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Abstract

Objective The aim of the study was to deepen our insights into central compensatory processes of brain networks in patients
with cerebellar ataxia (CA) before and with treatment with acetyl-pL-leucine (AL) by means of resting-state ['*F]-FDG-PET
brain imaging.

Methods Retrospective analyses of ['F]-FDG-PET data in 22 patients with CA (with vestibular and ocular motor distur-
bances) of different etiologies who were scanned before (PET A) and on AL treatment (PET B). Group subtraction analyses,
e.g., for responders and non-responders, comparisons with healthy controls and correlation analyses of regional cerebral
glucose metabolism (rCGM) with symptom duration, ataxia (SARA) and quality of life (QoL) scores were calculated.
Results Prior to treatment rCGM was consistently downregulated at the cerebellar level and increased in multisensory cortical
areas, e.g., somatosensory, primary and secondary visual (including V5, precuneus), secondary vestibular (temporal gyrus,
anterior insula), and premotor/supplementary motor areas. With AL (PET B vs. A) cerebellar hypometabolism was deepened
and sensorimotor hypermetabolism increased only in responders with clinical benefit, but not for the non-responders and
the whole CA group. A positive correlation of ataxia improvement with rCGM was found in visual and vestibular cortices,
a negative correlation in cerebellar and brainstem areas. QoL showed a positive correlation with rCGM in the cerebellum
and symptom duration in premotor and somatosensory areas.

Conclusions Central compensatory processes in CA mainly involve multisensory visual, vestibular, and somatosensory
networks as well as premotor/primary motor areas at the cortical level. The enhanced divergence of cortical sensorimotor
up- and cerebellar downregulation with AL in responders could reflect amplification of inhibitory cerebellar mechanisms.
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had been proven effective, except aminopyridines and aceta-
zolamide in episodic ataxia type 2 (EA2) [4, 5]. Because
of the general lack of medication, the mainstays of therapy
remain physiotherapy, as well as regular occupational and
speech therapy [4, 6], but they only have moderate effects
on symptom improvement.

In recent years, three case series in different cerebellar
ataxia syndromes showed some evidence for the potential
efficacy of the modified amino acid acetyl-pL-leucine (AL,
usual dosage 3-5 g per day; Tanganil™) with a good overall
risk—benefit profile. The first observational study on treat-
ment with AL in 13 patients with degenerative cerebellar
ataxia of different etiologies improved ataxic symptoms
measured by the Rating of Ataxia Scale (SARA) and Spi-
nocerebellar Ataxia Functional Index (SCAFI) and increased
quality of life without any side effects [7]. In patients with
Niemann-Pick type C (NPC), the SARA and SCAFI scores
also improved; only one patient reported transient dizziness
[8]. These findings in NPC were supported by a more recent
phase 2 trial [9] and preclinical studies in animal models as
well as in gangliosidosis GM2 [10, 11]. The third case series
applying AL (500 mg, 4-3-3 tablets per day) in different
types of cerebellar ataxia showed improved walking stabil-
ity in 14 out of 18 patients measured on a GAITRite system
[12]. These promising results initiated a recently published
multi-center, multinational placebo-controlled crossover
trial on the effects of AL in 105 CA patients over six weeks
(ALCAT, [13]). The authors concluded, that although the
endpoints were not systematically met in this inhomogene-
ous patient cohort, further symptom-oriented trails evaluat-
ing the long-term effects of AL in well-defined subgroups
of CA are needed.

To date mechanism and site of action of AL still remain
unclear. As was recently shown by physicochemical study
acetylation of leucine seems to be a crucial factor so that it
can be transported into cells including neurons at a very high
rate [14]. An electrophysiological animal study after unilat-
eral peripheral deafferentation in guinea pigs suggested that
AL influences the activity of central vestibular nuclei neu-
rons by influencing the channel activity and thereby restor-
ing the membrane potential of depolarized or hyperpolarized
vestibular neurons towards normal values [15, 16]. In line
with this, an ['*F]-FDG-u-PET whole-brain imaging study
using a deafferentation rat model showed that AL improves
the compensation of postural symptoms in a dose-dependent
and specific manner, most likely by activation of the vestibu-
locerebellum and deactivation of the posterolateral thalamus
[17]. Comparable modes and sites of action are assumed for
patients with CA, too [18].

It is well-known that the vestibulocerebellum plays an
important role in the fine-tuning and timing of sensorimotor
integration, serving as a neural integrator system for eye,
head, and body movements [19, 20]. In human imaging

studies, the critical role of brainstem-cerebellar loops for
compensation in central vestibular lesions was supported
by an ['8F]-FDG-PET study in patients with acute unilateral
ponto-medullary brainstem infarctions (Wallenberg’s syn-
drome) affecting the vestibular nucleus by showing signal
increases mainly at brainstem-cerebellar level, i.e., in the
contralateral medulla and cerebellum [21]. In contrast, in
acute unilateral peripheral vestibulopathy and vestibular
midbrain infarctions ['®F]-FDG-PET demonstrated a pre-
dominant cortical and subcortical mode of compensatory
processes with up- and downregulations primarily within
the multisensory vestibular and visual networks [22-24].

This prompted the following questions: First, at which
central sites and by which potential mechanisms do central
adaptive processes (compensation) take place in patients
with CA? Second, in what way is the interaction of brain
networks modulated by AL treatment inducing clinical
improvement of ataxic symptoms? Our hypothesis was that
compensatory processes take place with an upregulation in
various cortical sensorimotor networks.

Subjects and methods
Patient data and study design

A total of 22 adult patients with cerebellar ataxia (13
females, 9 males, ages 28—77, mean age=61.9 +13.1 years),
who received a ['®F]-FDG-PET imaging of the brain (PET
A) without acetyl-pL-leucine (AL) treatment were identi-
fied retrospectively from the German Center for Vertigo and
Balance Disorders (DSGZ) and the Department of Neurol-
ogy, University of Munich, Germany (Table 1).0f these 20
received a second PET scan (PET B) with AL (4-5 mg/day)
mean 4.7 months later (range 2.5-7.5 months). The mean
time interval between the start of AL treatment and the sec-
ond PET scan was 4.3 months (range 2.3-6.4 months).
Patients underwent at least one visit before treatment and
at least two follow-up visits to monitor the clinical progress
with AL treatment by means of neurological and neuroto-
logical examination (including neuro-orthoptic assessment),
the health-related five-dimensional Euro-Qol-5D-3L quality
of life questionnaire [25], and the standardized Scale for
the Rating and Assessment of Ataxia (SARA scale; [26,
27]. The EQ-5D-3L is subdivided into five health state
dimensions namely, mobility, self-care, usual activities,
pain/discomfort and anxiety/depression, with each dimen-
sion assessed in three levels: no problem, some problems,
extreme problems. These health states were converted into
EQS5D scores using the German time trade-off scoring algo-
rithm [28]. The resulting total EQSD score ranges from zero
to one with higher scores indicating better quality of life.
SARA comprises eight items evaluating gait, stance, sitting,
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Table 1 Patient data

Patient Age/sex Diagnosis Quality of Symptoms Clinical SARAPET SARAPET Delta SARA Responders
[years] life [score] duration features 1 [points] 2 [points] [points]
[female/ to PET 1 1: stance/
male] [years] gait/sitting
ataxia
2: ocular
motor dys-
function
3: dysarthria
4: limb
ataxia
73 f MSA-c 0.25 4 1,2,3.4 20 14 -6 Yes
2 72 f GAD- 0.5 3 1,2,4 16 10.5 =55 Yes
antibody
encephalitis
3 28 m Phenytoin 0.5 1 1,2,3,4 16 17.5 +1.5 No
associated
CA
4 45 f Ethyl toxic 0.4 5 1,2,3,4 33 22.5 —10.5 Yes
5 52 f Ethyl toxic 0.7 3 1,2,3,4 17 14 -3 Yes
6 75 m MSA-c 0.3 4 1,2,3,4 12,5 9.5 -3 Yes
7 42 f SCA 3 0.6 6 1,2 4,5 2,5 -2 No
8 61f SAOA 0.3 4 1,2,3,4 7 9 +2 No
9 69 f SAOA, small 0.2 9 1,234 15,5 10 =55 Yes
ischaemia
10 64 f SAOA 0.3 13 1,2,3,4 12 - - -
11 64 m SAOA 0.4 14 1,24 14,5 12 -25 Yes
12 73 m SAOA 0.8 12 1,24 8 8 8.0 No
13 74 £ SAOA with 0.7 3 1,2,4 10,5 - - -
DBN
14 59 m SCA 2 0.5 12 1,24 16 14.5 -1.5 No
15 44 m SCA 1 0.5 6 1,2,3,4 19 15.5 -35 Yes
16 67 f SAOA mit 0.4 20 1,2,3,4 15,5 13.5 -2.0 No
DBN
17 57f SAOA 0.5 7 1,2,34 13,5 =75 Yes
18 69 m Puratophinl- 0.6 9 1,2,34 12 8.5 -3.5 Yes
gene-muta-
tion
19 74 m SAOA - 6 1,2 4,5 1.5 -3.0 Yes
20 74 m SAOA - 5 1,24 13 12 -1.0 No
21 49 f Multiple 0.6 2 1,2,3,4 10 7 -3.0 Yes
sclerosis
22 77 £ SAOA with  — 5 1,2 3 2 -1.0 No
DBN
n=22 619+13.1y 0.2-0.8 7.0+£55y Mean 13.3 Mean 10.5 Mean 4.5 Respond-
ers=12
f=13 Mean 0.48 f=13 Non-
respond-
ers=8
m=9 Drop out=2

DBN downbeat nystagmus, GAD glutamate acid decarboxylase, MSAc multiple system atrophy of cerebellar dysfunction subtype, SCA spinocer-

ebellar ataxia, SAOA sporadic adult-onset ataxia of unknown aetiology
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speech and limb kinetics, and its score ranges between 0
(no ataxia) and 40 (most severe ataxia level). In addition,
patients’ self-assessment of clinical benefit was sampled on
medication (improved, no effect, worsened).

The standardized diagnostic procedure revealed the fol-
lowing etiologies of ataxia in the 22 patients: 3 spinocerebel-
lar ataxia (SCA), 1 puratophinl-gene-mutation, 2 multiple
system atrophy of cerebellar dysfunction subtype (MSAc),
2 due to chronic alcohol abuse, 1 due to phenytoin con-
sumption, 2 due to inflammatory diseases (1 glutamate acid
decarboxylase(GAD)-antibodies, 1 encephalomyelitis), 11
sporadic adult-onset ataxia of unknown etiology (SAOA),
one of them with an additional very small cerebellar hemi-
spheric ischemic lesion. All patients showed typical signs
of cerebellar dysfunction, e.g., stance/gait/sitting ataxia,
dysarthria and/or limb ataxia that lasted between one and
twenty years before assignment (mean 7+ 5.5 years; for
details see Table 1). All patients showed typical concomi-
tant ocular motor dysfunction as a sign of central vestibular
involvement; five had additional clinical signs of sensory
polyneuropathy.

The routinely collected patient data including patient and
family history, comorbidities, standardized questionnaires
and scores, medication, diagnostic assessments (e.g., clini-
cal, neuro-physiological, laboratory, genetic, imaging), diag-
nosis, therapy, and outcome were anonymously transferred
for descriptive statistical (using SPSS, IBM, Armonk, NY)
and subsequent PET analyses (please see below).

In the course of the data evaluation treatment “respond-
ers” were defined as showing an improvement of at least 2.5
points in the SARA score accompanied by a subjective ben-
efit. Patients with stable, worsened scores or only minimal
improvement (<2 points) in the SARA score were catego-
rized as “non-responders”.

The individual PET brain images were independently
analyzed by two specialists in nuclear medicine (NA, MU)
experienced in brain imaging and blinded to the patients. A
neuroradiologist reevaluated the MRI scans if an original
image was available (12 patients with and 4 patients without
cerebellar atrophy). Documentation in the electronic health
records or medical discharge letters reported cerebellar atro-
phy in another 2 patients. Thereby, additional relevant struc-
tural MRI lesions that would impair PET image analyses and
data interpretation could be excluded in all patients.

Ethical standards
The study protocol was approved by the Ethics Committee

of the University of Munich (21-0166) and was conducted in
accordance with the regulations of the Helsinki Declaration.

PET data analyses

Resting-state PET scanning was performed under identi-
cal standardized resting-state conditions with eyes closed
in an ECAT EXACT HR + PET or Biograph 64 PET/
CT scanner (Siemens Healthcare, Erlangen, Germany)
applying 130 +20 MBq 2-['®F]fluoro-2-deoxy-D-glucose
(['®F]IFDG) intravenously [29, 30]. As it is usually done
in clinical ['®F]-FDG-PET diagnostics, it was possible to
exclude pathological cerebral glucose uptake patterns at
the cortical level typical of neurodegenerative disorders
such as Alzheimer’s disease or other central nervous sys-
tem disorders.

Group statistical data analysis was performed with Sta-
tistical Parametric Mapping software (SPM 8, Wellcome
Department of Cognitive Neurology, London, UK, http://
www.fil.ion.ucl.ac.uk/spm). For details of PET data pre-
processing and statistical analyses (realignment, stereo-
tactical normalization, smoothing, proportional scaling to
mean global cerebral activity), please see [21, 23, 24]. To
control for normalization effects due to cerebellar hypome-
tabolism, we additionally performed alternative normali-
zation procedures, e.g., to regions of interest sparing the
cerebellum, in the thalamus and frontal white matter, which
gave very similar results. We decided to report the results
of the standardized voxel-wise procedure to overcome
a priori knowledge bias inherent in the semiquantitative
assessment using the region of interest approach [31] and to
ensure optimal data comparability to those of earlier patient
['8F]-FDG-PET studies. Finally, the following t-statistical
parametric maps were calculated: (1) statistical comparison
between the whole patient group and sex- and age-matched
healthy control group by a two-sample t-test (n=20; mean
age=61.0+0.9 years; no history or signs of former ves-
tibular dysfunction), (2) statistical comparison between the
responders resp. non-responders and the healthy control
group separately, (3) direct subtraction analyses of the two
patient PET scans by a paired t test (PET A vs. PET B; off-
treatment vs on-treatment) for the whole patient group, as
well as for the responders and non-responders separately,
(4) direct subtraction analyses of treatment responders vs.
non-responders, (5) statistical correlation analyses between
['8F]-FDG uptake and different clinical and behavioral
parameters e.g., disease duration, ataxia (SARA) and qual-
ity of life scores in the questionnaires. The comparison with
a healthy control group was necessary since no PET scan
prior to disease onset was available for the patients. For
the correlation analyses, the individual clinical parameters
belonging to each PET image were entered as covariates into
the design matrix. Furthermore, all contrast data were cor-
rected for age by entering the individual ages as covariates
into the analyses.
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Regions were identified using an atlas machine refer-
ring to the Jiilich Histological Atlas, the Harvard—Oxford
Cortical and Subcortical Structural Atlases, and the MNI
Structural Atlas (http:/ftp.nmr.mgh.harvard.edu). The single
components of cerebellar clusters were elaborated with cau-
tion and described only roughly to their position because of
the limited spatial resolution of PET.

Clusters were considered significant for p <0.001 uncor-
rected and if larger than ten voxels. For illustrative purposes,
partially clusters above a threshold of p <0.005 are added to
the text according to the theory-driven a priori hypothesis
for visual, vestibular and somatosensory areas [21-24, 32].

Results
Patient clinical data

Data from 22 CA patients could be enrolled for off-treat-
ment PET analyses, 20 additionally for on-treatment PET
analyses. Overall, the SARA scores ranged between 3 and
33 points before treatment (mean 13.3 points), and between
2 and 22.5 points (mean 10.5 points) on treatment (Table 1).
The 12 responders improved with treatment by a mean of
4.5 points in the SARA score. Eight patients were identi-
fied as not significantly improving with treatment measured
by the SARA (<2 points). They all judged themselves as
unimproved on medication and thus were classified as non-
responders. The SARA score before treatment was mean
15.6 £7.1 points in the responders and 10.4 +9.2 points
in the non-responders. Thus, before treatment, the later on
identified responders tended to be more affected by cerebel-
lar ataxia (p =0.055).

PET calculations for the whole group of CA patients
Patients PET A (before treatment) vs. healthy controls

The contrast showed widespread bilateral positive signal
changes in parts of the occipital pole and lateral occipital
cortex according to primary and secondary visual cortex
areas (V1-V5, including motion-sensitive areas) as well as
in the posterior division of the middle/superior temporal gyri
(BA 20/22) that partly merge into the inferior temporal gyri
or show separated clusters there. On the left side, there were
further positive clusters in the central sulcus region, precen-
trally (primary motor) as well as postcentrally (somatosen-
sory) and in the left anterior insula cortex. Smaller clusters
were seen in the fronto-orbital cortex/pole (Fig. 1, Supple-
mentary Table 1). By lowering the threshold to p <0.005,
signal changes in the areas described above became larger
in size and more symmetrical, but no functionally relevant
new areas showed up.

@ Springer

The inverse contrast of healthy controls compared to
patients before treatment gave small clusters in the right
cerebellum, the right superior frontal gyrus, as well as in
the optic radiation and the parahippocampal gyrus bilaterally
(Fig. 1, Supplementary Table 1). With lowered threshold the
negative signal changes in the patients compared to healthy
controls showed up in several parts of the cerebellum (at
midline and in both hemispheres), but no new cortical sites
occurred.

Patients PET B (on treatment) vs. healthy controls

This contrast showed similar positive signal changes in the
patients on treatment compared to healthy controls bilater-
ally in the occipital pole and lateral occipital cortex accord-
ing to primary and secondary visual cortex areas V1/V2-V5
(including motion-sensitive area) as well as in the posterior
division of the middle temporal gyrus, partly merging into
and partly separated to clusters in the inferior / superior tem-
poral gyri (Supplementary Fig. 1, Supplementary Table 2).
On both sides, further clusters were located in the postcen-
tral gyrus (somatosensory) and on the left a small cluster in
the primary motor area. Smaller signal changes were seen
in the left frontal cortex and the left putamen.

The inverse contrast of healthy controls compared to
patients on treatment showed at the standard threshold a
large midline cerebellar cluster with its maximum in the
cerebellar vermis. Further smaller clusters were located in
the right thalamus, the right parahippocampal gyrus, the
right temporo-occipital part of the middle temporal gyrus
and the left optic radiation/callosal body (Supplementary
Fig. 1, Supplementary Table 2).

By lowering the threshold, all clusters became larger in
size and more symmetrical, but no functionally relevant
additional areas showed up. Negative signal changes in the
patients compared to healthy controls were now widespread
in both cerebellar hemispheres and midline structures.

In summary, the rCGM pattern in the patients with and
without treatment compared to healthy controls appeared to
be very similar, mainly showing common signal increases in
the bilateral visual (V1/2, V5), temporo-parietal vestibular
and somatosensory/premotor cortex, while cerebellar signal
decreases showed up only with treatment or with a lowered
threshold. No newly activated areas showed up on treatment.

Direct subtraction analysis of patients PET B (on treat-
ment) vs. PET A (before treatment):

The direct contrast between PET B and PET A showed
at regular threshold only one very small cluster in the left
supramarginal gyrus (10 voxels), and the inverse contrast
(PET A vs. PET B) in the left cerebellar hemisphere (80
voxels), the right temporal fusiform/parahippocampal gyrus
(49 voxels), and superior parietal lobule/postcentral gyrus
(14 voxels) (Supplementary Fig. 1, Supplementary Table 3).


http://ftp.nmr.mgh.harvard.edu

Journal of Neurology (2023) 270:44-56

49

A PET Aall patients (before treatment) vs. healthy controls

Y

\
\ \

24 mm 16 mat 10 m +8 mm

B PET A responders (before treatment) VS. healthy controls

\ . N\ 7N
o

24 ™ 2 mm™

+18mm

+6mm’

E Responders vs. non-responders (before treatment)

’d\r\'{

Fig. 1 Statistical group analyses of FDG-PET in CA patients. Results
of the different group analyses of the ['*F]-FDG-PET scans in CA:
A for all patients, before treatment, B, respectively, the AL treat-
ment “responders” only before as well as C on treatment compared
to a healthy control group, D direct categorical comparisons of the

Only by lowering the significance level, bilateral clusters
showed up in the superior frontal gyrus/juxtapositional lob-
ule cortex (premotor cortex BA 6 left > right), the superior
parietal lobules/intraparietal sulcus (BA 7), and supramar-
ginal/middle temporal gyrus (partly somatosensory) (PET B
vs. PET A). Further, unilateral cortical clusters were mainly
located in the right visual cortex (V1, BA17)/optic radiation
and the posterior callosal body. At the cerebellar level there
was still only one small cluster most probably located in
right lobule VI / nodulus (19 voxels). The inverse contrast
PET A vs. PET B gave small clusters in parts of the cerebel-
lar hemispheres/cruses and the posterior insular cortex bilat-
erally, and unilaterally in the right middle/superior temporal
gyrus, the right temporal fusiform/parahippocampal gyrus,
the right central sulcus region post-/precentrally, partly pre-
motor cortex, and the right occipital pole and lateral occipi-
tal cortex.

two patient ['®F]-FDG-PET scans (before vs. on treatment and vice
versa) for the AL treatment “responders” subgroup, and E results of
the direct subtraction analyses of “treatment responders” vs. ‘“non-
responders” before treatment with AL (p <0.001)

In summary, for the whole patient group the direct sub-
traction analyses between the two PET scans before and
on treatment with AL revealed only minor differences at
the standard significance level. Only with lowered thresh-
old small bilateral clusters showed up at the cortical level
(primarily in the secondary somatosensory, visual cortex,
precuneus, parts of the temporo-parietal vestibular network,
and premotor cortex) due to increased rCGM with treatment.
At the cerebellar level there were mainly signal decreases
with treatment.

PET calculations for treatment responders
Responders PET A (before treatment) vs. healthy controls

This contrast gave clusters primarily in parts of the occipi-
tal pole and lateral occipital cortex bilaterally according
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to primary and secondary (motion-sensitive) visual cortex
areas V1, V2 and V5. Further clusters were located in the
middle/superior temporal gyri (partly BA 21 vestibular),
and putamen/pallidum bilaterally (left > right). In the left
hemisphere, there were further activation clusters in the
central sulcus region pre-/postcentrally (primary motor/
premotor/somatosensory), and the parahippocampal gyrus.
Smaller signal differences were seen in the frontal cortex
bilaterally (Fig. 1, Supplementary Table 4).

The inverse contrast of healthy controls compared to
responders before treatment showed significant signal dif-
ferences in midline structures as well as bilateral hemi-
spheric cerebellar regions partly including the cerebellar
cruses. Small clusters projected most probably onto the
left optic radiation/callosal body, the right inferior parietal
lobule and the left hippocampus.

By lowering the threshold, the positive clusters in the
patients’ PET A compared to healthy controls became
larger in size and more symmetrical, but no function-
ally relevant new areas were found. The negative signal
changes in the cerebellum now merged into the medul-
lary brainstem. Supratentorial clusters were localized in
the posterior cingulate gyrus, the posterior callosal body/
optical radiation bilaterally, and a small cluster in the right
middle temporal gyrus/temporal pole.

Responders PET B (on treatment) vs. healthy controls

On treatment the patients also showed bilateral widespread
activation in the occipital pole and lateral occipital cortex
according to primary and secondary visual cortex areas
V1, V2, V4 and V5 bilaterally (including motion-sensitive
areas) that merged upward into the parietal lobule/precu-
neus. Further bilateral clusters were found in the middle/
superior temporal (mostly posterior division, partly BA
21 vestibular), and postcentral gyri (somatosensory cor-
tex) partly reaching the precentral gyri (primary motor)
(Fig. 1, Supplementary Table 5). By lowering the signifi-
cance level, all these areas became larger in size and more
symmetrical. New small clusters showed up in the right
posterior/retroinsular region (multisensory vestibular cor-
tex) as well as in the putamen/ caudate nucleus bilaterally
(Supplementary Fig. 2).

The inverse contrast showed distinct negative signal dif-
ferences compared to healthy controls predominantly in the
patients’ cerebellar vermis and both cerebellar hemispheres,
the midline vermal cluster of which also survived correction
for multiple comparisons (Fig. 1, Supplementary Table 5).
Supratentorial clusters were rare even with lowered threshold
despite one midline cluster in the right juxtapositional lobule
(supplementary motor cortex), a small cluster in the right mid-
dle temporal gyrus, as well as in the intraparietal sulcus/callosal
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body. With lowered threshold these negative signal changes,
especially in the cerebellum (and newly brainstem) and juxta-
positional lobule (supplementary motor cortex) became larger
in size. No new negative clusters showed up.

Direct subtraction analysis of responders PET B (on
treatment) vs. PET A (before treatment)

The direct contrast between the PET B and A showed clusters
in the right post/precentral gyrus (somatosensory/premotor, 17
voxels), the left inferior temporal gyrus (12 voxels), and the left
juxtapositional lobule cortex (formally supplementary motor
cortex, 43 voxels) that all became bilateral and larger in extent
with a lowered threshold (Fig. 1, Supplementary Table 6).
Additionally, in this setting several smaller clusters in occipital
predominantly secondary (lateral occipital cortex/precuneus)
rather than primary visual cortex areas (lingual gyrus, cuneus)
were seen.

The inverse direct contrast PET A vs. PET B showed small
signal differences (due to lowered rCGM with treatment) in the
midline cerebellum (15 voxels), premotor area (13 voxels), the
anterior callosal body (11 voxels) and the left posterior insular
cortex (vestibular, 11 voxels) at p<0.001. The latter all became
larger in size with lowered threshold and then comprised at
infratentorial level potentially parts of the vermis, left VIIIa,
VIIb, and Crus I/II. With the lowered threshold additional
small clusters in the midbrain/pontine brainstem, the (para-)
hippocampal gyrus/amygdala bilaterally, and the anterior cal-
losal body occurred.

In summary, responders showed positive (primary and sec-
ondary visual cortex, parts of the temporo-parietal vestibular
network, somatosensory, and premotor cortex) as well as neg-
ative clusters (chiefly within the midline cerebellum), which
were located at similar sites as in the whole patient group. The
pattern of upregulation and downregulation appeared consid-
erably pronounced in the responders with treatment. This was
especially true for the negative cerebellar midline vermal cluster
that even survived correction for multiple comparisons with
treatment (PET B).

PET calculations for treatment non-responders
and comparisons of responders
versus non-responders

Compared to healthy controls, the non-responders showed a
similar, but less pronounced pattern of upregulation of brain
metabolism in cortical areas belonging to the visual, soma-
tosensory, and vestibulo- temporo-parietal cortical networks,
and downregulation in the cerebellar midline (vermal) and
hemispherical areas than the responders and the whole patient
group did. Direct subtraction analyses between PET B and
PET A in non-responders revealed no significant differences



Journal of Neurology (2023) 270:44-56

51

in rCGM, even at lowered threshold (in line with the missing
clinical benefit).

Calculation of treatment responders vs. non-responders
before treatment (PET A) gave clusters in the left mid-
and right anterior insular cortex, in the pontine brainstem,
and the middle fontal gyri bilaterally, whereas the inverse
contrast of non-responders vs. responders gave clusters
in both visual cortices (V1-V3), partly merging into the
precuneus/parietal lobules and lateral occipital parts
(Fig. 1). With treatment (PET B) the contrast between
responders and non-responders showed no significantly
increased rCGM, and only two decreased rCGM clusters
in the juxtapositional lobule cortex (supplementary motor
cortex), and most probably in the visual cortex (lingual
cortex/precuneus). Due to the differences in sample sizes

A Correlation with disease duration

(9 non-responders vs. 13 responders), we do not report
and discuss these anatomical sites in more detail.

Correlation analyses with clinical parameters

Without treatment (PET A) the quality of life in CA patients
showed a positive correlation with the rCGM in the wide-
spread midline as well as bilateral hemispherical cerebel-
lar regions (the higher the QoL the higher the metabolism)
(Supplementary Fig. 2), which was not the case for the dura-
tion of cerebellar symptoms. The latter instead showed a
symmetrical widespread positive correlation with rCGM
(the longer the symptoms last, the higher the metabolism)
in the central sulcus region bilaterally, including primary
and secondary somatosensory (BA 2/3, OP 4) as well the

B Correlation with delta SARA

+46 mm

N
2mm

.,‘\

+10 mm_

A TAN

Fig.2 Correlation analyses with disease duration and improvement of
ataxia with AL treatment. Before treatment (PET A) the duration of
cerebellar symptoms was found to be positively correlated with the
glucose metabolism (the longer the symptoms lasted, the higher the
metabolism) in the central sulcus region bilaterally, including primary
and secondary somatosensory as well as primary/premotor cortex
areas (juxtapositional lobule cortex; formally supplementary motor

cortex). B The improvement of ataxia with AL treatment (decreasing
SARA score) was correlated with a decrease in glucose metabolism
between PET A and B (indicated in blue) in bilateral parts of the vis-
ual cortex and the superior/middle temporal gyrus (secondary vestib-
ular network area), as well as with an increase in glucose metabolism
(indicated in red) in the midline left cerebellum and the right poste-
rior insula region (multisensory vestibular)
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primary/premotor cortex areas (BA 4/6, juxtapositional lob-
ule cortex; formally supplementary motor cortex) (Fig. 2).

The improvement of ataxia with treatment (decreasing
SARA) correlated with the decrease in rCGM between PET
A and B in parts of the visual cortex bilaterally and the supe-
rior/middle temporal gyrus (secondary vestibular network
area), as well as with the increase in rCGM in the midline
left cerebellum (most probably tonsil), the right posterior/
middle insula region (vestibular), the upper right premotor
cortex/cortico-spinal tract, and anterior parts of the callosal
body (Fig. 2).

Discussion

Compared to healthy controls, the cerebral glucose metabo-
lism in the whole CA patient group was found to be lowered
at the cerebellar (midline vermal and hemispherical) level,
and increased at the cortical level in several sensory areas
such as somatosensory (postcentrally), visual in the tem-
poro-parietal-occipital cortex (e.g., primary and secondary
visual areas including motion-sensitive area V5 and the pre-
cuneus), as well as secondary vestibular (e.g., middle/supe-
rior temporal gyrus, anterior insula). Additionally, rtCGM
was increased in the juxtapositional lobule cortex and pre-
central gyrus representing supplementary and primary motor
areas. Subgroup analyses for responders and non-responders
confirmed this robust pattern of bilateral signal increases
in multisensory-motor cortex areas, and signal decreases at
the cerebellar level that was especially pronounced with AL
treatment in the responder subgroup. However, direct sub-
traction analyses between both ['®F]-FDG-PET scans before
and with AL treatment gave significant differences only for
the treatment responders.

The vestibulocerebellum plays an important role in the
fine-tuning and timing of sensorimotor integration not only of
semicircular canal and otolith information from the vestibular
periphery, but also from other sensory systems (somatosen-
sory, optokinetic, visual, and neck proprioceptive). Together
with the vestibular nuclei complexes in the brainstem—which
phylogenetically belong to the cerebellum—it serves as a neu-
ral integrator system for eye, head, and body movements [19,
20]. In the current CA patient cohort, the involvement of the
vestibulocerebellum was reflected by dysfunction of stance
and gait and the presence of cerebellar ocular motor dysfunc-
tion in all patients, e.g. downbeat nystagmus, gaze-holding
deficit or saccadic smooth pursuit [33-36].

This upregulation of multisensory cortical network areas
in CA 1is not surprising since a predominant cortical path
of compensatory processes by up- and downregulations
in visual-vestibular networks was found in earlier human
['®F]-FDG-PET studies in acute unilateral peripheral ves-
tibulopathy as well as acute vestibular midbrain infarctions

@ Springer

[22-24]. On the other hand, after vestibular nucleus lesions,
compensation occurred preferably via contralateral brain-
stem-cerebellar loops and largely spared cortical areas
[21]. This interesting finding was explained by readjusting
integration processes via the intact contralateral brainstem
and vestibulocerebellum. However, the anatomical and
functional suppositions in CA are different to unilateral
peripheral vestibulopathy or vestibular nucleus lesions: All
structures from the peripheral vestibular endorgans via ves-
tibular brainstem centres and bilaterally ascending vestibular
pathways [33, 37] were not primarily affected by the cer-
ebellar disease, and thereby bilateral signal transmission to
the cortex should not be impaired, but tuning and timing of
sensorimotor integration was disturbed.

In agreement with the above-cited resting-state
['®F]-FDG-PET studies in different central- and peripheral
vestibular lesions, even in the current study the patients
were lying still in the scanner with eyes closed and with-
out any movement or postural task. Thus, rTCGM changes
reflect tonic changes in brain metabolism and sustained
central plasticity processes. They can be interpreted as
tonic shifts towards multisensory and (pre-)motor brain
network areas to recruit optimal sensory information for
better balance, body movement and ocular motor control.
Interestingly, not only primary but also secondary visual
areas of the temporo-parietal-occipital network (precu-
neus/superior parietal lobule, motion-sensitive visual
middle temporal area MT) showed rCGM upregulation.
MT/VS5 is a region of the extrastriate visual cortex that
contains a high concentration of direction-selective neu-
rons and is thought to play a major role in the perception
of visual motion, the integration of local motion signals
into global percepts as well as in the guidance of certain
eye movements [38]. The region of the precuneus/superior
parietal lobule plays a key role in visual cognition, spatial
attention, and imagery as well as working memory, and
especially the precuneus shows increased functional con-
nectivity with a distributed network of parietal, occipi-
tal, and temporal neocortical regions (including V2 and
V3) [39], thereby representing a potential hub region that
mediates the integration of distributed visuospatial infor-
mation into a more holistic representation [40]. In line
with these anatomical and functional interconnections,
the precuneus was also identified as part of the ensemble
of areas belonging to the multisensory vestibular network
[41], to which the superior temporal gyrus that was found
to be bilaterally upregulated in CA also belongs. Summing
up, reinforced usage and integration of somatosensory, pri-
mary and secondary visual and vestibular cortical network
areas appears useful in CA to compensate for unbalanced
vestibular and ocular motor signals due to chronic cerebel-
lar dysfunction. In line with our findings, a retrospective
['8F]-FDG-PET study in 17 genetically-confirmed SCA
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3 patients also reported relatively increased metabolism
in somatosensory and vestibular insula areas [42]. Due
to concomitant hypometabolism not only in the cerebel-
lum but also in the posterior parietal cortex including the
precuneus these increases were interpreted as changes in
coherent cerebellar-parietal functioning and a consequence
of impaired forward processing in higher-order motor con-
trol. In contrast to our patient cohort, SCA 3 patients typi-
cally develop additional pyramidal and extra-pyramidal
signs, neuropathy and cognitive problems, which were not
systematically present here.

rCGM increases in the precentral gyrus and premotor
cortex, partly the formally supplementary motor cortex,
might reflect the increased use of efferent motor pathways
especially with AL treatment projecting to the spinal cord
to better posturally stabilize and control the body, biman-
ual actions and movements that are internally generated.

In general, decreased cerebellar ['3F]-FDG uptake is a typi-
cal finding in inherited and sporadic chronic CA at least in the
advanced phases with structural cerebellar damage [31, 43].
However, the correlation between glucose metabolism defi-
cit and severity of clinical cerebellar deficit often varies. It is
important to note that in our study cerebellar hypometabolism
was evident in 14 out of the 22 CA patients (no patient showed
increased tracer uptake), but without systematic co-occurrence
with cerebellar atrophy in structural MRI. Consequently, group-
level statistics revealed cerebellar hypometabolism only with
lowered significance level. However, in the responder subgroup
predominant cerebellar midline vermal clusters were evident
already at standard thresholds and even survived correction for
multiple comparisons with treatment. Thus, the measurable
effect of AL on the cortical activation-deactivation pattern was
a strengthened divergence between cortical sensorimotor tCGM
increases described above and deepened cerebellar(-brainstem)
decreases, that was pronounced in responders (Fig. 3).

One mechanism of action of AL is that it normalizes membrane
potential and neuronal excitability as it was found in vestibular
nuclei neurons [15, 16, 18]. The only available brain imaging
study on central effects of AL used a peripheral deafferentation
rat model and ['3F] -FDG-p-PET [17]. The authors reported an
improved compensation of postural symptoms in a dose-dependent
and specific manner with AL (with the L-form being the active
isomer), mostly likely by activation of the vestibulocerebellum and
deactivation of the posterolateral thalamus. This is in contrast to the
findings in our current study, which showed no increase of rCGM
in the cerebellum not even with lowered threshold, but a deep-
ened rCGM decrease and no thalamic signal changes. However,
unlike our CA patients with a chronic disorder, in acute peripheral
deafferentation the integrating brainstem-cerebellar function is not
impaired but used for compensation [22, 23]. Consequently, influ-
ences on membrane potential and excitability of vestibular nuclei
neurons in the brainstem by AL treatment must inevitably lead to
different brain activation patterns.

53
A Before treatment
(pre-)motor sensory
Precuneus
vestibular O
O ‘ visual
B, With AL treatment
(pre-)motor sensory
Precuneus

vestibular ‘

Fig.3 Schematic drawing. Schematic drawings of rGCM-increases
(red) and rCGM-decreases (blue) in patients with chronic cerebel-
lar ataxia, A before treatment and B with treatment with acetyl-
D-leucine (AL) according to the current study results of resting-state
['®F]-FDG-PET imaging with eyes closed. The visual (primary and
secondary visual cortex including MT/V5, precuneus) and vestibular
network areas (insular cortex, superior temporal gyrus, superior pari-
etal lobule) were found to be upregulated, as were somatosensory as
well as primary and secondary motor cortex areas (juxtapositional
lobule cortex and precentral gyrus) bilaterally, while glucose metabo-
lism was decreased at cerebellar (midline vermal and hemispherical)
level. With AL the divergence of cortical sensorimotor upregulation
and cerebellar downregulation was enhanced (indicated by darkened
red and blue colors)

Interestingly, the responders tended to show higher mean
SARA scores before treatment than the non-responders (15.6
vs. 10.4 points). Thus, one could speculate, that if a treatment
effect is noticeable for the patients it is only measurable in
advanced stages of CA. However, one should be cautious with
such general statements, since the number of patients in our
study is rather limited and standard deviations of SARA scores
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were relatively high, even in the responders subgroup showing
a pronounced cerebellar hypometabolism.

The method of PET imaging of course is not suitable to carve
out the exact site of action of a medical treatment such as AL.
However, the findings of a positive correlation between QoL
before treatment with the rCGM in the midline as well as bilat-
eral hemispherical cerebellar regions (the higher the QoL the
higher the metabolisms), and the positive correlation between
the improvement of ataxia with AL treatment (decreasing
SARA) and increasing rCGM between the two PET scans in
the midline cerebellum points towards a mechanism enhancing
the cerebellum’s inhibitory control function [44]. Notably, cer-
ebellar hypometabolism does not inevitably stand for a gener-
ally reduced cerebellar function but can also reflect inhibitory
mechanisms. Thus, an amplification of inhibitory mechanisms
by AL might explain the deepened cerebellar hypometabolism
with treatment, especially in responders.

Correlation analyses further underlined the pivotal role of
multisensory cortical compensation mechanisms by shifts
towards sensorimotor pathways/loops in CA in two findings:
First, ataxia improvement with treatment (improved SARA
score) correlated with the increase in glucose metabolism in
parts of the vestibular cortex (posterior insula) and premotor
cortex, and second, the duration of symptoms showed posi-
tive correlation with the rCGM in the superior temporal gyrus
(secondary vestibular), precentral/postcentral and supplemen-
tary motor areas (motor circuit). This is an interesting aspect
pointing towards potential physical therapy programs aiming
for intensified multisensorimotor integration (visual and soma-
tosensory) and addressing the intentional use of sensory input
for optimized motor control in CA patients.

The main shortcoming of our study is its retrospective
approach including a heterogeneous CA patient collective. We
included only CA patients who were well-diagnosed, monitored
and documented in house. Even so, the original structural MRI
data were not available anymore in all patients for direct over-
lay with PET and perfectly correlate cerebellar atrophy and
hypometabolism. However, no systematical co-occurrence of
metabolism and atrophy was found, and a relevant change of
cerebellar metabolism induced by AL (as found here) could
not be expected in significant cerebellar atrophy. Moreover, the
whole patient group did not show significant hypometabolism
before treatment compared to healthy controls that could be eas-
ily attributed to atrophy. The number of patients for subgroup
analyses were small, but results could be described at a similar
significance level and group sizes, making them comparable to
those in earlier ['F]-FDG-PET studies on other vestibular dis-
orders [21-24]. Furthermore, we avoided detailed discussion on
single cluster localization and focused on a more global concept
of cerebral interaction of areas and mechanisms of compensa-
tion in CA.

In summary, in the current PET imaging study we explored
compensation processes of the human brain in chronic
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cerebellar dysfunction and the sites of action of AL. A chronic
disorder of cerebellar integration—with an intimate interplay
with brainstem circuits—Ileads to compensatory activation of
several sensorimotor systems at the cortical level, while brain
metabolism in the cerebellum itself is downregulated (probably
due to disturbing cerebellar input). In some patients, treatment
with AL was able to improve compensatory mechanisms, i.e.,
further increase of activation at the cortical level, and further
decrease in the cerebellum (Fig. 3).

Data availability statement

Data are available on request from the corresponding author.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-022-11252-2.

Acknowledgements We thank Katie Gottlinger for critically reading
the manuscript. We also thank the PET staff and the staft of the Ger-
man Center for Vertigo and Balance Disorders (DSGZ) for technical
assistance.

Author contributions SBB: study concept and coordination, data
analyses and interpretation, conception of tables and figures, drafting
the manuscript. LK: PET data analyses. KF, RF, CM: patient recruit-
ment, clinical examination, collection of clinical data. MU, NA: PET
measurement and data quality control. PB: PET supervision, revising
the manuscript. MS: clinical study supervision. MD: study concept,
interpretation of data, revising the manuscript, supervision.

Funding Open Access funding enabled and organized by Projekt
DEAL. The study was not industry-sponsored. This work was sup-
ported by the German Federal Ministry of Education and Research
(BMBF, grant codes 01 EO 0901 and 01 EO 1401), the Deutsche
Forschungsgemeinschaft (German Research Foundation) within the
framework of the Munich Cluster for Systems Neurology (EXC 2145
SyNergy, ID 390857198), and the Deutsche Stiftung Neurologie
(DSN).

Declarations

Conflicts of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest. Prof. Strupp reported be-
ing the joint chief editor of the Journal of Neurology, editor in chief
of Frontiers of Neuro-otology, and section editor of F1000. He also
reported receiving speaker’s honoraria from Abbott, Actelion, Auris
Medical, Biogen, Eisai GmbH, Griinenthal, GlaxoSmithKline, Hen-
nig Pharma, Interacoustics, MSD Sharp & Dohme, Mylan, Otomet-
rics, Pierre Fabre, TEVA GmbH, and UCB SA Belgium; and being
a paid consultant for Abbott, Actelion, AurisMedical, Heel, IntraBio,
and Sensorion. He is an investor and shareholder in IntraBio as well
as the distributor of Mglasses and the Positional Vertigo App. He has
reported receiving grants for research for Decibel, Heel Pharma, and
Hennig Pharma.

Ethical standards The study protocol was approved by the Ethics Com-
mittee of the University of Munich (21-0166) and was conducted in
accordance with the regulations of the Helsinki Declaration.


https://doi.org/10.1007/s00415-022-11252-2

Journal of Neurology (2023) 270:44-56

55

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

Ilg W, Branscheidt M, Butala A, Celnik P, de Paola L, Horak
FB, Schols L, Teive HAG, Vogel AP, Zee DS, Timmann D
(2018) Consensus paper: neurophysiological assessments of
ataxias in daily practice. Cerebellum 17(5):628-653. https://
doi.org/10.1007/s12311-018-0937-2

Bodranghien F, Bastian A, Casali C, Hallett M, Louis ED,
Manto M, Marién P, Nowak DA, Schmahmann JD, Serrao M,
Steiner KM, Strupp M, Tilikete C, Dagmar Timmann D (2016)
Consensus paper: revisiting the symptoms and signs of cerebel-
lar syndrome. Cerebellum 15:369-391. https://doi.org/10.1007/
s12311-015-0687-3

Baldarcara L, Currie S, Hadjivassiliou M, Hoggard N, Jack
A, Jackowski AP, Mascalchi M, Parazzini C, Reetz K, Righini
A, Schulz JB, Vella A, Webb AJ, Habas C (2015) Consensus
paper: radiological biomarkers of cerebellar diseases. Cerebel-
lum 14(2):175-196. https://doi.org/10.1007/s12311-014-0610-3
Ilg W, Bastian AJ, Boesch S, Burciu RG, Celnik P, Claaflen J,
Feil K, Kalla R, Miyai I, Nachbauer W, Schoéls L, Strupp M,
Synofzik M, Teufel J, Timmann D (2014) Consensus paper:
management of degenerative cerebellar disorders. Cerebellum
13(2):248-268. https://doi.org/10.1007/s12311-013-0531-6
Kalla R, Strupp M (2019) Aminopyridines and acetyl-pL-leu-
cine: new therapies in cerebellar disorders. Curr Neurophar-
macol 17(1):7-13. https://doi.org/10.2174/1570159X1666618
0905093535

Gandini J, Manto M, Bremova-Ertl T, Feil K, Strupp M (2020)
The neurological update: therapies for cerebellar ataxias
in 2020. J Neurol 267:1211-1220. https://doi.org/10.1007/
s00415-020-09717-3

Strupp M, Teufel J, Habs M, Feuerecker R, Muth C, van
de Warrenburg BP, Klopstock T, Feil K (2013) Effects of
acetyl-pL-leucine in patients with cerebellar ataxia: a case
series. J Neurol 260(10):2556-2561. https://doi.org/10.1007/
s00415-013-7016-x

Bremova T, Malinova V, Amraoui Y, Mengel E, Reinke J, Kol-
nikova M, Strupp M (2015) Acetyl-pL-leucine in Niemann—Pick
type C: a case series. Neurology 85(16):1368—1375. https://doi.
org/10.1212/WNL.000000000000204 1

Bremova-Ertl T, Claassen J, Foltan T, Gascon-Bayarri J, Gissen
P, Hahn A, Hassan A, Hennig A, Jones SA, Kolnikova M, Mar-
takis K, Raethjen J, Ramaswami U, Sharma R, Schneider SA
(2021) Efficacy and safety of N-acetyl-L-leucine in Niemann—
Pick disease type C. J Neurol 13:1-12. https://doi.org/10.1007/
s00415-021-10717-0

Kaya E, Smith DA, Smith C, Boland B, Strupp M, Platt FM
(2020) Beneficial effects of acetyl-pL-leucine (ADLL) in a
mouse model of sandhoff disease. J Clin Med 9:1050. https://
doi.org/10.3390/jcm9041050

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kaya E, Smith DA, Smith C, Morris L, Bremova-Ertl T, Cor-
tina-Borja M, Fineran P, Morten KJ, Poulton J, Boland B, Spen-
cer J, Strupp M, Platt FM (2021) Acetyl-leucine slows disease
progression in lysosomal storage disorders. Brain Commun
3:fcaal48. https://doi.org/10.1093/braincomms/fcaal48

. Schniepp R, Strupp M, Wuehr M, Jahn K, Dieterich M, Brandt

T, Feil K (2016) Acetyl-pL-leucine improves gait variability in
patients with cerebellar ataxia-a case series. Cerebellum Ataxias
3:8. https://doi.org/10.1186/s40673-016-0046-2

Feil K, Adrion C, Boesch S, Doss S, Adrion C, Boesch S,
Giordano I, Hengel H, Jacobi H, Klockgether T, Klopstock T,
Nachbauer W, Schols L, Steiner KM, Stendel C, Timmann D,
Naumann I, Mansmann U, Strupp M, ALCAT Study Group
(2021) Safety and efficacy of acetyl-pL-leucine in certain types
of cerebellar ataxia. the ALCAT randomized clinical crossover
trial. JAMA Netw Open 4(12):e2135841. https://doi.org/10.
1001/jamanetworkopen.2021.35841

Churchill GC, Strupp M, Factor C, Bremova-Ertl T, Factor M,
Patterson MC, Platt FM, Galione A (2021) Acetylation turns
leucine into a drug by membrane transporter switching. Sci Rep
11:15812. https://doi.org/10.1038/s41598-021-95255-5
Vibert N, Vidal PP (2001) In vitro effects of acetyl-pL-leucine
(tanganil) on central vestibular neurons and vestibuloocular net-
works of the guinea-pig. Eur J Neurosci 13(4):735-748. https://
doi.org/10.1046/j.0953-816x.2000.01447

Suh BC, Hille B (2008) PIP2 is a necessary cofactor for ion
channel function: how and why? Annu Rev Biophys 37:175-
195. https://doi.org/10.1146/annurev.biophys.37.032807.
125859

Giinther L, Beck R, Xiong G, Potschka H, Jahn K, Bartenstein P,
Brandt T, Dutia M, Dieterich M, Strupp M, la Fougére C, Zwergal
A (2015) N-acetyl-L-leucine accelerates vestibular compensation
after unilateral labyrinthectomy by action in the cerebellum and
thalamus. PLoS ONE 10(3):e012089. https://doi.org/10.1371/
journal.pone.0120891

Ferber-Viart C, Dubreuil P, Vidal D (2009) Effects of acetyl-pL-
leucine in vestibular patients: a clinical study following neurotomy
and labyrinthectomy. Audiol Neurotol 14:17-25. https://doi.org/
10.1159/000148206

Zee DS, Leigh RJ, Mathieu-Millaire F (1980) Cerebellar control
of ocular gaze stability. Ann Neurol 7:37—40. https://doi.org/10.
1002/ana.410070108

Leigh RJ, Zee DS (2015) The neurology of eye movements, 5th
edn. Oxford University Press Inc, New York. https://doi.org/10.
1093/med/9780199969289.001.0001

Becker-Bense S, Buchholz HG, Best C, Schreckenberger M,
Bartenstein P, Dieterich M (2013) Vestibular compensation in
acute unilateral medullary infarction: FDG-PET study. Neurology
80:1103-1109. https://doi.org/10.1212/WNL.0b013e31828868a6
Bense S, Bartenstein P, Lochmann M, Schlindwein P, Brandt T,
Dieterich M (2004) Metabolic changes in vestibular and visual
cortices in acute vestibular neuritis. Ann Neurol 56:624-630.
https://doi.org/10.1002/ana.20244

Becker-Bense S, Dieterich M, Buchholz HG, Bartenstein P,
Schreckenberger M, Brandt T (2014) The differential effects of
acute right- vs. left-sided vestibular failure on brain metabolism.
Brain Struct Funct 219:1355-1367. https://doi.org/10.1007/
$00429-013-0573-z

Becker-Bense S, Buchholz H-G, Baier B, Schreckenberger M, Bar-
tenstein P, Zwergal A, Brandt T, Dieterich M (2016) Functional
plasticity after unilateral vestibular midbrain infarction in human
positron emission tomography. PLoS ONE 11(11):e0165935.
https://doi.org/10.1371/journal.pone.0165935

Rabin R, de Charro F (2001) EQ-5D: a measure of health status
from the EuroQol Group. Ann Med 33(5):337-343. https://doi.
org/10.3109/07853890109002087

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12311-018-0937-2
https://doi.org/10.1007/s12311-018-0937-2
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1007/s12311-014-0610-3
https://doi.org/10.1007/s12311-013-0531-6
https://doi.org/10.2174/1570159X16666180905093535
https://doi.org/10.2174/1570159X16666180905093535
https://doi.org/10.1007/s00415-020-09717-3
https://doi.org/10.1007/s00415-020-09717-3
https://doi.org/10.1007/s00415-013-7016-x
https://doi.org/10.1007/s00415-013-7016-x
https://doi.org/10.1212/WNL.0000000000002041
https://doi.org/10.1212/WNL.0000000000002041
https://doi.org/10.1007/s00415-021-10717-0
https://doi.org/10.1007/s00415-021-10717-0
https://doi.org/10.3390/jcm9041050
https://doi.org/10.3390/jcm9041050
https://doi.org/10.1093/braincomms/fcaa148
https://doi.org/10.1186/s40673-016-0046-2
https://doi.org/10.1001/jamanetworkopen.2021.35841
https://doi.org/10.1001/jamanetworkopen.2021.35841
https://doi.org/10.1038/s41598-021-95255-5
https://doi.org/10.1046/j.0953-816x.2000.01447
https://doi.org/10.1046/j.0953-816x.2000.01447
https://doi.org/10.1146/annurev.biophys.37.032807.125859
https://doi.org/10.1146/annurev.biophys.37.032807.125859
https://doi.org/10.1371/journal.pone.0120891
https://doi.org/10.1371/journal.pone.0120891
https://doi.org/10.1159/000148206
https://doi.org/10.1159/000148206
https://doi.org/10.1002/ana.410070108
https://doi.org/10.1002/ana.410070108
https://doi.org/10.1093/med/9780199969289.001.0001
https://doi.org/10.1093/med/9780199969289.001.0001
https://doi.org/10.1212/WNL.0b013e31828868a6
https://doi.org/10.1002/ana.20244
https://doi.org/10.1007/s00429-013-0573-z
https://doi.org/10.1007/s00429-013-0573-z
https://doi.org/10.1371/journal.pone.0165935
https://doi.org/10.3109/07853890109002087
https://doi.org/10.3109/07853890109002087

56

Journal of Neurology (2023) 270:44-56

26.

217.

28.

29.

30.

31.

32.

33.

34.

Schmitz-Hiibsch T, du Montcel ST, Baliko L, Berciano J, Boesch
S, Depondt C, Giunti P, Globas C, Infante J, Kang JS, Kremer
B, Mariotti C, Melegh B, Pandolfo M, Rakowicz M, Ribai P,
Rola R, Schols L, Szymanski S, van de Warrenburg BP, Diirr A,
Klockgether T, Fancellu R (2006) Scale for the assessment and
rating of ataxia: development of a new clinical scale. Neurology
66(11):1717-1720. https://doi.org/10.1212/01.wnl.0000219042.
60538.92

Subramony SH (2007) SARA-a new clinical scale for the assess-
ment and rating of ataxia. Nat Clin Pract Neurol 3(3):136-137.
https://doi.org/10.1038/ncpneuro0426

Greiner W, Weijnen T, Nieuwenhuizen M, Oppe S, Badia X,
Busschbach J, Buxton M, Dolan P, Kind P, Krabbe P, Ohinmaa A,
Parkin D, Roset M, Sintonen H, Tsuchiya A, de Charro F (2003)
A single European currency for EQ-5D health states. Results from
a six-country study. Eur J Health Econ 4(3):222-231. https://doi.
org/10.1007/s10198-003-0182-5

Varrone A, Asenbaum S, Vander Borght T, Booij J, Nobili F,
Nagren K, Darcourt J, Kapucu OL, Tatsch K, Bartenstein P,
Van Laere K (2009) EANM procedure guidelines for PET
brain imaging using [18F]FDG, version 2. European Associa-
tion of Nuclear Medicine Neuroimaging Committee. Eur J Nucl
Med Mol Imaging 36(12):2103-2110. https://doi.org/10.1007/
500259-009-1264-0

Bartlett EJ, Brodie JD, Wolf AP, Christmas DR, Laska E, Meiss-
ner M (1988) Reproducibility of cerebral glucose metabolic
measurements in resting human subjects. J Cereb Blood Metab
8(4):502-512. https://doi.org/10.1038/jcbfm.1988.91

Vella A, Mascalchi M (2018) Nuclear medicine of the cerebellum.
In: Manto M, Huisman TAGM (eds) Handbook of clinical neu-
rology, 3rd edn. The cerebellum: form embryology to diagnostic
investigations, vol 154. Elsevier, Amsterdam, pp 251-266. https://
doi.org/10.1016/B978-0-444-63956-1.00015-1

Zu Eulenburg P, Caspers S, Roski C, Eickhoff SB (2012) Meta-
analytical definition and functional connectivity of the human
vestibular cortex. Neuroimage 60(1):162-169. https://doi.org/
10.1016/j.neuroimage.2011.12.032

Brandt T, Dieterich M (2017) The dizzy patient: don’t forget dis-
orders of the central vestibular system. Nat Rev Neurol 13(6):352—
362. https://doi.org/10.1038/nrneurol.2017.58

Barmack NH (2003) Central vestibular system: vestibular nuclei
and posterior cerebellum. Brain Res Bull 60:511-541. https://doi.
org/10.1016/50361-9230(03)00055-8

@ Springer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Baier B, Stoeter P, Dieterich M (2009) Anatomical correlates of
ocular motor deficits in cerebellar lesions. Brain 132:2114-2124.
https://doi.org/10.1093/brain/awp165

Baier B, Dieterich M (2011) Incidence and anatomy of gaze-
evoked nystagmus in patients with cerebellar lesions. Neurology
76:361-365. https://doi.org/10.1212/WNL.0b013e318208f4c3
Kirsch V, Keeser D, Hergenroeder T, Erat O, Ertl-Wagner B,
Brandt T, Dieterich M (2016) Structural and functional connec-
tivity mapping of the vestibular circuitry from human brainstem
to cortex. Brain Struct Funct 221(3):1291-1308. https://doi.org/
10.1007/s00429-014-0971-x

Born R, Bradley D (2005) Structure and function of visual area
MT. Annu Rev Neurosci 28:157-189. https://doi.org/10.1146/
annurev.neuro.26.041002.131052

Wilms M, Eickhoff SB, Homke L, Rottschy C, Kujovic M,
Amunts K, FinkGR GR (2010) Comparison of functional and
cytoarchitectonic maps of human visual areas V1, V2, V3d, V3v,
and V4(v). Neuroimage 49(2):1171-1179. https://doi.org/10.
1016/j.neuroimage.2009.09.063

Schott BH, Wiistenberg T, Liicke E, Pohl IM, Richter A, Sei-
denbecher CI, Pollmann S, Kizilirmak JM, Richardson-Klavehn
A (2019) Gradual acquisition of visuospatial associative mem-
ory representations via the dorsal precuneus. Hum Brain Mapp
40(5):1554-1570. https://doi.org/10.1002/hbm.24467

Dieterich M, Brandt T (2018) The parietal lobe and the vestibu-
lar system. In: Vallar G, Coslett HB (eds) Handbook of clinical
neurology, 3rd edn. Elsevier, Amsterdam, pp 119-140. https://doi.
org/10.1016/B978-0-444-63622-5.00006-1

Meles SK, Kok JG, De Jong BM, Renken RJ, de Vries JJ, Spik-
man JM, Ziengs AL, Willemsen ATM, van der Horn HJ, Leenders
KL, Kremer HPH (2018) The cerebral metabolic topography of
spinocerebellar ataxia type 3. Neuroimage Clin 19:90-97. https:/
doi.org/10.1016/j.nicl.2018.03.038

Mascalchi M, Vella A (2018) Neuroimaging applications in
chronic ataxias. Int Rev Neurobiol 143:109-162. https://doi.org/
10.1016/bs.irn.2018.09.011

Dutia MB (2010) Mechanisms of vestibular compensation: recent
advances. Curr Opin Otolaryngol Head Neck Surg 18:420-424.
https://doi.org/10.1097/MOO.0b013e32833de7 1f


https://doi.org/10.1212/01.wnl.0000219042.60538.92
https://doi.org/10.1212/01.wnl.0000219042.60538.92
https://doi.org/10.1038/ncpneuro0426
https://doi.org/10.1007/s10198-003-0182-5
https://doi.org/10.1007/s10198-003-0182-5
https://doi.org/10.1007/s00259-009-1264-0
https://doi.org/10.1007/s00259-009-1264-0
https://doi.org/10.1038/jcbfm.1988.91
https://doi.org/10.1016/B978-0-444-63956-1.00015-1
https://doi.org/10.1016/B978-0-444-63956-1.00015-1
https://doi.org/10.1016/j.neuroimage.2011.12.032
https://doi.org/10.1016/j.neuroimage.2011.12.032
https://doi.org/10.1038/nrneurol.2017.58
https://doi.org/10.1016/s0361-9230(03)00055-8
https://doi.org/10.1016/s0361-9230(03)00055-8
https://doi.org/10.1093/brain/awp165
https://doi.org/10.1212/WNL.0b013e318208f4c3
https://doi.org/10.1007/s00429-014-0971-x
https://doi.org/10.1007/s00429-014-0971-x
https://doi.org/10.1146/annurev.neuro.26.041002.131052
https://doi.org/10.1146/annurev.neuro.26.041002.131052
https://doi.org/10.1016/j.neuroimage.2009.09.063
https://doi.org/10.1016/j.neuroimage.2009.09.063
https://doi.org/10.1002/hbm.24467
https://doi.org/10.1016/B978-0-444-63622-5.00006-1
https://doi.org/10.1016/B978-0-444-63622-5.00006-1
https://doi.org/10.1016/j.nicl.2018.03.038
https://doi.org/10.1016/j.nicl.2018.03.038
https://doi.org/10.1016/bs.irn.2018.09.011
https://doi.org/10.1016/bs.irn.2018.09.011
https://doi.org/10.1097/MOO.0b013e32833de71f

	Acetyl-dl-leucine in cerebellar ataxia ([18F]-FDG-PET study): how does a cerebellar disorder influence cortical sensorimotor networks?
	Abstract
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Subjects and methods
	Patient data and study design
	Ethical standards
	PET data analyses

	Results
	Patient clinical data
	PET calculations for the whole group of CA patients
	Patients PET A (before treatment) vs. healthy controls
	Patients PET B (on treatment) vs. healthy controls

	PET calculations for treatment responders
	Responders PET A (before treatment) vs. healthy controls
	Responders PET B (on treatment) vs. healthy controls
	Direct subtraction analysis of responders PET B (on treatment) vs. PET A (before treatment)

	PET calculations for treatment non-responders and comparisons of responders versus non-responders
	Correlation analyses with clinical parameters

	Discussion
	Data availability statement
	Acknowledgements 
	References




