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Abstract Neuropathological and neuroimaging studies in
Huntington disease (HD) have suggested a role for the cerebel-
lum. Our goal was to perform a detailed evaluation of cerebellar
morphology. We performed the Unified HD rating scale
(UHDRS) and Montreal cognitive assessment (MOCA) in 26
HD patients and 26 healthy controls. We created a two-sample
test to analyze cerebellar gray matter (GM) differences between
groups and another to correlate GM alterationswith UHDRS and
MOCA, corrected for age, expanded cytosine-adenine-guanine
repeats, and disease duration using the spatially unbiased atlas
template (SUIT)-SPM-toolbox which preserves anatomical de-
tailing. We found increased GM density in the anterior cerebel-
lum compared to controls. Higher GM density in the postero-
superior lobe correlated with mood symptoms. Worse motor
function and better cognitive function correlatedwithGMchang-
es in the posterior cerebellum (false discovery rate (FDR) correc-
tion p < 0.05 and k > 100 voxels). In this detailed study of the
in vivo cerebellar morphology in HD, we observed GM changes
in regions involved in sensorimotor integration, motor planning,

and emotional processing, supporting cerebellar involvement in
the neuropathological process of HD.
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Introduction

Huntington disease (HD) is an autosomal dominant neurode-
generative disorder caused by a cytosine-adenine-guanine
(CAG) triplet expansion in the short arm of chromosome
4p16.3 in the Huntingtin (HT) gene. The expanded triplet with
36 repeats or greater confirms the molecular diagnosis of the
disease [1]. In addition, there is an inverse relationship be-
tween the number of expanded triplet repeats with age of
disease onset and the severity of clinical manifestations [2].
HD is a neuropsychiatric syndrome that includes motor, cog-
nitive, and psychiatric symptoms, with chorea as the main
motor manifestation [1].

Although symptoms have been largely explained by de-
generation in the caudate, putamen, globus pallidus, thalamus,
and amygdala [3, 4], cerebellar atrophy defined as a reduction
of the cerebellar volume [5], is directly associated with psy-
chiatric symptoms in the early phase of the disease [5–8].
Autopsy studies revealed atrophy of the paravermis and deep
cerebellar nuclei [9–11]. In addition, it seems that cerebellar
atrophy in the early stages of HD is independent of the degree
of striatal degeneration [9].

The spatially unbiased atlas template (SUIT) is a spatially
unbiased, high-resolution atlas template of the human cerebel-
lum and brainstem, which maintains the anatomical detail of
the cerebellar structures [12]. Our goal was to perform a de-
tailed study of cerebellar morphology in HD, using the SUIT
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toolbox, and, secondarily, to perform a clinical-anatomical
correlation.

Methods

Subjects The Institutional Review Board of our University
Hospital approved the study and all subjects signed an in-
formed consent. We recruited 26 right-handed patients (12
male; 49.42 ± 10.83 years) with molecularly confirmed HD
(paternal and indeterminate inheritance were respectively
46.15 and 11.53%) and clinical signs of the disease from our
neurogenetics outpatient clinic between 2013 and 2015. The
mean age of symptom onset was 40.23 ± 9.79 years and mean
expanded CAG repeat number was 42 ± 3.79. Exclusion
criteria were a history of alcohol abuse, other previous or
current neurologic and psychiatric disorders other than those
related to the disease, major comorbidities, or contraindica-
tions to having magnetic resonance imaging (MRI). We also
included 26 controls, perfectly matched for gender and age,
without a personal or family history of neurological disorders
and with a normal neurological examination.

Clinical AssessmentWe conducted interviews with subjects,
family members, and caregivers, and also checked their CAG
repeat size, professional and family history, environmental
and drug exposure, medication, and clinical comorbidities. A
neurologist expert in movement disorders performed a com-
prehensive neurologic examination and applied a specific
clinical rating scale for HD—Unified Huntington disease rat-
ing scale (UHDRS), which includes motor and psychiatric
evaluations, properly validated in Portuguese [13]. The
UHDRS-motor assessment includes the examination of ex-
trinsic ocular movement (ocular pursuit and saccades), dysar-
thria, tongue protrusion, dystonia, chorea, pull test, finger
taps, pronate/supinate hands, Luria test (Bfist-hand-palm^),
rigidity, bradykinesia, gait, and tandemwalking. Anxiety, sad-
ness, low self-esteem/guilt, disruptive or aggressive behavior,
irritable behavior, obsessions, compulsions, delusions, hallu-
cinations, and suicidal thoughts are the psychiatric items of the
UHDRS. The higher the score, the more severe the clinical
picture in all UHDRS assessments. For cognitive assessment,
we used the Montreal Cognitive Assessment (MOCA) [14].

MRI Acquisition Protocol Images were acquired on a 3 T
Achieva MR unit-PHILIPS Intera®, release 2.6.1.0. In addi-
tion to the usual diagnostic sequences, we obtained volumetric
T1-weighted images, with isotropic voxels of 1 mm3, ac-
quired in the sagittal plane (1 mm thick, flip angle 8°, TR
7.1, TE3.2, matrix 240 × 240, and FOV 240 × 240 mm). An
experienced neuroradiologist assessed all images, blindly, to
rule out other neurological diseases and artifacts.

VBM-SUIT Tool The images were divided into patients and
controls. Each subject was treated at the voxel-by-voxel level.
The 3D–MRI images acquired in DICOM format were trans-
formed to NIfTI (DCM2Nii software: http://www.
mccauslandcenter.sc.edu/mricro/mricron/dcm2nii.html). In
order to minimize any error, the images were aligned along
the anterior commissure and rotated in sagittal, coronal, and
axial planes. We used the SUIT tool (version 3.2), which
isolates the infratentorial structures from surrounding tissue
and generates targeted maps (gray matter (GM), white
matter, and cerebrospinal fluid), providing a more accurate
alignment between subjects than Bwhole-brain^ methods
(http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm).
The SUIT tool classifies the cerebellar lobules more precisely
than other VBM techniques [15–17]. The segmented GM
images were normalized to the SUIT template. Then, we
repositioned the generated maps to correct the variation of
induced spatial normalization volume. Next, we conducted
homogeneity tests using the images’ covariance. Finally, the
images were smoothed by a Gaussian filter kernel with 3 mm
full-width half maximum (FWHM) contained in SPM12/
Dartel (http://www.fil.ion.ucl.ac.uk) to satisfy the normal
distribution assumed for statistical analysis of regional
differences. The generated statistical parametric map
identifies regions with significant differences in cerebellum.

Statistical Analysis Using SPM12, we created a two-sample
test corrected for age for voxel-by-voxel analysis and detec-
tion of GM differences between the groups. A statistical para-
metric map was generated, which identified the cerebellar re-
gions with significant differences. Initially, our statistical anal-
yses were corrected for family wise error (FWE). However,
the results using FWE were very conservative, therefore we
utilized the false discovery rate (FDR) correction and reported
the clusters with higher than 100 voxels (FDR p < 0.05, extent
threshold k ≥ 100 voxels), which is still a restricted analysis.
Anatomical localizations of cerebellar lobules and vermis
were determined by the probabilistic MRI atlas of human
cerebellum by Diedrichsen et al. [18]. Secondly, to study the
association between GM alterations and the UHDRS and
MOCA scores, we performed a second t test corrected for
age, disease duration, and CAG repeat number (FDR
p < 0.05).

Results

We found GM density excess (FDR p < 0.05) in regions I–IVof
the cerebellar lobes bilaterally compared to controls (Table 1 and
Fig. 1). We observed GM density reduction (FDR p < 0.05) in
regions VI on the right and V–VI on the left (Table 1 and Fig. 1).
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We observed an association between the following clinical
variables with GM density, adjusted for age, disease duration,
and expanded CAG repeat number (Table 2 and Fig. 2):

1. UHDRS mood score: The mean score was 10 ± 7.55.
Mood score was higher in subjects with higher GM den-
sity in region crus II on the right. In region VI on the left,
the higher the mood scores, the lower the GM density.

2. UHDRS-motor score: The mean score was 21 ± 4.24. We
found that the higher the GM density in vermis regions
VIII and IX, the higher the motor scores. Whereas, the
lower the GM density in crus I and II, IV, V, VI, VIIb, and
VIII, at right, the greater the motor score.

3. MOCA score: The mean score was 22 ± 2.12. Subjects
with higher cognitive scores had higher GM density in the
left region VIII.

Discussion

This is one of the few studies which has detailed the in vivo
cerebellar morphology in HD. The SUIT tool isolates the cer-
ebellum from other brain structures providing a topographic
detailing of each cerebellar lobe and assessing both GM in-
creases and reductions. Most previous studies analyzed global
cerebellar volume and found cerebellar atrophy in patients
with HD [5, 9, 11, 19]. The present study specifically investi-
gated cerebellar GM. We observed mostly GM excess in the
anterior cerebellum, while GM was decreased mainly in the
posterior cerebellum. It is important to point out that our find-
ings do not exclude the possibility of coexistence of cerebellar
atrophy with GM increase, which could be the result of white
matter loss. As a secondary exploratory analysis, higher GM
density in the postero-superior lobe was associated with mood
disorder symptoms; worse motor function was associated with
GM density alterations in the central portion of the postero-
inferior lobe and lateral portion of the postero-superior lobe on

the right; and better cognitive function was with higher GM
density in the left side of the postero-inferior lobe.

The GM density excess was found symmetrically in re-
gions I–IV of the anterior cerebellar lobe. The subarea III,
mainly lobule IV, is directly involved in upper limb motor
control [20]. Gait and appendicular ataxia, dysarthria, as well
as the control of tongue movements and orofacial muscles are
directly related to the integrity of these regions [21].

We found GM density reduction mostly in areas VI of
posterior cerebellar lobes bilaterally and V of anterior

Table 2 Results of clinical associations [12]

Clinical associations using FDR p < 0.05, T = 3.59 and K > 100 voxels

Size (voxels) Localization

Positive association: UHDRS-mood score and GM

233 Right crus II

Negative association: UHDRS-mood score and GM

119 Left VI

Positive association: UHDRS-motor score and GM

315 Vermis VIII

191 Vermis IX

Negative association: UHDRS-motor score and GM

383 Left VII b

197 Left VIII

393 Right crus II

382 Right VIII

368 Right VII b

334 Right crus I

401 Right IV/V

107 Right VI

201 Left VI

Positive association: MOCA score and GM

247 Left VIII

FDR false discovery rate, T height threshold,K extent threshold,GM gray
matter, UHDRS Unified Huntington disease rating scale, MOCA
Montreal cognitive assessment

Table 1 Results of
VBM (SUIT tool) [12] General analysis using FDR p < 0.05,

T = 3.25 and K > 100 voxels

Size (voxels) Localization

GM excess regions

378 Right I-IV

357 Left I-IV

GM decrease regions

246 Right VI

143 Left V

121 Left VI

VBM voxel-based morphometry, SUIT
spatially unbiased atlas template, FDR
false discovery rate, T height threshold, K
extent threshold, GM gray matter

Fig. 1 General analysis with the group differences in the GM density.
Green regions demonstrating GM excess and purple regions the GM
decrease. GM gray matter
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cerebellar lobe on the left. Both are part of the sensorimotor
cerebellum and are directly involved in learning and cognitive
processing [22]. These areas are also indirectly attached to the
prefrontal cortex through the dentate-rubral-thalamic tract,
and the ventral portion of the dentate nucleus is the interface
between those two areas [20].

Although mostly exploratory in nature, the clinical associ-
ations revealed some interesting results. UHDRS-mood scores
were higher in subjects with lower GMdensity in regionVI on
the left, which is directly involved in processing empathy and
perception of emotional intonation [22, 23] and higher GM
density in region crus II on the right, which is connected to the
posterior parietal and prefrontal cortices—limbic areas [24].
There was a positive association between UHDRS-motor
score and the GM density in vermis areas VIII and IX, known
as the limbic portion of the cerebellum because they are re-
sponsible for affective processing, and, with other posterior
cerebellar regions, participate in higher cognitive tasks [25].
Structural posterior vermis lesions are the anatomical substrate
of the cerebellar cognitive affective syndrome [26]. Since

none of those areas are primarily related to motor function, it
is possible that they are markers of disease severity, or that
there was some collinearity between motor and non-motor
scores. Despite understanding atrophy and GM reduction is
somehow intuitive, the relationship between increased GM
density and mood symptoms is less clear, although this could
be due to an adaptive or compensatory mechanism as
discussed further below.

Higher motor scores were associated with lower GM den-
sity in a large cerebellar region: crus I and II, IV, V, VI, VIII,
and VIIb on the right and VI, VIIb, and VIII on the left. These
areas are involved in motor control (regions I–V, with a sec-
ondary representation in VIIIa/b lobules), multiple domain
executive function (lobules VI and VII), saccades refinement,
and sequential movements of hands (medially) and feet
(laterally) (lobules VI and crus I), which include motor control
and motor behavioral action [27, 28]. The ipsilateral
somatotopic cerebellar representation justifies the right-sided
predominance [27]. Together, those areas are responsible for
fine motor control, more complex, and elaborate activities as
well as sensorimotor learning.

Patients with higher MOCA scores had higher GM density
in lobule VIII on the left, which is involved in sensorimotor
tasks and working memory [27], suggesting a cerebellar role
in cognitive dysfunction in HD.

Previous studies have also found GM excess in neurode-
generative diseases [15–17, 29]. There is no clear consensus
between cortical thickness, GM volume, GM density, and
neuropathological studies. In normal aging, the progressive
frontal and temporal cortical thinning are not due to a reduc-
tion in neuronal counts but rather likely from a secondary loss
of neuronal and dendritic architecture [30]. It is also speculat-
ed that the increase in GM observed during learning and
practice-related tasks results from synaptic remodeling [31]
and specific brain regions may change in either direction in
response to environmental requirements [32]. Chorea is a hy-
perkinetic movement disorder, and it is not at all unlikely that
the continuous movement and the required adaptations the
patient is subject to in daily life may induce bidirectional
GM increase in certain cerebellar areas.

The major limitation of our study was the small number of
subjects and its transversal nature. Larger longitudinal sam-
ples may corroborate the clinical correlations observed and
better characterize the cerebellar involvement. Currently, there
is a consensus concerning a systems-level approach to the
interplay between cerebellum, basal ganglia, and cortex [33].
The cerebellum targets multiple cortical areas and is recipro-
cally connected with the basal ganglia, indicating a subcortical
densely interconnected network [33]. A more detailed clinical
evaluation, with specific behaviors or movement disorders,
may help uncover the interplay between cortex-thalamus-
basal ganglia-cerebellum and the contribution of the cerebel-
lum to motor and non-motor signs and symptoms.

Fig. 2 Clinical associations and GM alterations. a Negative (blue) and
positive (red) correlation between UHDRS-mood score and GM density;
b Negative (blue) and positive (red) correlation between UHDRS-motor
score and GM density; c Positive (red) correlation between MOCA score
and GM density. GM gray matter; UHDRS Unified Huntington disease
rating scale; MOCAMontreal cognitive assessment
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Conclusion

In summary, we observed a pattern of cerebellar anatomical
changes, which seemed to correlate to the motor, psychiatric,
and cognitive manifestations of HD.
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