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Abstract N
Demyelination and axonal degeneration caused by multiple sclerosis (MS) exist in the white matter and not only in the lesion area. |
Magnetic resonance spectroscopy (MRS) could provide a unigue insight into metabolic changes in the normal appearing white
matter (NAWM). To evaluate the subtle axonal degeneration and delineate the spatial distribution of metabolite abnormalities in
the NAWM in patients with MS. A total of 17 clinically definite relapsing-remitting MS (RRMS) patients and 21 healthy controls
were enrolled in this study. 2D 1H magnetic resonance spectroscopic imaging (MRSI) performed at 3 Tesla was used to measure
metabolite concentrations in the frontal-parietal-occipital NAWM. Ratios of N-acetyl-aspartate (NAA) and choline (Cho) to
creatine (Cr) and Cho to NAA were calculated in each voxel. MS patients showed decreased NAA/Cr and increased Cho/NAA ratios
in the NAWM compared to healthy controls. In the parietal NAWM, the extent of NAA/Cr decrease was significantly higher than
that in the frontal and parietal-occipital NAWM. Decreased NAA in the NAWM would provide useful metabolic information for
evaluation of disease progression in MS. The high extent of NAA decrease in the parietal NAWM helps improve the accuracy of the
prediction.

Abbreviations: MRS = magnetic resonance spectroscopy, MRSI = magnetic resonance spectroscopic imaging, MS = multiple
sclerosis, NAA = N-acetyl-aspartate, NAWM = normal appearing white matter.
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1. Introduction

Multiple sclerosis (MS) is a typical serious central nervous system
(CNS) disease that is characterized by white matter lesions.”™!
Worldwide, more than 1,000,000 people suffer from physical
disabilities caused by MS, and the incidence rate is increasing.!*!
Inflammation and demyelination are typical neuropathological
features of MS.1>®! The pathogenesis of MS is rather complex and

still remains unclear. The varied accompanying histopathological
changes, such as axonal damage or loss, have been considered as
the important indicators of MS.[”>®!

Over the last several decades, conventional magnetic resonance
imaging (cMRI), an in vivo, noninvasive technique, has been
using for the diagnosis of MS in combination with characteristic
clinical symptoms.>1°121 ¢t MRI also plays an important role in
assessing the therapeutic efficacy of MS patients."”>'®! However,
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in parallel with advancements in MRI technology, some
limitations of cMRI in studies on MS have become increasingly
evident. First, although MS focal lesions could manifest as
hyperintensity on T2-weighted MR images, it is difficult to
distinguish them from other neurological abnormalities or white
matter lesions caused by aging.®! Second, cMRI cannot help in
visualizing subtle changes that occur in the normal appearing
white matter (NAWM) in MS patients.m’l3J In recent years,
proton magnetic resonance spectroscopy (MRS), a noninvasive
quantitative MRI technique, has received wide attention in MS
studies.' 12! Using the MRS technique, many types of metabolite
concentrations can be observed that could directly reflect brain
metabolism.!"* Compared to cMRI, MRS is more specific and is
capable of detecting subtle metabolic alterations in the white
matter of the human brain."*! For example, N-acetyl-aspartate
(NAA), an MRS-observed metabolite, has been widely accepted
as a biomarker of neuroaxonal integrity.'® According to
previous MRS studies, a decreased NAA level can be found
not only in MS focal lesions but also in the NAWM, which can be
an indicator of wide axonal dysfunction or loss in the brains of
MS patients.t 717!

To date, MRS mainly includes single-voxel spectroscopy (SVS)
and multivoxel spectroscopy.?”! SVS has been employed in many
previous MS studies.*'*? However, abnormalities and impair-
ments are believed to distribute discrepantly in the brain tissue of
MS patients.[?3! Therefore, SVS is not specific enough to provide
a full-scale observation of tissue metabolic changes caused by
MS. By contrast, multivoxel spectroscopy techniques, such as
proton 2D magnetic resonance spectroscopic imaging (MRSI),
have an advantage in that they provide simultaneous metab-
olome data across the brain regions, which is critical in the
assessment of pathological effects of MS.**! Therefore, multi-
voxel MRS is increasingly being used in MS studies. In addition,
itis clear that the quality of the spectrum, particularly the signal-
to-noise ratio (SNR) that determines spectral resolution, is
largely influenced by magnetic field strength. At higher field
strengths, such as 3 Tesla, the improved spectral resolution could
increase the sensitivity and accuracy of MRS in evaluating subtle
changes in the tissue.[>>2¢!

The metabolite changes in the NAWM now still remain under
investigation, and few available MRS studies on MS have focused
on the spatial distribution of metabolite abnormalities. The
major goal of our study was to investigate specific metabolite
changes, particularly NAA alterations, in the different areas of
NAWM of MS patients using the multivoxel MRSI technique
performed at 3 Tesla. We hypothesize that the changes of
metabolites are region related, namely different regions in the
NAWM in MS patients may have different degrees of abnormal
alterations.

2. Materials and methods

2.1. Subjects

In total, 17 patients with relapsing-remitting MS were recruited
from the First Affiliated Hospital of Henan University of Science
and Technology, Luoyang, China. The MS diagnoses were
determined based on the McDonald criterial?”! and traditional
clinical MRI examinations (T2 and FLAIR). The level of
disability was assessed with the Extended Disability Status Scale
(EDSS).281 For comparison, 21 healthy controls were enrolled in
this study who were matched for age, sex, and handedness. The
demographic and clinical information for the 38 participants are
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Demographic information of study subjects.

Characteristics RRMS patients Healthy controls

(mean +SD) (n=17) (n=21) P
Gender (m/f) 6m/11f Am/17f NS
Age, y 42.3+132 46.7+8.9 NS
[Range] [14.0-60.0] [25.0-59.0]

Disease duration, mo 2414235

[Range] [4-80]

Number of relapses 21+1.4

[Range] [1-6]

EDSS score 29+21

[Range] [0.0-6.0]

EDSS =expanded disability status scale, NS=not significant, RRMS =relapsing-remitting multiple
sclerosis, SD=standard deviation.

illustrated in Table 1. All subjects were fully informed of the
nature of the study and provided written consent for participa-
tion prior to enrollment. The local institutional ethics
committee on human research of the First Affiliated Hospital,
and College of clinical medicine of Henan University of Science
and Technology approved this study and all procedures. The IRB
number is 2016-0007.

2.2. Conventional magnetic resonance imaging acquisition

MRI scans were performed with a Philips Achieva 3.0-Tesla TX
scanner (Philips, The Netherlands) equipped with a 16-channel
SENSE head-spine coil. MR images comprised axial T1- and T2-
weighted images as well as fluid-attenuated-inversion recovery
(FLAIR) images. The sequence parameters were TR/TE=7.6/3.7
ms and flip angle (FA) = 8° for T1-weighted images, 190/80 ms for
T2-weighted images, and TR/TI/TE=6000/2000/140ms for
FLAIR images; field of view (FOV)=250x250mm; slice
thickness=7.5 mm; and intersection gap=1mm. Prior to proton
MRS examinations, cMRI was performed to exclude other
pathologic changes.

2.3. Proton magnetic resonance spectroscopy acquisition

Automatic shimming was employed to compensate for the
inhomogeneity of the magnetic field. The linewidth was less than
10Hz. The signal of water was suppressed using a chemical shift
selective imaging sequence (CHESS). An outer-volume suppres-
sion pulse sequence was used to avoid signal contamination from
outside the volume of interest (VOI). The point resolve
spectroscopy sequence (PRESS) technique was used for VOI
selection, as shown in Fig. 1. The sequence parameters were TR/
TE=2000/53 ms, FOV=150 x 195 mm, slice thickness=15 mm,
in-plane resolution 15 x 15mm?, and number of averages=
1024. The total acquisition time of the spectroscopic sequences
was less than 20 minutes.

A standard software package (Spectra view, Philips, The
Netherlands) was used for postprocessing the MR spectroscopic
data. Spectral signals from voxels matching exclusively frontal-
parietal-occipital NAWM without any signs of lesion load
manifested on T2-weighted MR images were selected. We
measured metabolite concentrations within individual voxel by
calculating the area under the curve. All metabolite concen-
trations were expressed as ratios of signal intensities, including

NAA/Cr, Cho/NAA, and Cho/Cr.
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Figure 1. The volume of interest superimposed on a fluid-attenuated inversion recovery image, including an MS patient (top left) and a control subject (top right).
Representative spectra maps of an MS patient (lower left) and a healthy control (lower right). All spectra used for analysis were selected from voxels located in the

NAWM. MS =multiple sclerosis, NAWM =normal appearing white matter.

2.4. Statistical analysis

The statistical analysis of acquired data was performed using the
Statistical Package for Social Science version 16.0 (SPSS Inc.,
Chicago, IL). The means and standard deviations (SDs) of the
NAA/Cr, Cho/NAA, and Cho/Cr ratios of MRS were calculated.
Data analyses were performed to determine statistically signifi-
cant differences. The Kolmogorov—Smirnov (K-S) test was used
to study the differences in metabolites ratios between the patient
group and the control group. In addition, Spearman correlations
were used to assess the relationship between the NAA/Cr ratio
from the global NAWM and those from the frontal, parietal, and
parietal-occipital NAWM within the patient group. P values were

calculated, and all tests were considered to be statistically
significant if the P value was <0.05.

3. Results

Our study compared the ratios of metabolites in the NAWM
between patients and healthy controls, and the results are shown
in Fig. 2. Significant differences in metabolite ratios were found
between MS patients and healthy controls. Compared with the
control group, the NAA/Cr ratio in the NAWM in MS patients
was significantly lower (P <0.0001 according to the K-S test),
and the Cho/NAA ratio was significantly higher (P<0.001
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Figure 2. Values of the metabolite ratios of NAA/Cr, Cho/NAA, and Cho/Cr.
The NAA/Cr and Cho/NAA ratios in the patient group showed significant
changes compared to the control group (P < 0.0001 for NAA/Cr, P < 0.001 for
Cho/NAA). Cho=choline, Cr=creatine, NAA=N-acetyl-aspartate.

according to the K-S test). However, we did not observe a
significant difference in the Cho/Cr ratio between groups. The
degrees of metabolite alteration in the frontal, parietal, and
parietal-occipital NAWM in the MS group compared to the
control group are shown in Fig. 3. Our group results found that
the NAA/Cr decrease in the NAWM was closely related to the
region. In the frontal NAWM, the NAA/Cr=1.54+0.14 in MS
patients was 11% lower than in the control group 1.72+0.08
(P <0.001). In the parietal NAWM, the NAA/Cr=1.35+0.12 in
the patient group was 23% lower than in the control group 1.65
+0.07 (P <0.0001). In the parietal-occipital NAWM, the NAA/
Cr=1.37+0.13 in the patient group was 12% lower than in the
control group 1.54+0.08 (P <0.001). The correlations between
the NAA/Cr ratios from the global and local NAWM are
shown in Fig. 4. In the patient group, we found a strong
correlation between the NAA/Cr ratios from the global and
parietal NAWM (r=0.6094, P <0.05). However, the NAA/Cr
ratios from the frontal and parietal-occipital NAWM did not
correlate significantly with that from the global NAWM (r=
0.0376, P>0.05; r=0.4062, P>0.05). The validity of our
approach can be observed in supplementary document and
supplementary Table S1, http:/links.lww.com/MD/B632 show-
ing all of the metabolic results for different brain region.

4. Discussion

In this study, we first analyzed the changes of several primary
metabolite ratios, including NAA/Cr, Cho/NAA, and Cho/Cr,
from the NAWM in 17 established MS patients and 21 healthy
controls using the multivoxel MRSI technique performed at 3
Tesla. Through the analysis of MRS measurements, we found a
significant decrease in the NAA/Cr ratio and a significant increase
in the Cho/NAA ratio in the NAWM in the patient group
compared to the control group, whereas no significant difference
in the Cho/Cr ratio was found between the 2 groups. We then
respectively analyzed the local changes in the metabolite ratios in
the frontal, parietal, and parietal-occipital NAWM in MS
patients, and we found that metabolite alterations were
differently distributed in regional white matter. In other words,
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the degree of abnormalities in the NAWM was region related.
Our results show that the region closest to the parietal NAWM
had significantly higher abnormal degree than the regions closer
to the frontal or parietal-occipital NAWM.

Many studies have showed that investigating abnormal
metabolites in NAWM plays an important role in understanding
the pathophysiological mechanism of MS.**3 In our study, a
significant decrease in NAA/Cr ratio was found in the NAWM in
MS patients compared to healthy controls. Our results indicated
widespread axonal dysfunction or loss in the white matter rather
than only in the focal lesions. Recently, MRS studies have reported
that metabolic changes in the brain not only in focal lesions but also
in NAWM in MS patients.'*”! To our knowledge, NAA is mainly
synthesized in neuronal mitochondria and exits almost exclusively
in the neurons of the mature brain, which makes it a cogent
surrogate biomarker of brain neuronal integrity.>'**! A decrease
in the NAA concentration often suggests axonal damage or loss.>?!
For example, in Brex’s study, the NAA level decreased significantly
in chronic MS lesions compared to healthy tissue.** Therefore,
alterations in the NAA concentration can be indicator of axonal
viability. A significant decreased NAA/Cr ratio may be associated
with nerve fiber loss in NAWM may make a significant
contribution to MS-related clinical disability. An increase in the
Cho/NAA ratio in the NAWM relative to that in healthy volunteers
in NAWM has previously been reported.!>*! The possible explain is
that an abundance of Cho containing compounds in myelin and
inflammatory cells during in the demyelination process. Thus, Cho/
NAA ratio might be related to changes within the surrounding
NAWM during the MS patients. We did not found the significant
difference in Cho/Cr ratio between healthy and MS patients. Here,
Cho/Cr ratio seems to less sensitive change within NAWM. Our
results are in agreement with the previous studies.’*”! In addition,
according to Tartaglia et al’s’®! investigation of MS, voxels with
metabolite abnormalities in the NAWM more easily evolve into
future visible MRI lesion loads compared to normal NAWM
voxels. Therefore, determining the hidden pathological changes in
NAWM may offer important insights into both the degenerative
pathology and the lesion formation mechanism of MS, which
could have great value in the early diagnosis and treatment of MS.

More importantly, to the best of our knowledge, there are few
available MRS studies on MS that focused on the spatial
distribution of metabolite abnormalities. In our study, we
investigated metabolite alterations in different regions of the
NAWM, including the frontal, parietal, and parietal-occipital
NAWM, in MS patients. Our results showed that the NAA/Cr
ratios in the frontal, parietal, and parietal-occipital NAWM in
the patient group were all significantly lower than in the control
group, which is in accordance with the results of the global
investigation. In particular, the degree of decrease in the NAA/Cr
ratio in the parietal NAWM was found to be significantly higher
than in the other regions (frontal and parietal-occipital). In
addition, the results of a correlation analysis clearly showed that
only the NAA/Cr ratio from the parietal NAWM had a strong
correlation with the NAA/Cr ratio from the global NAWM in the
patient group. These results indicated that the decrease in NAA/
Cr ratio in the parietal NAWM has significantly associated with
global metabolic alterations. Therefore, the axonal integrity or
function in the region closest to the parietal white matter may be
more severely affected by MS pathology than other white matter
regions. Taken together, the results here strongly indicate that the
parietal NAWM has the highest sensitivity of metabolic
alterations compared to the frontal and parietal-occipital
NAWM.
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Figure 3. Voxels selected from 3 different regions in the normal appearing white matter (NAWM), including the frontal NAWM (A), parietal NAWM (B), and parietal-
occipital NAWM (C) (2 left columns). Comparisons of values of metabolites ratios between patients and healthy controls from the 3 NAWM regions (right column).

It is well known that the brain’s frontal lobe participates in the
regulation of cognitive function. The abnormal metabolic in
frontal lobe was associated with cognitive deficits in MS. Here, the
significant decrease in the NAA/Cr ratio in the frontal NAWM may
in part account for the phenomenon of cognitive deficits that occurs
in most MS patients, and this has been demonstrated by previous
studies.***! For example, a global memory disorder involving
indices for short-term memory, long-term memory, and working
memory was found in MS patients in Staffen et al’s study,'*”! and
deficits in decision-making under risk conditions, which might be
related to deficits in processing speed or visuospatial learning, were
found in MS patients in a study by Rovaris M and colleagues™"!
Regarding NAA/Cr abnormalities in the parietal-occipital
NAWM, Kotov et al’si**! work showed that they may be
associated with vision impairment caused by MS.

In addition, many previous MS studies have confirmed the
close relationship between motor dysfunction and MS.[*3* Tur
et al,1**! for example, investigated the metabolic changes in MS
patients along the cortical-spinal tract (CST), which is also

known as the primary motor pathway. Their work found that
metabolic abnormalities are more common in MS patients than in
healthy controls and in the patient group as a whole, lower CST
Cho concentrations were found to be associated with a poorer
walking ability.[**! In our study, we measured voxels close to the
motor-related fiber located in the parietal NAWM to investigate
the differences in metabolite levels between the 2 groups. As
expected, a significant decrease in the NAA/Cr value was found in
the patient group compared to the control group (see
supplementary Fig. S1, http:/links.lww.com/MD/B632), indicat-
ing the close links between motor impairment and the
pathological characteristics of MS. Therefore, a potential
explanation for the high degree of the NAA/Cr decrease in the
parietal lobe NAWM within MS patients might be that the
functional brain region related to motion control is located in the
parietal lobe of the human brain. It is already known that
metabolic disorders in the NAWM, which are an indicator of MS
progression, tend to be subtle and hidden, which makes it rather
difficult to accurately detect them.'**! Our work may provide
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global NAWM. (C) Correlation of NAA/Cr ratios from the parietal-occipital NAWM and the global NAWM. Cr=creatine, NAA =N-acetyl-aspartate, NAWM =normal

appearing white matter.

good evidence that focusing more attention on the area around
the parietal white matter would make it easier to detect specific
metabolic alterations and obtain a more accurate evaluation of
both pathological progression and the response to clinical
treatment.

5. Limitations

There were a number of limitations in our study. First, our
current study is limited by the small sample size in adult MS
group of relapsing-remitting MS type. Future work should
endeavor to increase the sample size so that different pathological
types of MS may be examined. On the other hand, the Cr
concentration decrease in MS lesions has been reported and that
metabolite ratios using Cr concentration as an internal reference
are questionable. Third, the investigation of metabolic changes in
(NAA, Cho, and Cr) in NAWM may not be sufficient to
understand the complex pathogenesis of MS. Further inves-

tigations should consider more metabolites, such as ml,
glutamate, and lipids, and include a combination of other
tissues, such as the gray matter or even the cortex, to obtain a
deeper understanding of the altered metabolism affected by MS.
The 4th limitation of the current study is that we used MRSI in 3T
clinical MRI scanner. Considering 7T scanner is higher signal-to-
noise and better separation of the metabolite peaks. So, the usage
of 7T scanner would have been more desirable.

6. Conclusions

Metabolic changes in the NAWM are associated with demyelin-
ation process within MS patients. MRS could provide important
information in metabolic changes in the NAWM. In this study,
we evaluated multivoxel MRS imaging for measuring metabolic
changes in the NAWM in patients with MS. Our results showed
that the NAA/Cr ratio significantly reduced in the NAWM of
patients with MS compared to healthy controls. We also found
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Cho/NAA ratio significantly increased in the NAWM within MS
patients. We also demonstrated that the abnormal metabolic
changes in the frontal, parietal, and parietal-occipital NAWM in
the patients group, separately. Furthermore, the NAWM region
closest to the parietal lobe was found to have the highest degree
for NAA/Cr alterations. The multivoxel MRS imaging approach
has the potential to play a critical role in diagnosing of MS and
assessing the therapeutic efficacy of MS patients.
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