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attribute this finding to an overall decrease of Glx.

Objective: Essential tremor is a common movement disorder with an unclear origin. Emerging evidence suggests
the role of the cerebellum and the thalamus in tremor pathophysiology. We examined the two main
neurotransmitters acting inhibitory (GABA+) and excitatory (GIx) respectively, in the thalamus and cerebellum, in
patients diagnosed with severe essential tremor. Furthermore, we also investigated the relationship between
determined neurotransmitter concentrations and tremor severity in the essential tremor patients.

Methods: Ten essential tremor patients (prior to deep brain stimulation surgery) and six healthy controls, were
scanned using a 3T MR system. GABA+ and GIx concentrations were measured using magnetic resonance
spectroscopy (MRS) performed using single voxel MEGA-PRESS. For the purpose of assessing the tremor severity,
the essential tremor rating scale (ETRS) was used in accordance with Fahn, Tolosa, and Marin.

Results: We demonstrated that the cerebellar GABA+/GIx ratio was positively correlated to the ETRS (r=0.70, p=
0.03) in essential tremor. Cerebellar and thalamic GABA+ and GIx concentrations did not show any significant
difference when comparing essential tremor patients with healthy controls, at the group level.

Conclusion: We demonstrated a positive correlation between increasing tremor disability and the ratio of GABA+/
Glx in the cerebellum of essential tremor patients. This highlights the impact of an altered balance of the excitatory
and inhibitory neurotransmitters in tremor severity. Rather than a change in GABA+, which was constant, we
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Introduction

Essential tremor (ET) is one of the most common move-
ment disorders with a prevalence of 4.6% in patients
over 65years old [1]. The diagnosis of ET is generally
based on a thorough analysis of clinical history, includ-
ing a neurological examination by a movement disorder
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specialist. The upper limbs are affected in 95% of pa-
tients, that result in shaking of the hands and forearms
during simple voluntary movements [2, 3]. In addition, a
wide range of other symptoms can appear (cognitive,
psychiatric and other motor symptoms); the clinical di-
versity makes ET a very heterogenic disease [3, 4]. Not
surprisingly, the pathophysiology of ET is therefore still
not completely understood [5].

Recent advances in neuroimaging and spectroscopy
opens up for the study of a novel range of structural,
functional and metabolic changes in these patients [5].
Resting state functional MRI (fMRI) studies have shown
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decreased functional connectivity of the cerebellar net-
work in ET [6]. Also significant alterations have been
observed in the cerebello-thalamo-cortical network in
patients with ET, which correlated with the overall
tremor severity [7]. In addition, this network is the most
common target for deep brain stimulation (DBS) surgery
in ET. Several imaging studies support a cerebellar in-
volvement in ET, where for example alterations in the
grey matter volume of several brain regions including
the cerebellum in ET has been observed [8]. An fMRI
study showed an association between tremor and ipsilat-
eral cerebellar activity [9], and a ‘positron emission tom-
ography’ (PET) study showed an increased cerebellar
blood flow in ET [10]. These and other studies suggests
that both the cerebellum and the thalamus play a central
role in the pathophysiology of ET [11-13].

Postmortem studies have shown structural changes in
the cerebellum of patients with ET [14-16], including a
reduced number of ‘Purkinje cells’ (PCs), dendritic swell-
ing and increased Purkinje cell torpedoes in the cerebel-
lum [14] (i.e, neurodegeneration). PCs propagate an
input to the deep cerebellar nuclei, dentate nucleus,
through gamma-aminobutyric acid (GABA) which is an
inhibitory neurotransmitter. A postmortem study
showed a decreased number of GABA receptors in the
dentate nucleus, GABA, (35% reduction) and GABAj
(ca. 25% reduction) [17]. Moreover, PET studies using
Flumazenil, which specifically binds to the GABA4 re-
ceptor have shown an increased binding in the cerebel-
lum, but also in the thalamus and the premotor cortex
[18]. Moreover, the severity of tremor has been corre-
lated to abnormalities found in the GABA receptor bind-
ing [19], and several GABA-ergic drugs have been
shown to relieve ET [20].

Climbing fibers (CF) of the cerebellum use the excita-
tory neurotransmitter glutamate (Glu) (see Fig. 4), and
anomalies of CF-PC synaptic connections with decreased
climbing fiber synaptic density in the cerebellar cortex
have also been observed [15]. An altered distribution of
climbing fibers and synapses extending into the outer
20% of the molecular layer, ‘Parallel fiber’ (PF) territory,
has been reported [15, 16], and it has been shown that
tremor severity correlates inversely with synapse CF-PC
abnormalities in the PF area [21].

‘Proton magnetic resonance spectroscopy’ (‘H-MRS) is
a tool for non-invasive metabolite quantification, includ-
ing N-acetyl-L-aspartate (NAA), total choline (tCho),
and total creatine (tCr). It is therefore a powerful tool to
quantitatively investigate the biochemistry and metabol-
ism in the human brain in relation to both pathologies
and healthy conditions. Greater magnetic field strength
(such as 3T instead of 1.5T) allows for an increased
signal-to-noise-ratio, better temporal resolution, and also
provides a larger spectral dispersion which significantly
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improves quantification [22]. The latter allows for the
detection of metabolites of lower concentrations than
otherwise.

Louis et al. investigated the GABA concentrations in
large voxels including the dentate nucleus by the use of
MRS. Interestingly they found that the right dentate nu-
cleus GABA concentration was significantly higher than
the GABA concentration obtained from the left side,
only observed for the ET patients [23].

There seems to be a consensus about the involvement
of the cerebellum and thalamus in ET, although the po-
tential neurochemical abnormalities causing ET remain
to be further elucidated. Our aim in this study was
therefore to evaluate the relationship between glutamate
(Glu, determined as Glx) and GABA (determined as
GABA+) concentrations in the cerebellum and thalamus,
in patients diagnosed with severe ET immediately prior
to DBS intervention, and to compare the concentrations
of these with those obtained by examining a healthy
control group. Furthermore, we aimed to investigate the
correlation between neurotransmitter concentrations in
the ET group and the tremor severity as determined
using an ET rating scale (ETRS) [24], in order to facili-
tate further conclusions with respect to the underlying
pathology, relationship to debilitating tremor severity
and metabolic alterations.

Materials and methods

This study was approved by the local ethics committee
at the University Hospital in Linképing (Ref. No. 2013/
403-31, P. Zsigmond), and informed written consent
was received from the patients.

Subject description

Ten right-handed Caucasian ET patients (60.2 +9.7
years, seven males, Table 1), and six right-handed
Caucasian healthy controls (HCs) (62.2 +11.4 years,
five males) were included in this study. The patients
were referred to the neurosurgical department in
Linkoping after being assessed and diagnosed by a
movement disorder specialist. All anti tremor medi-
cation was withdrawn one week prior to MR-
examination.

To assess the tremor severity in the patients and con-
trols, the ‘essential tremor rating scale’ (ETRS) was used
in accordance with Fahn, Tolosa, and Marin [24]. Only
the dominant extremity was evaluated since this is the
clinical routine in the department. Thus, the right upper
extremity was evaluated with part A item 5 and part B
items 10-14. The ETRS score was defined as the total
sum score of these evaluated items, and the maximal
score was 32 points (Supplementary Table 1).
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Table 1 Description of the ET patients. Each patent’s age and sex, history of ET, if treated with medication, if a current smoker, and
the weekly ethanol intake are summarized. The ETRS score, thus the sum of the evaluated items, is also shown for each patient

Patient Age Sex History of ET Medication Smoker Ethanol ETRS score
1 51 M > 20 years 0 No < 1 drink/week 21
2 76 M > 10 years 0 No < 1 drink/week 14
3 67 M > 10 years 0 No < 1 drink/week 23
4 67 M > 10 years 0 No < 1 drink/week 16
5 41 M 10years 0 No < 1 drink/week 15
6 59 F 8 years 0 Yes 1 drink/day 21
7 69 F 4 years 0 No < 1 drink/week 17
8 60 M > 15 years 0 No < 1 drink/week 17
9 63 F > 20 years 0 No < 1 drink/week 15
10 53 M > 20 years 0 No < 1 drink/week 17

Magnetic resonance measurements

The ET patients and HCs were scanned using a 3 T Phi-
lips Ingenia MR system (Philips Healthcare, Best,
Netherlands), equipped with a 12-channel phased array
head coil. To assure correct voxel placements in the
MRS measurements, Tp-weighted turbo spin echo im-
ages were acquired in coronal (Res=0.5*0.5*4 mm?,
FOV =230%230%96), sagittal (Res = 0.5*0.5*4 mm?>, FOV =
242242796 mm?), and axial (Res: 0.5%0.5*2 mm> FOV =
250%250%140 mm?®) orientations. Furthermore, the MRS

measurements were carried out using a single voxel
MEGA-PRESS pulse sequence [25-27] optimized for
GABA quantification (TR/TE =2000/68 ms, editing
pulse ON at 1.90 ppm, editing pulse OFF at 7.46 ppm,
water suppression MOIST, eight phase cycle steps, 20
OFF and 20 ON dynamics, total acquisition time of 10
min and 40s). A total of four MEGA-PRESS measure-
ments were performed, two with the voxel (30 x 30 x 30
mm?®, Fig. 1a) placed bilaterally in the thalamic region,
and two with the voxel (35x25x25mm?® Fig. 1d)
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Fig. 1 Representative voxel placements. Representative voxel placements (a and d) and corresponding thalamic (b-c) and cerebellar (e-f) spectra.
Assignments: 1, Creatine (—*CH,"); 2, Glx (=*CH-); 3, Choline (=N (CHs)3); 4, Creatine (=N (CH5)); 5, GABA+ (—*CH,"); 6, tNA (=>CH,); 7, Glx (=*CH,-);
8, tNA (=2CHs); 9-11, Macromolecules and lipids, —CH,-. Abbreviations: Glx, glutamate+glutamine; GABA+, y-Aminobutyric acid (+macromolecule
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placed bilaterally in the cerebellar region. The placement
of the voxel in the anatomy was performed by two
trained neurosurgeons ensuring a comparable placement
among the ET cases and healthy controls. The reprodu-
cibility of the MEGA-PRESS measurements in cerebellar
region was investigated and reported elsewhere [28].
After each MEGA-PRESS measurement, a shorter iden-
tical measurement but with unsuppressed water, was ac-
quired to obtain a reference of water within the tissue in
the voxel. This measurement was used for phase correc-
tion and water scaling of the resulting concentrations.
Finally, since no macromolecular suppression was per-
formed when acquiring the data in this study, the term
GABA+ (GABA plus co-edited macromolecular signals)
will be used throughout this report.

The MRS datasets were phase-corrected according to
Klose [29] and frequency-aligned prior to averaging. For
the purpose of GABA+ quantification, a resulting differ-
ence spectrum was computed by subtracting the aver-
aged OFF spectrum from the averaged ON spectrum.
Furthermore, due to the difficulty in separating glutam-
ate from glutamine in the spectra, these concentrations
are often reported as a combined measurement termed
‘GIx’. Only OFF data, which were unaffected by the
GABA-editing pulses were used in the Glx quantifica-
tion. After post-processing of the data, the difference
spectra and averaged OFF spectra were quantified using
LCModel (Version 6.3-1L) [30], using simulated basis
sets obtained from the Dydak Lab (December 14th
2018) [31, 32]. Figure 1 shows representative thalamic
(B-C) and cerebellar (E-F) spectra fitted by LCModel. Fi-
nally, as a quality assurance, all spectra were visually
inspected after LCModel fitting.

Statistical analyses

Since the investigated subjects were not considered to
be normally distributed, a non-parametric approach was
used in the statistical analyses. As previously described,
the main focus of this report was on the cerebellar and
thalamic GABA+ and Glx concentrations acquired from
the left and right hemispheres. However, to increase the
power of the measurements, a bilateral measurement,
thus, an average of the left and right computed concen-
trations was also computed and investigated. Further-
more, the GABA+/Glx ratio was also investigated to
exclude any potential issues that might result from the
water scaling.

First, the unpaired non-parametric Mann-Whitney test
was used to compare the computed concentrations and
ratios obtained from the ET patient group to the result-
ing concentrations obtained from the healthy controls.
Second, due to a previous reported cerebellar GABA+
asymmetry [23], the Mann-Whitney test was also used
to investigate a potential thalamic or cerebellar

Page 4 of 11

asymmetry of GABA+ in the ET patient group. Third,
correlation analyses were performed, correlating the
GABA+ and GIx concentrations, and the GABA+/Glx
ratio to the computed ETRS score defined previously.
These correlation analyses were only performed for the
ET patient group, and the Spearman correlation coeffi-
cients and corresponding p-values were computed to
show significance. Finally, a significance level of p = 0.05
was chosen for all analyses. No correction for multiple
comparsions was applied.

Results

The ET patients and HCs were similar in demo-
graphic factors and in clinical variables such as etha-
nol intake and handedness. Table 1 shows the ETRS
score for each patient, and Supplementary Table 1
summarizes the score from each ETRS item for each
patient, evaluated for the patients’ right upper ex-
tremity. The mean computed ETRS score over the ET
patient group was 17.6+2.9, which indicates a high
overall tremor severity of this patient population.
Meanwhile, all subjects in the healthy control group
had an ETRS score of 0.

GABA+ and GIx concentrations

One of the patient’s Glx-measurements (from the right
thalamic voxel) was discarded after quality inspection of
the fitted spectra. Therefore, the corresponding bilateral
measurement was computed using only the left thalamic
Glx concentration. All other spectra passed this visual
inspection, and corresponding computed concentration
were used in further analyses.

Figure 2 illustrates the average computed GABA+ and
Glx concentrations, and also the GABA+/Glx ratios for
the cerebellar (A) and thalamic (B) measurements. No
significant differences between the ET and HC groups
were observed in the bilateral, left and right GABA+ and
Glx concentrations or in the corresponding GABA+/Glx
ratios. Furthermore, a non-significant higher mean Glx
concentration was observed in both the cerebellar and
thalamic voxel placements for the HC group compared
to the ET patients.

Potential GABA+ asymmetry

We did not observe any significant differences between
GABA+ concentrations in the left and right hemispheres
(either for the thalamic (p = 0.85) or the cerebellar (p =
0.35) voxels, Supplementary Figure 1). However, gener-
ally a higher right cerebellar GABA+ concentration was
observed, which agrees with previously reported results
[23]. We did not observe any lateral differences of thal-
amic GABA+ concentrations.
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\

Bilateral MRS concentrations correlated to ETRS score
Bilateral cerebellar or thalamic GABA+ and Glx con-
centrations did not show any significant correlation to
ETRS (Fig. 3, A-B and D-E). However, the cerebellar
GABA+/Glx ratio was positively correlated to the
ETRS (r=0.70, p=0.03, Fig. 3c). This positive correl-
ation was due to the reduction in cerebellar Glx and
a small increase in cerebellar GABA+ with a higher
tremor severity. No significant correlation was ob-
served between thalamic GABA+/Glx ratios and
tremor severity (Fig. 3f).

Cerebellar GABA+/GIx correlated to ETRS score

Since the bilateral GABA+/Glx ratio was positively cor-
related to the ETRS, the left and right sides are reported
separately in Supplementary Figure 2. The right cerebel-
lar GABA+/Glx ratio was significantly correlated to

ETRS (r=0.73, p=0.02), whereas only a positive trend
(r=0.51, p=0.14) was observed for the left side.

Discussion

In the present study we have demonstrated the presence
of neurometabolic changes in the cerebellum of patients
with ET, which were correlated to ETRS. To our know-
ledge this is the first study to show a positive correlation
between the ratio of GABA+ and Glx in the cerebellum
of ET patients, and increasing tremor disability suggest-
ing a pathological correlation. Our interpretation is that
this can be attributed to an overall decrease of Glu, ra-
ther than an increase in GABA+, which was constant.
This suggests that an increasing ETRS score is partly
due to a disturbance in cerebellar Glu-concentration,
and that there is a greater impact of low Glx concentra-
tion on tremor severity than a change of GABA+
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concentration. Moreover, a greater ratio between the
two main neurotransmitters acting in an inhibitory man-
ner (GABA+) and an excitatory manner (Glx) on the
synaptic level respectively, seems to correlate with a
more severe tremor. This highlights the importance of
the balance between the two excitatory and inhibitory
neurotransmitters for proper motor control.

Spatial origin of disease

Recent mechanistic research on ET has focused on
anomalies localized in the cerebellum, in particular Pur-
kinje cells and the dentate nucleus [33]; these sites are
schematically labeled (1) and (2) in Fig. 4. Treatment of
therapy resistant ET can include ‘Deep Brain Stimula-
tion” (DBS) of the ventral intermediate nucleus of the
thalamus or the dentatorubrothalamic tract, and there-
fore both the cerebellum and thalamus were examined
in this study. Moreover, the pathology in ET is not
static, and the symptoms often progress and spread to
other cerebellar areas [3]. In addition, previous reports
have shown a correlation to increasing tremor severity
with abnormalities; the latter included decreased cere-
bellar cortical NAA/tCr [34], CF-PC synaptic pathology
[21], both suggesting cerebellar neurodegeneration. Also,
increased thalamic Glx concentration and Glx/Cr ratio
values [35] have both been shown to correlate to tremor
severity. Our findings suggest an additional, previously

unreported, perspective on the pathological process in
the cerebellum.

We did not find a significant difference in GABA con-
centration (see Fig. 2), which is in accordance with pre-
vious studies, in which a reduction of the number of
GABA receptors was observed, but not a reduction in
the cerebellar GABA concentration [17]. MEGA-PRESS
MRS at 3T in our application did not allow us to
spatially separate signals from the dentate nucleus and
cortical Purkinje cells, which is illustrated schematically
by the red dotted square in Fig. 4. Thus, we have to in-
terpret the results as a combination of the outcome of
cellular events within all of these tissues (see Fig. 1).

Aspects of tissue structure
Tremor is the most prevalent movement disorder, but it
represents a wide range of etiologies and it may repre-
sent a number of progressive diseases [36]. Moreover,
clinical-, pathological and pharmacological heterogeneity
may explain why evidence regarding etiology is difficult
to conclude. A number of morphological aberrations
have been identified in ET, mainly affecting Purkinje
cells. In contrast, no pathological morphological changes
have been found for other regions involved in the motor
network (including the thalamus).

Previous observations include a reduced number of
Purkinje cells (PCs), dendritic swelling and increased
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Purkinje cell torpedoes in the cerebellum [14], and an
increased number of heterotopic Purkinje cells, localized
in the molecular layer of the cerebellar cortex [37]. In
contrast, a number of other studies have failed to show
evidence of Purkinje cell loss [38, 39]. A difference in re-
sponse to pharmacological substances further elucidates
the heterogeneity of the disease.

Is the disease symmetric, or not?
Similar to our observations, Louis and co-workers [23]
did not find a reduction in GABA+ concentration in the
dentate nucleus of ET using MEGA-PRESS, compared
to the control subjects. Asymmetries of metabolic
changes in ET have previously been reported, and Louis
and co-workers did find an asymmetry, as the concen-
tration of GABA in the right dentate nucleus was c. 15%
larger than the concentration on the left dentate nu-
cleus. This also agrees with our observations as we did
not detect a GABA reduction, but an asymmetric distri-
bution of GABA in the cerebellar region of interest. The
latter was, in the patient cohort described here, limited
to a trend (representing c. + 10% concentration differ-
ence of GABA+, R vs. L), and therefore was not a signifi-
cant effect.

In the context of symmetry, it is important to consider
aspects such as objective asymmetry in clinical

expression, asymmetry in perceived disability (cf. domin-
ant hand), as well as tissue asymmetry in terms of tissue
structure and biochemical parameters. Contralateral low
thalamic NAA/Cr ratio was found in ET patients with
predominantly tremor of the right arm [40], and clinical
asymmetry of tremor was correlated to a significant de-
gree with cerebellar pathology [41]. All of our patients
perceived more symptomatic tremor on the right side,
thus displaying an asymmetry from a clinical perspective.
This may explain why significant correlation of GABA+/
Glx versus ETRS was only detected on the ipsilateral
cerebellar side (see Supplementary Figure 2), although
one potential limitation of this observation of the side-
to-side difference may be the limited sample size.

Inhibitory input

The Purkinje cells convey their input to the deep cere-
bellar nuclei through GABA, the main inhibitory neuro-
transmitter, which binds to synaptic GABA receptors.
Flumazenil, which specifically binds to the GABA, re-
ceptor, has been shown in PET studies to map the bind-
ing in the cerebellum (dentate nucleus), but also in the
thalamus and the premotor cortex [18]. Other PET stud-
ies have also shown that the severity of tremor was cor-
related to abnormal GABA receptor binding [19]. In
addition, a previous study showed a reduction of GABA
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receptors but not in GABA concentration in the cerebel-
lum [17]. Available medication is very non-specific, but
certain vectors that increase GABAergic transmission
can be effective in treating ET, although with very vari-
able outcomes [42].

Purkinje cells receive two direct excitatory inputs
(Glu), from climbing fibers and from parallel fibers
[43]. (See also Fig. 4) Notably, the synaptic distribu-
tions of the climbing fibers appear to be important to
control Purkinje cell physiology and therefore normal
cerebellar function. A particularly interesting finding,
which affects the climbing fiber to Purkinje cell syn-
aptic connections, was the observation that synaptic
density in the molecular layer of the cerebellar cortex
was associated with tremor severity [15]. A lower syn-
aptic climbing fiber-Purkinje cell density would subse-
quently result in a lower degree of inhibition of the
dentate nucleus. Furthermore, it has been shown that
the excitatory amino acid transporter 2 (EAAT2) is
reduced in the cerebellar cortex and increased in the
dentate nucleus in patients with ET, indicating that
the glutamatergic synaptic transmission is altered
[44]. The combined post-mortem observations of
these studies showed that the excitatory input (i.e.,
Glu-input) was disturbed both in the Purkinje cells
and at the dentate nucleus in ET patients. Our inter-
pretation is that the observed lower glutamate con-
centrations (expressed in terms of reduced Glx
concentrations) further advocate the role of altered
glutaminergic transmission in ET.

What about the thalamus?

Neurogenic excitatory output from the cerebellum is
propagated to the thalamus, which is suggested to
have a role in the pathogenesis of ET. Interestingly,
the effects of a focal stroke can ameliorate the symp-
toms, as has been reported by Duncan [45]. Metabolic
abnormalities with low NAA/Cr ratio of the contralat-
eral thalamus in ET patients with predominantly
tremor of the right arm have been reported [40]. In a
recent study, the Glu-concentration was increased in
the thalamus of ET patients and correlated to tremor
severity, suggesting that thalamic glutamatergic trans-
mission is involved in the pathophysiology [35]. No
significant differences in thalamic GABA+, Glx or
GABA+/Glx between the ET and HC groups were
observed in our study. Furthermore no correlation
with GABA+/Glx and tremor severity was seen in the
thalamus. The voxel placed in our series is larger and
extends beyond the thalamic anatomical borders, thus
involving the brain areas in the vicinity of the thal-
amus (see Fig. 2). Our thalamic results are therefore
not easily comparable with previous reports and this
may be the reason why our results differ.
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Limitations

Certain experimental aspects of this work were restricted
by safety, hardware, partial volume and/or techniques.
The patient cohort examined here were all diagnosed by
a movement disorder specialist, and then referred to the
neurosurgical department, thus they constituted a lim-
ited, but very narrow and well-defined group (bilateral,
but right-handed tremor). Most of them had severely de-
bilitating hand tremor and they were therefore all se-
lected as being eligible for surgery. Due to the severely
disabling disease, surgery was performed immediately
after these measurements, with an excellent therapeutic
outcome; all patients were also significantly better after
surgery (data not shown), indicating the uniquely well-
defined cohort.

Unfortunately, the measurements could not be re-
peated after the surgery, both for ethical and for safety
reasons, as the acceptable exposure to electromagnetic
fields of the DBS-implants was not compatible with the
pre-surgical examination conditions (ie, 3T and the
SAR level required), and this was a limitation of the
present work. At a later time (likely within a few years?)
when a sufficiently acceptable set of MR safety condi-
tions have been developed, this may nevertheless be pos-
sible to perform.

When performing GABA detection, there are several
technical aspects to be considered, one being the com-
plex nature of the spectral scalar coupling pattern of the
GABA resonances, and also due to the low signal inten-
sity compared to the other metabolite signals in the
spectra. Additionally, another major issue is spectral
overlapping by the more intense creatine signal at 3.00
ppm, which obscures the GABA signal at 3.01 ppm se-
verely. In addition, spectral editing is needed to reveal
the GABA+ signal, and single voxel MEGA-editing is
currently the standard technique. Moreover, as we are
quantifying difference spectra (using water scaling in
LCModel), a high signal-to-noise ratio (SNR) is neces-
sary; thus, we need a sufficiently large number of signal
averages and also a large spectral voxel to achieve a high
enough SNR for reliable concentration quantification of
the resulting spectra. In comparison with conventional
MRS, MEGA-PRESS requires a substantially larger voxel
volume, which results in tissue heterogeneity between
Purkinje cells and the dentate nucleus etc.

Compared to Louis et al. [23] we used a larger voxel in
our cerebellar measurements (35 x 25 x 25 mm>, which
is equivalent to 21.9 mL compared to 25 x 25 x 25 mm?,
15.6 mL). Thus, in our measurements of cerebellar tissue
we analyzed part of the cerebellar cortex, in combination
with the deep cerebellar nuclei and white matter tracts
in the cerebellum. Furthermore, to compensate for the
large SNR reduction when using a smaller voxel size,
Louis et al. collected more signal averages (196 ON/OFF
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compared to our 160 ON/OFF). In addition, there might
also be other systematic differences between our results
since we used different MR systems (Philips compared
to Siemens), and different LCModel basis sets were used
in the quantification. Our experience is that there are
small, but noticeable, systematic differences in spectral
analysis when different basis sets are used. Furthermore,
Louis et al. used segmentation to determine the tissue
composition of their voxel, a procedure which we did
not apply. However, our interpretation is that most of
these effects are removed when concentration ratios are
used, and thus we found a significant correlation be-
tween cerebellar GABA+/Glx and ETRS. Although these
differences in acquisition and analytical approach exist,
the results should in our view still be comparable.

Our present data does not let us to come to a con-
clusion on whether ET is characterized by such mor-
phological abnormalities in specific cerebellar regions,
or whether the biochemical alterations are limited to
certain parts, or widespread, as the procedures used
here were limited with respect to the spatial reso-
lution of the MRS-technique utilized. However, with
increasing advances in MRS technology the voxel vol-
ume can be reduced, allowing different regions to be
separately analyzed. One such procedure is 3D spiral-
MEGA-PRESS GABA Chemical Shift Imaging devised
by Bogner et al. [46], for whole brain detection of
GABA+ at a spatial resolution of about 1cm (com-
pared to 3cm which was used here); the technique
requires a uniquely stable spiral acquisition. Another
procedure is the Glu-CEST procedure championed by
Reddy et al. for detecting Glu-weighted images of the
excitatory neurotransmitter with the spatial resolution
of conventional imaging [47]. However, both tech-
niques are extremely demanding on subjects, hard-
ware (Glu-CEST requires 7T) as well as operator
skills, and at this time they are only available to se-
lected laboratories.

Since we base our argument on the ratio between
GABA+ and Glx, it is of interest to consider what we
have measured. The GABA+ measurements include a
proportion of macromolecules, and probably also homo-
carnosine, which is often considered to be a constant
fraction (about 40-50%); thus, any short-term changes
in GABA+ mainly reflect changes in GABA. Glx is also a
composite but of Glu and Gln, although a majority of
the signal typically represents Glu [48]. The largest Glu
to Gln ratios at the cellular level have been observed in
excitatory terminals of parallel fibers in the molecular
layer, and also in mossy and climbing fibers, correspond-
ing to a concentration ratio of about 80% Glu (of Glx);
and the lowest ratios have been observed in glial cells
[49]. Another parameter to consider is that most Gln in
the brain is less metabolically active than Glu. Please
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also note that MRS is typically acquired at a much lower
spatial resolution, and the partial volume effects of a
wide range of different cell populations then make it
harder to predict a neurotransmitter ratio accurately
based on cellular concentrations. However, our inter-
pretation is that the majority of the Glx-resonances in
the cerebellum are indeed Glu, and this agrees with a re-
port by Goryawala which determined a concentration ra-
tio of between 2 and 4 in gray matter, corresponding to
c. 70% Glu (of Glx) in the cerebellum and close 80% in
the brain [50].

Determination of absolute concentrations is typically
recommended as this will facilitate comparison be-
tween different tissues and subjects [22]. Usually, this
is achieved by the use of LCModel analysis in com-
bination with water scaling, which is much preferred
to creatine-ratios. In the cerebellum, in consideration
of the relative tissue heterogeneity, water scaling ap-
pears to be less effective due to the spatial (including
intra vs. extra-cellular) tissue variation of water con-
tent. This is the likely cause of the relatively large
variation of the GABA+ and Glx concentrations in
Fig. 3a and b. Instead, the uniquely functionally
coupled ratio between the related neurotransmitters
GABA and Glu will remove the effects of such spatial
variation (see Fig. 3c). It is also worth noting that an-
other difference between our study and some others,
was the limited number of included ET patients and
healthy control subjects (here 10 ET patients and six
HCs). However, our patients belonged to a highly se-
lective cohort of ET patients intended for DBS ther-
apy, which may show stronger disease-related
parameters.

Conclusions

This is to our knowledge the first study to show a
correlation between the GABA+/Glx ratio in the cere-
bellum and increasing tremor disability. A change of
balance between excitatory and inhibitory neurotrans-
mitters related to a tremor rating scale (ETRS) could
explain part of the pathophysiology of ET. This is ra-
ther attributed to a decrease in tissue Glu-
concentration, than an altered GABA+-concentration,
suggesting that an increasing ETRS score is partly
due to a disturbance in cerebellar Glu concentration.
Importantly, we interpret this as being a consequence
of an overall decreased stimulatory effect on the in-
hibitory Purkinje cells, subsequently leading to de-
creased influence on nucleus dentatus driving the
tremor. This finding may open up a range of entirely
new therapeutic alternatives, which so far have been
largely unexplored. The exact neurochemical abnor-
malities underlying ET remain to be elucidated in a
larger study.
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