm using TE-Averaged IH-MRSI (vertical rectangle). (B) Positioning of the PRESS
box (upper left), as well as a TE-Averaged THMRSI spectral array from a normal subject
(lower left). Representative spectra from white matter (upper right) and gray matter (lower
right) are shown from voxels shaded in the spectral array. (C) Glutamate estimation plotted
as a function of percentage white matter per voxel in a single healthy control. Concentration
estimates for gray and white matter are derived from the end points of the linear fit (y-

intercepts, circles).
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TABLE 1

Baseline Demographics

Variable Patients,n =343 Controls, n =42
Sex

Female 234 26

Male 109 16
Age, yr 432+96 40.5+10.0
Disease duration, yr 9.1 +8.0 —
Clinical subtype

CIS 49 —_

RRMS 263 —

SPMS 20 —_

PPMS 11 —
EDSS 2 (0-7.5) —
MSFC, zscore 0.20 £ 0.59 —
Subjects on DMT 226 —

Page 15

Number for categorical variables, mean + standard deviation for continuous variables, and median (range) for EDSS. CIS = clinically isolated
syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; MSFC = Multiple Sclerosis Functional Composite;
PPMS = primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.
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Metabolite Concentrations at Baseline

TABLE 2

Metabolite Patients,n =343 Controls, n =42 M ean Difference® ©5% Cl) p a
Glutamatepnawmy
All MS 9.29+1.70 8.44 +1.01 0.85 (0.49 to 1.21) <0.001
CIS 9.38+1.19
RRMS 9.32+1.79
SPMS 9.12+1.18
PPMS 8.36 +1.92
Glutamategm
All MS 10.79 + 2.04 10.80 +1.70 —0.015 (-0.58 to 0.55) 0.96
CIS 10.84 +2.31
RRMS 10.82 +2.02
SPMS 10.59+2.0
PPMS 10.15+1.47
NAANAWM]
All MS 9.90+1.38 11.39+1.31 -1.49 (-1.91t0 -1.07) <0.001
CIS 10.11+1.10
RRMS 9.89 +1.41
SPMS 9.83+1.70
PPMS 9.25+1.11
NAA[GM
All MS 8.83+ 1.56 9.58+1.70 -0.75 (-1.29 t0 -0.22) <0.001
CIS 8.70+1.28
RRMS 8.89+1.61
SPMS 8.57 +1.62
PPMS 8.32+1.61
Glu/NAANAWM]
All MS 0.94+0.15 0.75+0.10 0.19 (0.16 to 0.22) <0.001
CIS 0.93+0.08
RRMS 0.95+0.16
SPMS 0.94+0.12
PPMS 0.90+0.16
GIUNAAGY]
All MS 1.23+0.18 1.16 £0.20 0.07 (0.01 to0 0.14) 0.022
CIS 1.25+0.21
RRMS 1.23+£0.17
SPMS 1.26 +0.24
PPMS 1.25+0.21
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Mean concentrations + standard deviations, given in millimoles.

ClI = confidence interval; CIS = clinically isolated syndrome; Glu = glutamate; GM = gray matter; MS = multiple sclerosis; NAA = N-
acetylaspartate; NAWM = normal-appearing white matter; PPMS = primary progressive multiple sclerosis; RRMS = relapsing—remitting multiple
sclerosis; SPMS = secondary progressive multiple sclerosis.

a . - . . . .
Mean difference in millimoles and p values are given for the comparison between all MS patients versus controls using a Student t test.
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TABLE 3

Glutamate and Sustained Elevation of Glutamate as Predictors of NAA Decline (N; = 343 and N, = 211,
respectively)

Outcome
Predictor NAA[Nawwm] NAA[GM)
Glupawm -0.03 (-0.07 t0 0.01) p=0.12 0,06 (-0.110-0.02) p = 0.004%
Glugemy ~0.03 (<0.07 t0 —0.002) p= 0.038%  —0.05 (~0.08 to —0.02) p = 0.003%

Sustained elevation Gluawm  _g 28 (_0.41 t0 -0.15) p< 0.0012  -0.15 (~0.30 to 0.004) p = 0.056%

Sustained elevation Gluigp 0.21(-0.14t0 0.56) p=0.24 -0.07 (-0.46 10 0.33) p=0.75

Parameter estimate for the predictor by time interaction and 95% confidence intervals are given for each model.
Mean follow-up time was 2.2 years for NAA.

Glu = glutamate; GM = gray matter; NAA = N-acetylaspartate; NAWM = normal-appearing white matter.

a . . . L . - A
Models in which the predictor by time interaction was statistically significant at a = 0.05.
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TABLE 4

GIU/NAA as a Predictor of Clinical Outcomes (N = 211)*

Predictor
Longitudinal Outcomech GIu/NAA[,\,A\,\,M]b GIu/NAA[GM]b
Annualized PBVC 0.33(0.13, 0.52) p=0.002 0.06 (-0.08, 0.20) p=0.42
MSFC 0.009 (0.004, 0.014) p<0.001  —0.003 (-0.007, 0.001) p=0.11
PASAT 0.17 (0.07, 0.27) p<0.001 0.004 (-0.07, 0.08) p=0.92
EDSS 0.001 (-0.02, 0.02) p=0.92 -0.007 (-0.02, 0.01) p=0.29

NAAA = N-acetylaspartate, PBVC = Percent Brain VVolume Change, MSFC = Multiple Sclerosis Functional Composite, PASAT = Paced Auditory
Serial Addition Test, EDSS = Expanded Disability Status Score, NAWM = Normal Appearing White Matter, GM = Grey Matter.

aParameter estimate for the predictor by time interaction and 95% confidence intervals are given for each model; models in which the predictor by
time interaction was statistically significant at alpha = 0.05 are bolded.

b, . .
The value given in the table reflects the effect of a 10% change in GIU/NAAA.
CPBVC is modeled as percent brain volume change per year. MSFC, PASAT and EDSS are modeled as continuous variables.

d . .
Mean follow up time was 2.8 years after GIU/NAAA measurement for PBVC and 3.8 years after GIlu/NAAA measurement for clinical outcomes.
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