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Abstract

Spinocerebellar ataxia type 1 is an autosomal dominant disorder caused by a CAG repeat expansion in ATXN/, character-
ized by progressive cerebellar and extracerebellar symptoms. MRI-based studies in SCA1 focused in the cerebellum and
connections, but there are few data about supratentorial/spinal damage and its clinical relevance. We have thus designed
this multimodal MRI study to uncover the structural signature of SCA1. To accomplish that, a group of 33 patients and 33
age-and gender-matched healthy controls underwent MRI on a 3T scanner. All patients underwent a comprehensive neuro-
logical and neuropsychological evaluation. We correlated the structural findings with the clinical features of the disease. In
addition, we evaluated the disease progression looking at differences in SCA1 subgroups defined by disease duration. Ataxia
and pyramidal signs were the main symptoms. Neuropsychological evaluation disclosed cognitive impairment in 53% with
predominant frontotemporal dysfunction. Gray matter analysis unfolded cortical thinning of primary and associative motor
areas with more restricted impairment of deep structures. Deep gray matter atrophy was associated with motor handicap
and poor cognition skills. White matter integrity loss was diffuse in the brainstem but restricted in supratentorial structures.
Cerebellar cortical thinning was found in multiple areas and correlated not only with motor disability but also with verbal
fluency. Spinal cord atrophy correlated with motor handicap. Comparison of MRI findings in disease duration-defined sub-
groups identified a peculiar pattern of progressive degeneration.
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Abbreviations DTI Diffusion tensor imaging
ACE-R Addenbrooke’s cognitive examination revised eTIV Estimated total intracranial volume
AD Axial diffusivity FA Fractional anisotropy
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CST Corticospinal tract MD Mean diffusivity
RD Radial diffusivity
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Introduction

Spinocerebellar ataxia type 1 (SCA1) is an autosomal domi-
nant disorder, characterized by progressive cerebellar ataxia,
pyramidal signs, extracerebellar features and non-motor
symptoms, as well as mild cognitive decline [1, 2]. Onset
of SCAL is usually in the fourth decade of life and affected
families show anticipation [3, 4]. SCA1 is caused by a CAG
expansion within the coding region of ATXNI. The CAG
repeat region is located in exon 8 and translated into a poly-
glutamine tract in the amino terminal half of the protein [3,
5, 6]. Healthy individuals have a CAG-repeat number of
39 or less, affected patients have more than 44 repeats and
intermediate alleles (39-44) result in reduced penetrance.
Abnormal ataxin-1 aggregates into small intranuclear inclu-
sions and interferes with the normal function of the protein
leading to neuronal toxicity [7, 8].

Like other neurodegenerative disorders, cognitive impair-
ment, usually mild, is observed in 20-30% of the cases [9,
10]. Several studies disclose impaired executive function,
attention, visuo-spatial perception, verbal fluency, immedi-
ate and delayed memory [3, 11, 12]. In some patients, rest-
lessness and emotional lability, without full blown demen-
tia, characterize the mental status [13]. Significant mental
retardation, however, has been reported only in individuals
with very large CAG expansions and onset before 15 years
of age [8, 14].

Neuroimaging techniques are powerful tools in the
assessment of many closely related neurodegenerative dis-
orders [15-18]. Such tools demonstrate in vivo structural
abnormalities and provide a better understanding of the
disease mechanisms and progression. Notwithstanding, no
large studies have been conducted to investigate the extent
of neurodegeneration and how it affects sequentially certain
neuronal populations in SCA1. In particular, little is known
about the extent of cortical and subcortical damage in the
disease, and how such damage correlates with the clinical
phenotype.

Based on this, our aim is to provide clinical characteriza-
tion concerning motor and cognitive features of the disease,
correlating these findings with anatomical aspects. Moreo-
ver, we aim to delineate how the disease course influences
the structural damage, giving insights into the natural history
of the disease. To accomplish that, we employed multimodal
MRI, looking at the brain and spinal cord in a large cohort of
patients with SCA1 at different stages of the disease.

Materials and methods

Study design

Figure 1 is the flowchart that describes the sequential experi-
mental steps performed in this study.
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Subject’s selection

We evaluated 33 consecutive adult patients with molecular
confirmation of SCA1 regularly followed at UNICAMP and
UNIFESP hospitals and 33 healthy age- and sex-matched
controls. This protocol was approved by our institution
Research Ethics Committee and a written informed consent
was obtained from all participants. None of the controls
had family history of ataxia and/or hereditary neuropathies.
Before further analyses, we checked all images for signifi-
cant motion artifacts or incidental findings, but none of the
subjects presented them.

Clinical and cognitive assessment (n=32)

Patients underwent detailed neurological examination and
the Scale for the Assessment and Rating of Ataxia (SARA)
was used to quantify disease severity [19]. Age of onset,
disease duration, and CAG length were determined for each
subject and used for further analyses. Cognitive function-
ing was evaluated through the Addenbrooke’s Cognitive
Examination Revised (ACE-R) in 28 patients. The ACE-R
is a comprehensive neuropsychological tool that has been
validated for the Brazilian population. The score ranges from
0 to a maximum of 100 points (lower scores indicate greater
impairment) and encompasses 5 cognitive domains: atten-
tion/orientation, memory, fluency, language and visuospa-
tial abilities [20, 21]. Depressive symptoms were explored
through the Beck Depression Inventory (BDI) [22] and a
brief interview with the patient’s main caregiver designed
to detect behavioral issues such as anxiety, depression,
delusional thoughts and others. BDI scores were consid-
ered abnormal if > 11. All scales and examinations were
performed by a single investigator (CRMIJr).

MRI acquisition and protocol

A 3T Achieva PHILIPS scanner with a standard 8-chan-
nel head coil was used to scan all patients and con-
trols. To exclude incidental findings, routine T1 and T2
weighted sequences were performed for all subjects. We
obtained T1 weighted volumetric images covering the
whole brain and the cervical spinal cord with the follow-
ing acquisition parameters: sagittal orientation, voxel
matrix 240X 240 x 180, voxel size 1 X1x 1 mm3, TR/TE
7/3.201 ms, flip angle 8°. These T1-weighted images were
used to measure cortical thickness and deep GM volumes.
We also acquired a gradient echo diffusion tensor imaging
(DTI) sequence as follows: axial orientation, 2 X2 X2 mm?>
acquiring voxel size, interpolated to 1 1 X2 mm?; recon-
structed matrix 256 X 256; 70 slices; TE/TR 61/8500 ms;

flip angle 90°; 32 gradient directions; no averages; max
b-factor = 1000s/mm?; 6 min scan. The DTI images were
further used for analyses of WM integrity.

Image processing
Cerebral GM

Cortical thickness (1=33) Cortical thickness was computed
using the FreeSurfer software v.5.3 [23]. Measurements
were performed according to the protocol suggested by Fis-
chl and Dale [24, 25]. The software creates triangle meshes
that form two surfaces, the interface between GM and CSF
and the interface between GM and WM. The shortest dis-
tance between the interfaces constitutes the measured corti-
cal thickness. We took into account the cortical regions by
the Desikan & Detrieux atlas for comparisons [26].

Basal ganglia volumes (n=33) T1 weighted images were
processed with the T1 MultiAtlas approach using “MRI-
Cloud” (http://MRICloud.org), a public web-based service
for multi-contrast imaging segmentation and volumetric
quantification. Raw images were re-oriented (sagittal to
axial), then had inhomogeneity correction and the whole
brain was segmented after skull-striping. We employed lin-
ear and non-linear algorithms for brain co-registrations [27]
and a multi-atlas labeling fusion enabled the identification
of brain regions followed by a last step of labelling adjusting
with PICSL [28]. Nineteen atlases (JHU adult atlas version
9B) were used to generate 283 structural definitions [29].
All analyses were performed in native space. The computa-
tions were processed on the Gordon cluster of XSEDE [30].

Cerebral, brainstem and cerebellar WM

DTI MultiAtlas Approach (n=30) White Matter microstruc-
tural damage was assessed using DTI MultiAtlas using
maps of fractional anisotropy (FA), axial diffusivity (AD),
mean diffusivity (MD) and radial diffusivity (RD). The DTI
MultiAtlas was processed using “MRICloud” where Raw
DTI-weighted images were co-registered and corrected for
eddy currents and subject motion using a 12-parameter aff-
ine transformation [31, 32]. The DTI-parameters were cal-
culated using a multivariate linear fitting and skull-stripped
using the =0 image, by intensity threshold, a tool of Roi
Editor software. This preprocessing was performed using
DTIStudio software [33]. After that, a non-linear registra-
tion using a multi-contrast LDDMM [34] was performed,
followed by the parcellation, which employs a DLFA algo-
rithm [28, 30]. The computations were processed on the
Gordon cluster of XSEDE.
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Cerebellar WM volumes (n=33) We also computed the vol-
umes of cerebellum and cerebellar peduncles WM using T1
volumetric images and the multi-atlas pipeline as described
previously (section on basal ganglia volumetry).

Cerebellar GM

Cortical thickness (1=33) Cortical thickness was computed
using a patch-based multi-atlas segmentation tool called
CERES (CEREbellum Segmentation) that is able to auto-
matically parcellate the cerebellum lobules. The proposed
method works with standard resolution magnetic resonance
T1-weighted images and uses the Optimized PatchMatch
algorithm to speed up the patch matching process [35].

Spinal cord morphometry (n=32)

Cross-sectional area (CA) (n=32) Spinal cord segmenta-
tion and measurements were performed semi-automatically
using the SpineSeg software tool, developed at UNICAMP
neuroimaging laboratory [36]. Further methodological
details are available elsewhere [37].

Statistical analysis

Clinical and demographic data of all subjects are reported
with descriptive statistics (Table 1). MRI analyses included
both group comparisons and assessment of correlations, as
detailed below. Statistical analyses were performed using the
IBM SPSS statistics software version 20.

Group comparisons (patients versus controls)

All imaging parameters were assessed through a General
Linear Model. Age and gender were used as covariates. For

cortical thickness and brain volumetric studies, estimated
intracranial volume (eTIV) was also added as a covariate. In
order to correct for multiple comparisons, we employed the
Bonferroni adjustment with level of significance set as 0.05.

Comparison between groups of patients

Three groups of patients were defined according to dis-
ease duration: group 1: < 5 years (n=11, mean SARA
score =10.4); group 2: 5-9 years (n=12, mean SARA
score = 14.3) and group 3: > 10 years (n =9, mean SARA
score =21.7). Each group was compared with a healthy
age and gender matched control group. These comparisons
generated statistical maps showing the pattern of structural
abnormalities in each stage. Afterwards, we looked at these
maps to investigate how the disease progressed. For each
specific comparison, a general linear model was applied,
followed by Bonferroni’s correction.

Correlations and multiple regression analyses

Pearson correlation coefficient assessed possible correla-
tions between imaging measures and clinical data when-
ever data distribution was normal; Spearman correlation
was employed for data that were not normally distributed.
Gender and age were used as covariates for correlations.
Beck depression inventory and educational level were
used as covariates for cognitive correlations. Bonferroni
was employed to adjust for multiple comparisons (level of
significance p=0.05). To evaluate the determinants of the
structural damage in SCA1, multiple variable regressions
were used (dependent variables: volume/thickness/area and
independent variables: age, CAG length and eTIV).

Table 1 Demographic and
clinical data of patients and

controls

SCAI1 (n = 33) Controls (n = 33) P
Age (mean + SD, years) 44.63 +9.91 45.72 +9.80 0.65
Gender (M/F) 21:12 21:12 1.000
Duration of disease (mean + SD, years) 7.62 + 6.50 - -
(CAG)n (mean + SD) 44.84 +4.40 - -
SARA (mean + SD) 15.07 + 6.43 - -
BDI score (mean + SD) 19.03 + 11.08 - -
Education (mean + SD, years) 10.82 + 3.78 - -
Addembrooke (mean + SD) 77.07 £ 9.90 - -
Attention/orientation (mean + SD) 16.07 + 1.56 - -
Memory (mean + SD, years) 17.85 +5.44 - -
Fluency (mean + SD) 7.14 +£2.79 - -
Language (mean + SD) 22.17 +3.61 - -
Visual/spatial (mean + SD) 13.89 +2.42 - -
VLOM (mean + SD) 1.69 +0.37 - -
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Results
Clinical features

Demographic and clinical data of all subjects in the study
are shown in Table 1. Ataxia was the main symptom in
all cases, with gait disturbances, axial and appendicular
incoordination. All patients had pyramidal signs, with
brisk reflexes, however, spasticity was not found. Urinary
incontinence or urgency was found in nine patients (28%).
Five (15%) were wheelchair bound, what happened after
a mean disease duration of 15.2 years. Severe amyotro-
phy of intrinsic hand muscles was present in four (12%),
hand tremor was evident in sixteen (50%), cephalic tremor
was found in one (3%) and eleven (34%) complained of
frequent falls. Sensory impairment was present in seven
(21%) and no one had visual loss. Parkinsonism and other
movement disorders were not found.

From 28 patients evaluated, fifteen (53%) fulfilled
criteria for cognitive impairment (ACE-R score <78
if > 11 years of schooling or <68 in patients with
<11 years of schooling) [21]. Mean ACE-R was 77.0
(range 62-97). From ACE-R subscores, verbal fluency was
the most affected domain (mean score of 51%) followed
by memory (68%), language (85%), visuo-spatial abilities
(86%) and attention/orientation (89%). The sum of verbal

fluency visuo-spatial skills and attention was interpreted
as an estimate of executive function. ACE-R has a sub-
score, the VLOM ratio, which is composed by the scores
of verbal fluency + language/orientation + memory (recall
of name and address only). A VLOM ratio < 2.2 points
to frontotemporal dysfunction with 95% of specificity. A
score > 3.2, on the other hand, points to a dementia that
resembles Alzheimer’s disease [20]. Twenty-six patients
(92.8%) had a score of less than 2.2 while the remaining
two had indexes in the unspecific range. This indicates
that frontotemporal dysfunction could be the clinical
phenotype of cognitive dysfunction in SCA1 and ACE-R
significantly correlated with physical burden (r = —0.49,
p=0.013).

Regarding neuropsychiatric manifestations, nine (28%)
displayed excessive anxiety and, in 4 (12%) patients, apa-
thy was reported by the caregiver. BDI scores were abnor-
mal in 70% of patients and correlated with motor disability
(r=0.47, p=0.008).

Neuroimaging
Cerebral and brainstem GM
Using ROi-based analysis, significant differences were seen

in cortical thickness between patients and controls in sev-
eral areas (Fig. 2a). The SARA and ACE-R domains did not

p-values

Fig.2 Cross-sectional results of ROI-based analyses using FreeSurfer (a), T1 MultiAtlas (b) and CERES (c¢), comparing SCA1 patients to
healthy controls (For more details of the involved areas, see the Supplemental Data—Tables 1-4)
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show significant correlations with cortical thickness. Analy-
sis of deep gray matter volumes showed significant volumet-
ric reduction in both amygdalae and red nuclei (Fig. 2b).
Volumes of both red nuclei (right r = —0.79, p < 0.001; left
r=—0.72, p<0.001) correlated negatively with SARA
scores. Memory domain score of ACE-R correlated with
left amygdala volume (r=0.49, p <0.05).

Cerebellar GM

In the SCA1 group, cerebellar cortical thickness was sig-
nificantly reduced in several regions of both hemispheres
(p<0.001, Fig. 2¢). Cortical thickness of the cerebellum
(right hemisphere r = —0.63, p <0.001; left hemisphere
r = —-0.61, p<0.001), lobules X at right (r = —0.75,
p<0.001) and left sides (r = —0.79, p<0.001) correlated
negatively with SARA scale. Concerning ACE-R score,
only the fluency domain correlated with VIIIB right corti-
cal thickness (r=0.52, p=0.04).

Cerebral, brainstem and cerebellar WM
We identified a pattern of diffusely reduced fractional ani-

sotropy (FA) accompanied by increase in AD, MD and
RD in infratentorial regions and the corticospinal tracts

(Fig. 3). Despite this, the diffusion metrics did not cor-
relate with SARA and ACE-R scores.

Volumetric WM analyses were then performed using
T1 images and the multi-atlas pipeline. There were sig-
nificant differences in WM volumes between patients
and controls, involving middle cerebellar peduncle-left
(» <0.001), middle cerebellar peduncle-right (p <0.001),
cerebellum white matter-right (p <0.001), cerebellum
white matter-left (p <0.001), inferior cerebellar pedun-
cle-left (»p <0.001) and inferior cerebellar peduncle-right
(p<0.001). In contrast to DTI parameters, we were able
to demonstrate significant correlations between fluency
and volumes of the following structures: middle cerebel-
lar peduncle-left (r=0.70, p <0.001), middle cerebellar
peduncle-right (r=0.61, p=0.002), cerebellum white mat-
ter-right (r=0.48, p=0.02) and cerebellum white matter-
left (r=0.46, p=0.02). Besides that, SARA correlated
with cerebellum white matter-right (r = — 0.56, p < 0.05),
cerebellum white matter-left (r = —0.65, p <0.001) and
inferior cerebellar peduncle-left (r = — 0.46, p < 0.05).

Fig.3 Cross-sectional results of DTI MultiAtlas approach showing
areas of reduced fractional anisotropy (FA), increased axial diffusiv-
ity (AD), increased mean diffusivity (MD) and increased radial dif-
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Disease course
Clinical results

Correlation analyses revealed that SARA scores had a sig-
nificant association with age (r=0.51, p <0.05) and disease
duration (r=0.78, p <0.001). ACE-R scores also correlated
inversely with disease duration (r = —0.41, p <0.05), but not
with age. Analyzing the ACE-R domains, only memory and
visuospatial abilities were correlated with disease duration
(r=-0.57, p<0.05; r = —0.040, p <0.05, respectively).
Comparing the subgroups defined according to disease
duration, significant differences regarding motor (SARA,
p <0.001) and cognitive (ACE-R, p <0.05) functioning
were seen.

Cerebral and brainstem GM

Regarding cortical thickness, no significant differences were
seen in the group 1. Group 2 presented significant reduc-
tion in the left precentral gyrus. Group 3 showed atrophy of
multiple cortical regions, involving primary and associative
areas. Analysis of deep gray matter showed volume loss of
both red nuclei in groups 2 and 3, but not 1 (Fig. 4).

Cerebral, brainstem and cerebellar WM

DTI atlas-based analyses revealed diffusely reduced FA in
all groups. Changes in group 1 were essentially restricted to
the cerebellar peduncles and lower brainstem. In the other
groups, the alterations became more diffuse, involving other
regions of the brainstem and cerebral white matter (Fig. 4).

Cerebellar GM

Group 1 had significant reductions in cerebellar cortical
thickness only at the lobule IX at the right side. The follow-
ing groups showed thinning in multiple areas (Fig. 4).

Spinal cord morphometry

There was a significant difference in terms of CA in all
groups (Supplemental Data—Tables 24-26). Correlation
analyses also converged towards reduced CA in patients with
longer disease duration (r = —0.48, p=0.006). Analyzing
all patients, CA inversely correlated with motor abilities
(r=-0.70, p<0.001).

p-values

Fig.4 Analysis of disease course, showing structural differences
between SCA1 patients and controls, based on disease duration.
Group 1 (I), group 2 (II) and group 3 (III). Coronal segmentation,
showing results of FreeSurfer, T1-MultiAtlas, CERES and FA-DTI.

Notice the pattern of damage evolution, starting in infratentorial areas
and spreading to supratentorial structures, according to the disease
course (For more details of the involved areas, see the Supplemental
Data—Tables 9-23)
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Table 2 Results of regression analysis on CNS structures in the SCA1 group

Area Dependent variable 1% (model) Independent Regression coef- p value
variable ficient
Spinal cord Cervical cord area 0.53 (CAG)n -0.99 <0.001
Age -0.39 0.03
Cerebellum GM Cerebellum left cortical thickness 0.22 (CAG)n -0.72 0.004
Age -0.56 0.02
X right cortical thickness 0.24 (CAG)n -0.65 0.009
Age -0.62 0.01
Left cerebral GM Inferior frontal gyrus. Opercular 0.23 (CAG)n —0.007 0.54
Age —-0.01 0.04
Inferior parietal gyrus. Angular 0.29 (CAG)n —0.002 0.84
Age —-0.01 0.02
Inferior parietal gyrus. Supramarginal 0.30 (CAG)n —0.001 0.89
Age —-0.01 0.04
Precentral gyrus 0.23 (CAG)n —-0.01 0.24
Age —-0.01 0.01
Medial temporal gyrus 0.20 (CAG)n —0.008 0.51
Age —-0.01 0.04
Right cerebral GM Subcentral gyrus and sulcus 0.36 (CAG)n —-1.05 0.30
Age —0.65 0.006
Inferior frontal gyrus. Triangular 0.30 (CAG)n -0.12 0.57
Age -0.55 0.02
Medial temporal gyrus 0.28 (CAG)n —0.09 0.67
Age —-0.60 0.01
Deep GM Left red nucleus 0.33 (CAG)n -0.81 0.002
Age -0.74 0.002
Right red nucleus 0.26 (CAG)n —0.68 0.009
Age —-0.34 0.15
White matter Left posterior limb — internal capsule 0.33 (CAG)n 0.55 0.002
DTI-FA (whole brain) Age —0.74 0.65
Left superior corona radiata 0.46 (CAG)n 0.36 0.01
Age -0.49 0.002
Left splenium corpus callosum 0.20 (CAG)n -0.10 0.56
Age —-045 0.01
Right posterior limb—internal capsule 0.19 (CAG)n 0.40 0.03
Age —0.11 0.54
Right superior corona radiata 0.32 (CAG)n 0.32 0.05
Age —0.40 0.01
Right middle cerebellar peduncle 0.20 (CAG)n 0.36 0.04
Age -0.20 0.26
Right splenium corpus callosum 0.21 (CAG)n —-0.04 0.81
Age —0.46 0.01
Factors associated with structural damage were associated with CAG repeat length; at the left side

there was also an association with age. DTI parameters cor-
Cortical thickness disclosed a significant association with ~ related in general with age. Cerebellar cortical thickness and
age in both hemispheres of the brain. Red nuclei volumes
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spinal cord area strongly correlated with age and CAG repeat
length (Table 2).

Discussion

This study provides a detailed characterization of neurologi-
cal, cognitive and neuroimage profiles in SCA1. We were
able to show that SCALI is characterized by widespread
damage that goes far beyond the cerebellum and connec-
tions. Involvement of supratentorial structures is not only
widespread but also helps to explain some of the cogni-
tive/behavioural manifestations found. Neuropsychological
deficits were indeed frequent (53%) and involved mostly
executive functions, memory and verbal fluency. Another
important finding was the high frequency and severity of
depressive symptoms in this cohort. The detailed correlation
between phenotype (motor and particularly, non-motor) and
structure in SCAL is indeed the major contribution of this
study. Previous studies missed that point because they relied
on smaller cohorts, had no cognitive/behavioural assessment
and did not use multimodal imaging analyses [38, 39].

Regarding GM damage, we have found widespread cer-
ebral cortical thinning extending to primary and associative
areas in frontal, temporal, parietal and occipital lobes. These
results are similar to previous neuroimaging reports [38].
However, there was also red nuclei and amygdalae atrophy
in our patients, which were not previously noticed. Interest-
ingly, the volumes of these structures correlated significantly
with motor disability and cognitive tasks, respectively. In
line with our findings, pathological data reveal gross macro-
scopic atrophy in these cerebral lobes [40]. The histological
correlates of such findings are neuronal loss and astroglio-
sis, which is especially prominent at primary motor cortices
(loss of giant Betz pyramidal cells) [40].

WM involvement was also prominent, especially at
infratentorial regions. In contrast, we had a much more
restricted pattern of supratentorial WM abnormalities that
included essentially the inter-hemispheric connecting fibers
(corpus callosum and fornices) as well as the corticospinal
tracts (CST). Overall, these findings are in line with pre-
vious imaging and neuropathology reports [38—43]. The
infratentorial WM tracts and the CST convey motor and
sensory information, which helps to explain some pheno-
typic features of SCA1, such as sensory loss, incoordina-
tion and brisky reflexes. Callosal and fornix involvement
would explain cognitive/behavioural manifestations, but we
failed to identify such correlations in our patients. This looks
counterintuitive, but it may be due to the battery of neu-
ropsychological tests we employed. Although comprehen-
sive, it did not assess, for instance, speed of cognitive pro-
cessing or bimanual motor tasks, which are often associated

with callosal/fornix integrity. Further studies are needed to
address this point.

The cerebellum was diffusely involved, including the cor-
tical mantle and cerebellar peduncles. The upper regions of
the cerebellar hemispheres were relatively spared in contrast
to the vermis and lower portions. Such damage has obvious
correlations with the ataxic syndrome, which are confirmed
by our own correlation analyses. In addition, we found an
association between verbal fluency performance and corti-
cal thickness at right-sided lobule VIIIB of the cerebellum.
Kansal et al. found a strikingly similar result after exploring
a large and heterogeneous cohort of subjects with cerebellar
degeneration [44]. Taken together, these data reinforce the
concept that the cerebellum should no longer be considered
as a purely motor organ. In fact, patients with isolated acute
or chronic focal cerebellar lesions show frontal-like and pari-
etal-like symptoms; this clinical picture is referred to as the
cerebellar cognitive affective syndrome (CCAS) [45]. These
“cortical” symptoms may stem from the interruption, as in a
disconnection syndrome [46] or from a dysfunctional contri-
bution of the cerebellum [47] in the neocerebellar—neocorti-
cal reverberant network. It is possible that CCAS underlies at
least part of the cognitive and behavioural manifestations we
found in SCAL1. The lack of correlation between cognition
and cerebral damage (either GM and WM) argue in favor of
the last hypothesis.

Despite the cross-sectional design, our results shed some
light into the disease course, from a clinical and a structural
point of view. Regarding clinical aspects, our data suggest
that not only motor but also cognitive deficits are progressive
since both had a significant correlation with time-dependent
variables. In terms of MRI findings, we identified that the
initial targets of lesion in SCA1 are the spinal cord, lob-
ule IX of the cerebellum and brainstem WM tracts. Inter-
estingly, lobule IX of the cerebellum was the only region
found atrophic in presymtomatic SCA1 subjects in a recent
European study [48]. This region seems to be particularly
vulnerable to the deleterious effects of expanded ataxin-1,
but the biochemical reasons remain to be elucidated. Later in
the disease course, damage spreads cranially to involve other
regions in the cerebellum, the red nuclei and cerebral cortex
(beginning at precentral gyri). Such a pattern resembles that
reported by Braak et al. in Parkinson’s disease, where alpha-
synuclein would spread in a caudal-rostral fashion leading
to progressive neuronal loss [49]. Although speculative, one
might consider that ataxin-1 could disseminate trans-synap-
tically leading to cumulative neuronal loss [50].

Regarding the determinants of CNS damage in SCA1,
we have shown that this might be driven by both age and
CAG expansion. Our cross-sectional results suggest that the
structural changes are progressive with time throughout the
CNS, and that patients with larger (CAG) expansions tend
to be more affected, especially concerning the cerebellum
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and spinal cord involvement. In conclusion, we were able to
unravel the phenotypic and structural hallmarks of SCAL. In
short, it seems that GM, WM and SC are distinctly affected
in the disease, not only in terms of extension but also in
terms of temporal course. These aspects point to the poten-
tial usefulness of CNS image analysis as a clinical biomarker
in SCAL1, but further prospective studies with presymtomatic
individuals or using longitudinal evaluation are still needed
to better elucidate the natural history of the disease.
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