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A B S T R A C T

Multiple sclerosis (MS) is a disease characterized by overlapping processes of neuroinflammation and neuro-
axonal degeneration. Disturbances of the hypothalamo-pituitary axis in MS are supposed to modulate neu-
roinflammatory circuits, however, there is insufficient knowledge about the hypothalamic metabolism altera-
tions in early MS. This 1H MRS study performed on a 1.5 T MR-scanner was focused on the hypothalamus of 31
pre-treatment patients after their first clinical MS episode/s, compared to 31 healthy controls. The metabolite
ratios of N-acetyl-aspartate & N-acetyl-aspartyl-glutamate (tNAA), glutamate & glutamine (Glx), myo-Inositol
(mIns), choline- and creatine-containing compounds (tCho, tCr) were further correlated with the Expanded
Disability Status Scale (EDSS). In the hypothalamus of early MS patients compared to controls, we found de-
creased tNAA/tCr and increased tCho/tNAA, mIns/tNAA, Glx/tCr, and Glx/tNAA. In addition, tCho/tNAA, Glx/
tNAA, and mIns/tNAA were positively and tNAA/tCr was negatively correlated with EDSS. Results suggest that
the decline of the tNAA ratio, indicating neuro-axonal dysfunction in the hypothalamus, may be linked with
glutamate excitotoxicity. Excessive glutamate concentrations may cause microglial activation and myelinated
tracts degradation with subsequent gliosis, paralleled by increased mIns and tCho ratios. This indicates that
glutamate excitotoxicity can play an important role in MS from its earliest stages.

1. Introduction

Multiple sclerosis (MS) is traditionally characterized as a pre-
dominantly inflammatory disease of the central nervous system (CNS),
which initiates myelin loss and axonal as well as neuronal damage
[1–3]. Despite the widely accepted concomitant neurodegeneration in
MS, the mechanisms of its initiation and further development are not
yet sufficiently understood [1,4,5]. The deep grey matter (DGM) brain
structures had been found altered since the early stages of MS [1,6] and
their damage may determine the MS progression, physical disability, or
cognitive impairment [1,7,8]. In this case-control study, we evaluated
the metabolism of the hypothalamus due to its wide afferentation and
central position in the hypothalamic-pituitary axis, which influences
many autonomic, endocrine, and limbic functions altered in MS [9–11].

Although the hypothalamus is one of the most complex and essential
DGM regions, it is often overlooked when investigating both the
etiology and treatment of MS [4,5,10]. Based on our previous research
of relapsing-remitting (RRMS) and secondary progressive (SPMS) pa-
tients [11,12], we hypothesize that the extent of hypothalamus damage
may determine the severity and course of MS even in the early, pre-
treatment stages of the disease. Using proton magnetic resonance
spectroscopy (1H MRS) we evaluated common metabolites that poten-
tially reflect inflammatory and neurodegenerative changes in the hy-
pothalamus. Based on recent research including our findings, we hy-
pothesized that neurodegenerative processes in early MS stages could
be initiated by an increased accumulation of extracellular glutamate
(the main part of glutamate and glutamine complex; Glx). Although
glutamate is the main excitatory neurotransmitter, playing an
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important role in the development and neuroplasticity of CNS
[3,9,13,14], it might contribute to the neuro-axonal damage in MS
during oxidative and/or metabolic stress [13–16]. The dysfunction of
neurones and their connections, observed in MS lesions, normal ap-
pearing white matter (NAWM) as well as in cortical GM, is primarily
associated with the decline of N-acetyl aspartate (predominant com-
partment of N-acetyl aspartate and N-acetyl-aspartyl-glutamate com-
plex; tNAA) [17–19]. This almost exclusively neuronal amino acid can
be a reservoir of Glx [20–22]. Excessive glutamate concentrations may
also affect neuroglial homeostasis and cause microglial activation and
subsequent gliosis [20,23], which is associated with increased myo-
Inositol (mIns), a marker of glial cellularity [21,24,25]. Gliosis has al-
ready been confirmed in inflammatory MS lesions as well as in NAWM
[16,21,25] and may precede tNAA reduction in MS [26,27]. Further-
more, mIns is supposed to be a precursor of phospholipid membrane
constituents important for the formation and/or breakdown of myelin
[20,21,23]. Signals from choline-containing compounds (i.e. phospha-
tidylcholine, glycerophosphatidylcholine, acetylcholine, and choline;
tCho) [20,21,28] reflect the cell-membrane metabolism and increased
level of cell-membrane turnover as seen in demyelination, remyelina-
tion, inflammation and ongoing gliosis in MS patients [18,21,25,28].
According to the traditional inflammatory theory of MS development,
alterations in tCho and mIns [6,19,29] should dominate in early MS
stages, the potential role of glutamate and tNAA changes can be guessed
from previous work [11,12], but has not been targeted.

2. Methods

All procedures involving human participants were in accordance
with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Ethics approval was
performed by the Ethic Committee of the Jessenius Faculty of Medicine
in Martin, Comenius University in Bratislava (EK 1678/2015).

2.1. Study participants

Thirty-one adult patients with an early stage of MS and thirty-one
age- and gender- matched healthy volunteers were included in this
study after institutional review board approval and obtaining written,
informed consent. Thirteen of the MS patients were defined as having
clinical isolated syndrome (CIS) and eighteen as clinical definite MS
(CDMS) according to the McDonald criteria [30]. Of the 31 MS patients
studied, 13 presented with optic neuritis, 9 with brainstem, 6 with
hemisphere, and 3 with spinal cord syndromes. Furthermore, all pa-
tients were classified according to symptomatic monofocal (9 patients)
or multifocal (22 patients) clinical MS presentation. Regarding pro-
gression to the next diseases, all MS patients had a relapsing-remitting
MS phenotype. At the time of 1H MRS examination, they had not been
treated with any immunomodulatory agents or antidepressants. In this
study, the interval between the first clinical symptoms and the date of
MRS examination was defined as the disease duration. Clinical dis-
ability was evaluated by neurologists specialized in MS using the Ex-
panded Disability Status Scale (EDSS). Structural MR images of all
subjects were inspected for macroscopic WM lesions by a radiologist
blinded to the participant's disease status. None of the healthy subjects
demonstrated pathological findings on MRI, had any known history of
endocrine, oncological, neurological or other serious disorders. Basic
clinical information about patients and healthy controls is included in
Table 1.

2.2. Measurement protocol

All investigations were performed on a 1.5 T whole body MR
scanner Magnetom Symphony (Siemens, Erlangen, Germany) with 30
mT/m total gradient strength and 125 T/m/s nominal slew. The body

coil was used for transmission and the 8-channel head coil (Siemens,
Erlangen, Germany) was used for signal reception. Each study subject
underwent structural MRI scanning included T2-weighted and fluid
attenuation inversion recovery (FLAIR) sequences before spectroscopy
measurement. To ensure a similar volume of interest (VOI) placement
between subjects, T1-weighted magnetization prepared rapid gradient
echo (MP-RAGE) anatomical reference images were obtained and sub-
sequently resliced in three orthogonal directions. The hypothalamus is a
challenging brain area for 1H MRS acquisition due to its small size,
central location, and air-tissue interface, especially in marginal brain
regions located close to sinuses [28,31]. Furthermore, the larger voxel
selection in the hypothalamic region is impaired by magnetic field in-
homogeneity, as well as by encompassing larger cerebro-spinal fluid
(CSF) volumes, especially in atrophic tissue, which could account for
the less reliable measurements [21,32,33]. To avoid these limitations,
in this study single-voxel 1H-MRS was applied, rather than multi-voxel,
due to its advantages of a smaller voxel size, shorter measurement time
for duplicate (metabolite, water) acquisition, and the possibility of
voxel shifting during post-processing [2,11,17]. To identify magnetic
field (B0) inhomogeneity, B0 phase maps were obtained, on that shim-
ming volumes were manually localized outside of visible B0 distortions.
Maximum possible B0 homogeneity was then achieved by suppression
slabs positioned on a magnetically heterogeneous area, and by iterative
field mapping with the calculation of appropriate shim currents of the
first- and second-order corrections. Three-dimensional spectroscopic
imaging sequence (chemical shift imaging; CSI) based on point resolved
spectroscopy (PRESS), with an echo time of TE=30ms, repetition time
TR=1500ms, and 4 averages, was used to acquire localized data fo-
cused on the hypothalamic region with VOI=50×60×35mm3, field
of view (FOV)=100×100×100mm3 and 10× 10×8 acquired
matrix size (i.e. 10×10×12.5 mm3 nominal voxel size) interpolated
to a 16×16×8 CSI matrix. During the 1H MRS data acquisition
(7min 42 s acquisition time), the signal from the magnetically hetero-
geneous area was suppressed by suppression slabs (Fig. 1). The total
measuring time of the whole MR examination was about
25min=4min 6 s (localizer)+ 8min 51 s (MP-RAGE)+1min 57 s
(T2-weighted MRI)+ 1min 49 s (FLAIR)+ 32 s (B0 map)+ 7min 42 s
(1H MRS).

2.3. Data processing

The anatomical MRI of all subjects were inspected for macroscopic
brain lesions. Based on the overlapping of MP-RAGEs with the spec-
troscopic CSI matrix in the graphical user interface jSIPRO (Version 1.0;
Filip Jiru & Antonin Skoch, IKEM, Prague, Czech Republic), it was
possible to shift the CSI grid and precisely localize voxels in the right
and left hypothalamus. The voxel center was placed between the
anterior commissure and the mammillary body, 1mm anteriorly to
fornix in sagittal and 2mm laterally to the border of the 3rd ventricle in
the trans-axial plane (Fig. 2). The spectra of the required two voxels
were evaluated by the automatic data processing software LCModel
(Version 6.2-1 L; Stephen Provencher, LCModel, Oakville, ON, Canada).
After the integrals of metabolite were evaluated, the metabolite ratios
to tNAA and creatine containing compounds (mainly creatine and
phosphocreatine, tCr) were obtained: tNAA/tCr, tCho/tNAA, tCho/tCr,
Glx/tCr, Glx/tNAA, mIns/tCr, and mIns/tNAA. All MR spectra fulfilled
defined spectral quality criteria, i.e. spectral signal-to-noise-ratio (SNR)
values were in all cases higher than 5 (SNR in average 9 ± 3 standard
deviation). The tNAA peak amplitudes showed symmetry with the
width-at-half-maximum (FWHM) lower than 10 Hz (FWHM in average
6 Hz ± 2 standard deviation). LCModel manifested proper residual
signals and no spectral artefacts.

2.4. Statistical evaluation

Since the mean values of all metabolite ratios from both
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hypothalamic voxels were gender-independent (one-way ANOVA test)
in early MS patients as well as in controls and no statistical trend to side
difference was found (one-way ANOVA test), all hypothalamic meta-
bolite values (i.e. mean values of left and right side spectra of both
genders together) were used for statistical analyses. Spectroscopic dif-
ferences in early MS patients vs. healthy controls, CIS vs. CDMS patient
subgroups, low- vs. high-lesion load (≤20 vs.> 20 lesions), short- vs.
long-disease duration (≤6 vs.> 6months), mono- vs. multifocal clin-
ical onset, and optic neuritis vs. other brain area degeneration were
evaluated using 2-tailed 2-sample t-test for normally distributed data
and Wilcoxon signed-rank test for data that cannot be assumed to be
normally distributed (Kolmogorov-Smirnov test; KS). Associations be-
tween metabolite ratios and EDSS (normally distributed according to KS
test) were further assessed using Pearson correlation analysis. To clarify
statistical differences in correlations of metabolite and EDSS referen-
cing to tCr or tNAA, Fisher's r-to-z transformation was used. The sig-
nificance level was determined at 0.05. All statistical procedures were
performed using the SPSS software package (Version 15.0, Chicago, IL,
USA).

3. Results

Among the patients' group, in selected metabolite ratios from both
hypothalamic voxels, differences dependent on clinical MS subgroups,
WM lesion load, disease duration, and clinical onset were not revealed.
Also, the results of 1H MRS differences between the patients with optic
neuritis and patients with other brain area neurodegeneration did not
confirm significant differences in metabolite ratios, except of both mIns
ratios (Table 2).

The analysis of alterations in hypothalamic metabolism in the whole
group of patients with early MS stages revealed significantly decreased
tNAA/tCr and increased tCho/tNAA, mIns/tNAA, Glx/tCr, and Glx/
tNAA, compared to controls. No group differences, neither in tCho/tCr
nor mIns/tCr, were observed (Table 3).

In the hypothalamus of early MS patients, all examined metabolite
ratios were positively correlated to the EDSS, except that of tNAA/tCr in
which the Pearson correlation was inverse (Fig. 3).

Furthermore, the analysis of Pearson correlations between EDSS and
metabolite ratios in MS patients revealed the significance of the linear

Table 1
Basic clinical information about study participants.

MS patients Controls p-value

Number 31 31 1
Two sample t-test

Age (years, mean ± SD) 27 ± 6 27 ± 6 1
Test of the equality of population proportions in two samples

Gender (M/F) 12/19 12/19 1/1
Two sample t-test

Race / ethnicity / country of origin white/European/Slovakia –
Diseases duration (months, mean ± SD) 5 ± 2 NA –
EDSS median (IQR) 2.0 (2.0) NA –
WM lesion load (≤20 vs. > 20 lesions) 17/14 NA –

The table shows basic clinical information about patients with early MS stages (MS patients) and healthy controls. Abbreviations: M=male, F= female,
EDSS=Expanded Disability Status Scale, NA=not applicable, SD= standard deviation, IQR= interquartile range.

Fig. 1. Positioning of 1H MRS in hypothalamus.
Anatomical MP-RAGEs display the positioning of VOI (50× 60×35mm3), FOV (100× 100×100mm3), and shimming volume (green rectangle) placed in the
hypothalamic region. The acquired CSI matrix size was 10× 10×8, with a nominal voxel size of 10× 10×12.5mm3.
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association in tNAA/tCr and metabolite ratios to tNAA, but not to tCr
(Table 4). Test for difference in correlation coefficients when referen-
cing metabolites to tCr or tNAA showed a significant difference only in
tCho, not in Glx and mIns (Table 4).

4. Discussion

Our results provide evidence of significant metabolic alterations in
the hypothalamus of MS patients with the early stages of the disease,
independent of early MS subgroups (CIS vs. CDMS), WM lesion load
(≤20 vs.> 20 lesions), disease duration (≤6 vs.> 6months) or clin-
ical onset (mono- vs. multifocal).

4.1. Decreased tNAA alerts to neuronal damage and increased disability

In our study, tNAA was considered to be one of crucial metabolites
in determining disease severity. Since it is known that a reduction in
neuronal density directly leads to a decrease in tNAA concentration
[17,18,22], we interpret the observed lower tNAA/tCr ratio in the hy-
pothalamus of early MS patients as a loss of neuronal functions and
viability and/or neuronal density, even in the early stages of the dis-
ease. The results are in accordance with our previous research, where
we had found neuro-axonal changes of hypothalamus in correlation
with tNAA/tCr of RRMS and SPMS patients [11,12]. Combining our
studies, we hypothesize that the existence of hypothalamic neuro-ax-
onal damage (decreased tNAA) is evident from the earliest stages of MS
and later becomes the hallmark of DGM damage. The majority of pre-
vious reports evaluating other brain structures also confirmed a re-
duction in tNAA: in acute MS lesions [17,22], in chronic MS lesions
[21,23], in NAWM [17,23], in cortical GM, and some structures of DGM
in progressive MS stages [21,23,34,35]. There was also confirmed tNAA
decline in NAWM and cortical GM in early RRMS [19], in the basal

ganglia and thalamus in RRMS [36,37], as well as in the thalamus and
hippocampus in primary progressive MS (PPMS) [17,38]. To our
knowledge, this is the first study showing hypothalamic damage in
patients with early stages of MS, using 1H MRS, with additional EDSS
correlation. We observed that the degree of tNAA/tCr reduction in
hypothalamus of patients with early stages of MS inversely correlated
with increasing neurological disability. Several authors had reported
that the highest tNAA loss is most pronounced in those MS patients with
greatest neurological disability [21,23,28,39]. However, these studies
were almost exclusively focused on the developed MS stage in CNS
structures other than the hypothalamus. In this study we confirmed the
intensive degeneration of the hypothalamus correlating with disability
even in the early stages of MS.

4.2. Elevated Glx reveals neuro-excitotoxicity

Since glutamate plays an important role in nitrogen and energy
metabolism and is essential for the complex communication network
established between neurons, astrocytes, oligodendrocytes, endothelial
and immune cells [3,9,13,14], it is assumed that excessive activation of
the glutamatergic pathway could be an important part of MS patho-
physiology [9,13,14,16]. In this study, we found increased Glx/tCr as
well as Glx/tNAA in the hypothalamus of patients with early stages of
MS. Our group have already published elevated Glx ratios in the hy-
pothalamus of RRMS and SPMS patients, with significantly higher le-
vels in active rather than non-active MS [11]. Similarly, an increased
Glx level was reported in other CNS structures and MS stages: in NAWM
and in active WM lesions of RRMS [14,21,40], SPMS and PPMS patients
[16], as well as in NAWM and the thalamus in CDMS patients [22].
However, Glx concentrations were not raised in the chronic WM lesions
of RRMS patients [14,40]. Glutamate has, therefore, been proposed as a
predictive marker for WM pathology, pointing to neuronal and axonal

Fig. 2. Evaluation of 1H MRS in hypothalamus of MS patients and controls.
Selection of spectroscopic CSI voxel in the hypothalamic region (green rectangle) based on the overlapping of MP-RAGEs with the CSI matrix in jSIPRO. The spectra
of required voxels for healthy controls (in blue) as well as for patients with early MS stages (MS patients; in orange) were evaluated by LCModel.
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damage [14,21]. Findings of Glx in GM are ambiguous: excessive in
cortical GM in RRMS [14], unchanged in the thalamus, hippocampus,
and cortical GM in RRMS, SPMS, and PPMS [38], or decreased in cor-
tical GM [1], hippocampus, thalamus, cingulate, and parietal cortices in
RRMS [40]. It seems that not only the type and location of MS lesions,
but also a diffuse neurodegenerative process may influence glutama-
tergic pathways. It has been demonstrated that elevated glutamate

leads to the destruction of oligodendrocytes, which suggests a direct
linkage between elevated Glx concentrations and disease progression
[15,22,41]. Since glutamate is stored in neurons, which are known to
have a reduced function and/or integrity in MS, Glx/tNAA may be a
biologically more relevant predictor than either metabolite alone. Our
previous research showed a correlation of Glx/tCr and Glx/tNAA ratios
with disease severity, measured by Multiple Sclerosis Severity Score in

Table 3
Hypothalamic 1H MRS in early MS patients and controls.

Metabolite ratio MS patients /n=62/(mean ± SD) Controls/n= 62/(mean ± SD) p-value

tNAA/tCr 1.182 ± 0.259 1.344 ± 0.312 0.0022
tCho/tCr 0.351 ± 0.075 0.358 ± 0.082 0.4721
tCho/tNAA 0.312 ± 0.132 0.269 ± 0.056 0.0056#

mIns/tCr 0.952 ± 0.300 0.913 ± 0.358 0.3032
mIns/tNAA 0.814 ± 0.245 0.697 ± 0.282 0.0150
Glx/tCr 2.513 ± 0.910 2.185 ± 0.960 0.0235
Glx/tNAA 2.142 ± 0.751 1.642 ± 0.676 0.0001

The table shows the values (mean ± standard deviation) of hypothalamic metabolite ratios in patients with early MS stages (MS patients) and healthy controls. P-
values express statistical differences in metabolite ratios between both groups with a significance level of p≤ .05. For statistical analysis, a 2-tailed 2-sample t-test for
normally distributed data was used, and a Wilcoxon (#) signed-rank test for data that cannot be assumed to be normally distributed.

Fig. 3. Pearson correlation plots of metabolite ratios and EDSS.
A graphical depiction of the Pearson correlation analysis of hypothalamic metabolite ratios and Expanded Disability Status Scale (EDSS) in patients with early MS
stages.
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RRMS and SPMS patients [11,12]. This study found a significantly
positive correlation of Glx/tNAA ratio (but not in Glx/tCr, without
statistically significant difference between coefficients) with EDSS in
hypothalamus, even in the early disease stages. It indicates that Glx in
hypothalamus may be associated with the manifestation of MS, even
when no MR-visible lesions are detected in the hypothalamus. Further
research is needed to establish whether excessive Glx precedes even the
first radiological signs of MS.

4.3. Ratios of mIns and tCho reflect primary neuronal dysfunction

In this study, we evaluated mIns and tCho that are associated with
neuroglial homeostasis, cell membrane pathological processes, and
ongoing gliosis, which are important signs of MS progression
[20,21,25]. However, the hypothalamus of patients with early stages of
MS contained significantly increased mIns/tNAA as well as tCho/tNAA,
but mIns/tCr or tCho/tCr were not significantly elevated.

The metabolites mIns and tCr are suggested to be glial cell markers
[21–23] and tNAA to be a neuronal marker [20,22,28]. In this light, our
results indicate a simultaneous increase in glial cells with a decrease in
neurons in the hypothalamus of early MS patients. As far as we know,
we are the only group focusing on the hypothalamic region in depth,
confirming higher mIns/tNAA ratio not only in early stages of MS, but
also in RRMS and SPMS [11,12]. Our entire research suggests that
gliosis (increased mIns) appears from the early to the progressive stages
of MS. This is in accordance with other authors evaluating different GM
regions, who have found elevated mIns in cortical GM in RRMS [21],
and in the thalamus and hippocampus in RRMS, SPMS, and PPMS [38].
Increased mIns was detected also in other CNS regions at various stages
of the disease: in acute WM lesions and NAWM of RRMS, SPMS, and
PPMS patients [16,21,25], as well as in NAWM of CIS patients [26,27].
In addition, some authors consider mIns/tNAA evaluating in WM as a
predictor of clinical disability in MS [18,27]. Regarding the brain re-
gions' degeneration (optic neuritis vs. brainstem, hemisphere, and
spinal cord symptoms) in MS patients included in this study, the only
alteration in hypothalamic metabolism was confirmed in mIns and
mIns/tCr. Both mIns ratios were significantly lower in MS patients with
optic neuritis compared to the MS patients with neurodegeneration in
other brain areas. Optic neuritis is an inflammatory condition of the
afferent visual system and although is strongly related to MS, it may be
associated with a variety of autoimmune or infectious etiologies
[42–44]. According to our results, it seems that ongoing inflammation
and gliosis during this specific condition are more WM tract (i.e. re-
tinohypothalamic tract) restricted and/or have lower extent of DGM
neuro-axonal degeneration [10], compared to brainstem, hemisphere,
or spinal cord symptoms. This could have an impact on reducing the

risk of MS developing into optic neuritis [42,44]. Several studies sug-
gested that in the early phases of the disease, the neuro-axonal damage
in WM may be at least partially reversible [21,27,41]. This support the
theory of the dual role of astrocytes in MS. They may contribute to the
degeneration of oligodendrocytes and axons' demyelination by pro-
moting inflammation and on the other side, they may create a per-
missive environment for remyelination [9,18,43].

Considering tCho as a marker of cell membrane and myelin sheet
integrity [13,20,21], the increased tCho/tNAA found in our study
showed intensive cell-membrane and myelin degradation and/or turn-
over, parallel to hypothalamic neurodegeneration in our early MS pa-
tients. We hypothesize that in early MS stages, brain DGM is under
strong inflammatory/neuroexcitatory influence, causing a loss of hy-
pothalamic cells which decreases tNAA. Cell-membrane and myelin-
sheet breakdown products accumulate in the area and thus increase
tCho. The brain metabolism is overloaded and the brain is forced to
regenerate impaired GM tissue, leading to a simultaneous increase in
tCho [21,26]. In contrast with this study, our previous research fo-
cusing on RRMS and SPMS patients, with a longer disease duration,
revealed lower tCho/tCr ratios in the hypothalamus compared with
controls [11,12]. Combining our studies, we hypothesize that the initial
hypothalamic active demyelination (increased tCho) in progressive MS
stages is evidently absents (decreased tCho). This is in agreement with a
study of patients with CIS, showing an increased Cho level in the tha-
lamus [21,29]. In other reports, no differences in tCho concentrations
were found in the thalamus, hippocampus, and cortical GM of RRMS,
but tCho decreased in progressive MS stages [35,38]. However, the
hypothalamic region was not tested. Other authors reported variable
tCho levels in cortical and subcortical GM and interpreted it as fluc-
tuations in membrane turnover rates due to the inflammation/demye-
lination processes [21,26,29,36,38].

In our study, it was also found that tCho/tNAA as well as mIns/
tNAA (but not ratios to tCr) in the hypothalamus of patients with early
stages of MS significantly positively correlated with EDSS. In addition, a
test for differences in correlation with EDSS when referring to meta-
bolites to tCr or tNAA revealed a significant difference in tCho ratios,
showing the predictive importance of tCho/tNAA in early MS evolution.
This indicates that progressive neural loss together with gliosis in the
hypothalamus reflect the disease's severity, even in the early stages of
MS. It also seems that alterations of mIns and tCho in the hypothalamus
of early MS patients result from primary neuronal dysfunction.
However, an increase in tCho in the hypothalamic region could also be
caused by a Wallerian degeneration of tracts connecting DGM with WM
[45,46]. On the other hand, the accumulation of glial cells, expressed as
an increase in mIns, suggests the relatively intensive replacement of
neurons via glial tissue even in the early stages of MS, which supports
the superiority of primary neurodegeneration over inflammatory pro-
cesses [8,11,34,43]. This is in agreement with recent findings of non-
immune-related neurotoxicity in GM, based on the dysfunction of glu-
tamate circuits leading to excitatory damage [14].

4.4. Study limitations

The findings of our study should be interpreted in the context of
several limitations, such as the relatively small sample size, the lack of
information about hypothalamic functions (e.g. hypothalamic hormone
levels, fatigue, sleep disorders, mental disorders) across both patients
and control participants, and the short design of the study without
longitudinal MS monitoring. Furthermore, the hypothalamus is a
challenging brain area for 1H MRS acquisition due to its location close
to the confounding air- and CSF-rich regions, as well as due to its small
volume prone to atrophy [31–33]. Therefore, technical factors like
1.5 T MR-scanner application, potential patient movement during the
acquisition, quality of shimming, and the reproducibility of voxel lo-
cation on subsequent measurements may also represent potential con-
founders. On the other hand, almost large GM nuclei in the

Table 4
Pearson correlation analysis of metabolite ratios and EDSS.

Pearson correlation analysis of metabolite ratios and EDSS

Metabolite ratio r (95% CI lower; upper) p-value Fisher's p-value

tNAA/tCr −0.296 (−0.449; −0.126) 0.001 –
tCho/tCr 0.004 (−0.172; 0.180) 0.963 0.012
tCho/tNAA 0.317 (0.149; 0.467) <0.001
Glx/tCr 0.112 (−0.065; 0.283) 0.213 0.173
Glx/tNAA 0.280 (0.109; 0.435) 0.002
mIns/tCr 0.061 (−0.116; 0.235) 0.500 0.221
mIns/tNAA 0.215 (0.040; 0.337) 0.016

The table shows the Pearson correlation analysis (r= Pearson correlation coef-
ficient; 95% lower and upper CI= confidence interval) and the statistical sig-
nificance of the linear association (2-tailed p-values) of hypothalamic metabo-
lite ratios and Expanded Disability Status Scale (EDSS) in patients with early MS
stages. Fisher's r-to-z transformation (Fisher's p-value) was used to clarify sta-
tistical differences in the correlations of metabolite and EDSS referencing to tCr
or tNAA.
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hypothalamic perimeter do not contaminate the 1H MRS signal as much
as it can be assumed for the other DGM brain regions. Finally, the re-
lative metabolite quantification used in the form of metabolite ratios
may be less straightforward compared to absolute 1H MRS approach,
but previous studies have shown the good informative value of this
method [17,18,23].

5. Conclusion

Our study is one of only a few advanced MR studies examining the
nature of the hypothalamus in MS. Results provide evidence of sig-
nificant hypothalamic metabolic alterations that correlate with EDSS in
the very early stages of the disease. Based on the alterations of meta-
bolic ratios, we hypothesize that the early glutamate-induced neuro-
degeneration of hypothalamus can lead to neuronal loss paralleled by
the decline of tNAA. The combination of increased mIns and tCho, to-
gether with reduced tNAA in the hypothalamus, possibly reflects the
microglial activation and degradation of myelinated tracts. We also
found a different metabolic background in the hypothalamus of patients
with optic neuritis when compared with other early MS patients. The
presented results further extend the data provided by previous research,
however the pathophysiology of the hypothalamic metabolic com-
partments needs to be more precisely quantified by in vitro methods
and validated by longitudinal studies.
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