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Abstract

Spinocerebellar ataxia type 6 (SCAB) is a genetic disease that causes degeneration of Purkinje
cells, and recent evidence points to degeneration of Betz cells in the motor cortex. The relation
between functional activity of motor cortex and symptom severity during a hand-grip motor
control in vivo has not yet been investigated. This study explored both functional changes in the
sensorimotor cortex and cerebellar regions and structural alterations in the cerebellum for SCA6
patients as compared to age-matched healthy controls using a multimodal imaging approach (task-
based fMRI, task-based functional connectivity, and free-water diffusion MRI). Further, we tested
their relation with the severity of ataxia symptoms. SCAG patients had reduced functional activity
in the sensorimotor cortex, supplementary motor area (SMA), cerebellar vermis, and cerebellar
lobules I-V1 (corrected £ < 0.05). Reduced task-based functional connectivity between cortical
motor regions (i.e., primary motor cortex and SMA) and cerebellar regions (i.e., vermis and
lobules I-V1) was found in SCAG6 (corrected P < 0.05). SCA6 had elevated free-water values
throughout the cerebellum as compared with controls (corrected £ < 0.05). Importantly, reduced
functional activity in the sensorimotor cortex and SMA and increased free-water in the superior
cerebellar peduncle and cerebellar lobule V were related to more severe symptoms in SCAG6 (all
pairs: A2 > 0.4 and corrected < 0.05). Current results demonstrate that impaired functional
activity in sensorimotor cortex and SMA and elevated free-water of lobule V and superior
cerebellar peduncle are both related to symptom severity, and may provide candidate biomarkers
for SCAG.
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Introduction

Spinocerebellar ataxia type 6 (SCAB) is a late onset auto-somal dominant disorder caused by
a CAG expansion mutation in the a subunit of the neuronal calcium channel gene, leading to
degeneration of Purkinje cells and progressive motor and behavioral impairments (llg et al.
2007; Solodkin and Gomez 2012). Common motor disabilities in SCA6 involve deficits in
movement coordination of upper and lower extremities, and impaired walking and balance
(Bastian 2006; Morton and Bastian 2004; Shadmehr and Krakauer 2008). Previous structural
magnetic resonance imaging and pathology studies have found degeneration in the
cerebellum in SCAG6 (Reetz et al. 2013; Seidel et al. 2012; Tuite and Dagher 2013).
Although some evidence suggest cerebello-cortical interactions (Bernard et al. 2012, 2014;
Gierga et al. 2009; Middleton and Strick 2000; Watson et al. 2014), little is known about
how degenerationof the cerebellum influences pathways to the motor cortex in vivo.

There is evidence that SCAG patients with mild and severe symptoms exhibit greater activity
in the lateral cerebellum, whereas presymptomatic patients exhibit greater activity in the
vermis (Falcon et al. 2015). A single tensor diffusion analysis model revealed reduced
fractional anisotropy (FA) values in the cerebral peduncle and middle cerebellar peduncle,
and only the decreased FA in the middle cerebellar peduncle was correlated with more
severe disease symptoms. In addition, the authors reported a network-level change in SCA6
such that effective connectivity between visual-related cortical regions (i.e., frontal eye
fields, inferior and superior parietal lobules, visual association areas, and visual-temporal
occipital areas) and intermediate and lateral cerebellum was reduced in individuals with
severe disease symptoms in comparison to healthy controls and presymptomatic and mild
patients. While these initial findings suggest that oculomotor and visual regions have
impaired connectivity in SCAB, we still know very little about motor control in SCA6 and
how functional activity in the motor cortex, sensory cortex, and cerebellum relate to
symptom severity in SCAB.

The current study examines upper limb motor function using a hand-grip force control task
in SCAG and control individuals. Using a grip force control fMRI paradigm (Neely et al.
2015; Planetta et al. 2015a; Spraker et al. 2010), we explored task-based fMRI activity
within sensory and motor cortex and cerebellum, and task-based functional connectivity
between cortical motor regions (i.e., sensorimotor cortex and supplementary motor area:
SMA\) and cerebellum. In addition, free-water diffusion magnetic resonance imaging (dMRI)
was assessed using a bi-tensor model to evaluate the tissue compartment and the free-water
compartment within cerebellar regions (i.e., dentate, cerebellar lobules V and VI, cerebellar
vermis, and peduncles). Moreover, we examined the relation of functional activity in the
sensorimotor cortex, SMA, and cerebellum and structural changes in the cerebellum to
symptom severity in SCAB.
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Materials and methods

Participants

Twenty-eight individuals participated in this study: 14 patients who were diagnosed and
genetically confirmed with SCA6 (mean age = 63.6 years and SD = 6.8 years; 10 females
and 4 males) and 14 age-matched healthy controls (mean age = 65.8 years and SD = 7.9
years; 10 females and 4 males). Age at diagnosis ranged from 35 to 75 years (mean age =
59.4 years and SD = 10.2 years). Mean time since diagnosis was 6.6 years (SD = 6.9 years).
Clinical severity of ataxic symptoms for SCAG6 patients was estimated using International
Cooperative Ataxia Rating Scale (ICARS) and Scale for the Assessment and Rating of
Ataxia (SARA), and blinded to the imaging data. Table 1 displays demographics of all
participants. Healthy control individuals had no neurological impairments and cognitive
deficits (Montreal Cognitive Assessment: MoCA: mean = 27.4 and SD = 1.5). Handedness
for all participants was self-reported. Prior to testing, all participants read and signed an
informed consent form approved by Institutional Review Board of the University of Florida.

Pinch grip force task

We selected a well-established pinch grip force control paradigm (Fig. 1a) because previous
studies have shown reliable blood oxygen level-dependent (BOLD) activity changes in
individuals with neurological disorders that include Parkinson’s disease, essential tremor,
multiple system atrophy, and progressive supranuclear palsy (Burciu et al. 2015; Neely et al.
2015; Planetta et al. 2015a; Spraker et al. 2010). Further, our pilot data confirmed that SCA6
patients were able to execute pinch grip force with similar behavioral performance as age-
matched healthy controls.

Before entering the MRI scanner, we tested maximum voluntary contraction (MVC) for
pinch grip force. SCA6 used their more affected hand, which was self-reported, and controls
produced force with either the dominant or non-dominant hand, assigned randomly. All
participants practiced for 30 min outside the MRI scanner, to become familiar with the task.
During MRI acquisition, a pinch grip force task was administered using a custom LabVIEW
program (National Instruments, Austin, TX, USA). A custom-designed MRI-compatible
fiber optic transducer with a resolution of 0.025 N (Neuroimaging Solutions, Gainesville,
FL, USA,; Fig. 1a) was used for collecting pinch grip force data. Participants completed one
7 min 20 s pinch grip force task (Fig. 1b). During the block-design session, visual feedback
was shown on the LCD monitor via a mirror mounted on the head coil. As shown in Fig. 1,
the scan included a force with visual feedback block, force without visual feedback block,
and rest. During force block the subject produced 10 force pulses lasting 2 s each, with 1 s
of relaxation (Fig. 1c). For each force pulse the subject was required to produce force at

15 % of the MVC. The force pulse was cued by the red bar turning to green (Fig. 1d), and
the pinch and hold periods lasted 2 s followed by the green bar turning back to red, which
cued the subject to relax force. During the force blocks, subjects experienced the vision
block and no vision block. In the vision block, the green bar moved vertically providing
online feedback of the amount of force produced. In the no vision block, the green bar did
not move, and the subject had to produce the force from memory. We did not have a specific
hypothesis for the vision and no vision blocks, and we used this paradigm because it is well-
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validated in prior studies and the paradigm elicits a robust BOLD signal across the cortex,
basal ganglia, thalamus, and cerebellum (Burciu et al. 2015; Neely et al. 2015; Planetta et al.
2015a). Participants completed eight total blocks (four vision and four no-vision) during the
fMRI session.

fMRI acquisition

We collected fMRI using a 3-T Philips Medical Systems MRI scanner (Achieva; 32-channel
head coil) that met routine quality assurance at the McKnight Brain Institute. Based on a
To*-weighted, single-shot, and echo-planar pulse sequence, we collected functional images
with the following parameters: repetition time = 2500 ms, echo time = 30 ms, flip angle =
80°, field of view = 240 x 240 mm, acquisition matrix = 80 x 80, voxel size =3 mm
isotropic, number of transverse inter-leaved slices = 46, and zero gap. Parameters for T-
weighted imaging were: repetition time = 8.2 ms, echo time = 3.7 ms, flip angle = 8°, field
of view = 240 x 240 mm, acquisition matrix = 240 x 240, voxel size = 1 mm isotropic,
number of transverse inter-leaved slices = 170, and zero gap.

dMRI acquisition

Using a single-shot spin echo planar imaging (EPI) sequence, whole brain dMRI images
were acquired. Parameters of the sequence include: repetition time = 7748 ms, echo time =
86 ms, flip angle = 90°, diffusion gradient (monopolar) directions = 64, diffusion gradient
timing DELTA/delta = 42.4/10 ms, b values: 0, 1000 s/mm?, fat suppression using SPIR,
field of view = 224 x 224 mm, in-plane resolution = 2 mm isotropic, number of transverse
interleaved slices = 60, zero gap, slice thickness = 2 mm, SENSE factor = 2, and total
acquisition time = 10 min 51 s.

Force data analyses

Force data collected during task-based fMRI were filtered using a 10th-order Butterworth
filter with a cutoff frequency of 15 Hz. For each force trial, we visually marked four time
points: (1) onset of force, (2) time point to reach a steady-state hold, (3) time point to
decrease force, and (4) offset of force. A custom MATLAB program (version R2013a; The
Mathworks, Natick, MA) was used for computing three dependent variables: (a) mean force
between time point (2) and (3), (b) rate of increase force: mean rate of change of force
between (1) and (2), and (c) rate of decrease force: mean rate of change of force between (3)
and (4).

Task-based fMRI analyses

Using the Analysis of Functional Neurolmages software package (AFNI version 16.0.19;
https://afni.nimh.nih.gov/afni/download/afni/psc_project_view) for functional data and
Statistical Parametric Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/), we analyzed
magnetic resonance imaging data. Before data analysis, we flipped structural and functional
MRI data along the midline for participants who performed pinch grip force task with the
left hand. Processing steps were consistent with our previous work (Burciu et al. 2015;
Neely et al. 2015). A standard wholebrain (WB) analysis and a cerebellum-optimized
analysis (a spatially unbiased atlas template of the cerebellum and brainstem: SUIT version
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3.1; http://lwww.diedrichsenlab.org/imaging/suit_download.htm) were executed (Diedrichsen
2006; Diedrichsen et al. 2009). The MNI_av152T1.nii template was used for whole-brain
normalization, and the suit.nii template was used for the cerebellum normalization. We
anatomically labeled significant fMRI clusters based on the human motor area template
(HMAT) (Mayka et al. 2006), automated anatomical labeling (AAL) (Tzourio-Mazoyer et
al. 2002), and probabilistic MRI atlas of the human cerebellum (Diedrichsen et al. 2009).

Task-based functional connectivity analyses

Task-based functional connectivity analyses were performed on fMRI data including rest
and task blocks using AFNI. Based on previous studies (Neely et al. 2015; Schurz et al.
2015), task-based functional connectivity was performed using a seed-based approach. Five
cerebral cortex regions that showed significantly reduced BOLD activity, and significant
correlation for BOLD activity and clinical assessments in SCAG6 of this study were selected
as seeds. These include: contralateral and ipsilateral SMA, contralateral and ipsilateral
primary motor cortex (M1), and contralateral primary somatosensory cortex (S1). The steps
were as follows: (a) despike to remove extreme time series outliers, (b) slice time correction
for interleaved acquisition, (c) align EPI to the anatomy, (d) warp to MNI space, (e) segment
anatomy into cerebral spinal fluid (CSF), gray matter and white matter, (f) regress data for
CSF and whole brain signal, (g) process time series through ANATICOR (a pipeline of
AFNI to project nuisance signals and localized transient hardware artifacts from EPI time
series) (Jo et al. 2010), (h) censor time points with head motion >1.0 mm, and (i) smooth
data with a 4 mm FWHM filter using the 3dBlurToFWHM function in AFNI. After
obtaining the residual time series, we extracted the time series from the seed region and
calculated correlation coefficients between the five seeds and other regions that were
transformed to a z-score.

dMRI analyses

Consistent with previous work (Ofori et al. 2015a, b, c), we performed preprocessing and
analysis of dMRI data. The sequence of analysis follows: (a) using the FMRIB software
Library (FSL version 5.0; Oxford, UK; http://fsl.fmrib.ox.ac.uk/fsldownloads/) and custom
UNIX shell scripts we corrected signal distortions caused by eddy currents and head motion,
compensated the diffusion gradients for these rotations, and removed non-brain tissues, (b)
using custom code written in MATLAB we quantified free-water and corrected fractional
anisotropy of the tissue compartment (FAT) map from the preprocessed data, (c) data were
normalized to MNI (Montreal Neurological Institute) space by using the b-zero image of
each participant and warping this dataset to the MNI305 template (2 x 2 x 2 mm) (Fonov et
al. 2011). This procedure used an affine transformation with 12 degrees of freedom and
trilinear interpolation using FLIRT (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Next, the
resultant transformation matrix was used for normalizing the free-water and FAT maps to
MNI space.

Regions of interest

An experienced rater who was blind to group membership manually drew regions of interest
(ROIs) on the b-zero image of each participant in MNI space. This approach has been
validated as reliable in prior work (Planetta et al. 2015b; Prodoehl et al. 2013). Based on
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previous findings (Falcon et al. 2015; Vaillancourt et al. 2006), we selected seven ROIs
important for visually-guided motor control and the size for each ROl was determined to
cover the anatomy for all participants: (a) dentate nucleus (bilateral; 20 voxels), (b) superior
cerebellar peduncle (bilateral; 14 voxels), (c) middle cerebellar peduncle (bilateral; 16
voxels), (d) inferior cerebellar peduncle (bilateral; 10 voxels), (€) lobule V (bilateral; 68
voxels), (f) lobule VI (bilateral; 125 voxels), and (g) vermis (42 voxels). Using the ROls, we
extracted the FAT and free-water values. Mean free-water and FAT values were calculated
for bilateral ROIs in the dentate nucleus, superior, middle, and inferior cerebellar peduncles,
and lobules V and V1 (Fig. 4a). The vermis was a single ROI and spanned areas VIII and 1X
of the cerebellar lobules.

Correlation analyses

Pearson’s correlation was performed to determine relation between functional and structural
changes in brain and clinical assessments of ataxia (ICARS kinetic, ICARS total, and SARA
total). First, for fMRI data we calculated percent signal change (PSC) in nine regions of
cerebral cortex and cerebellum that showed significantly different functional activity
between SCAG and controls in WB and SUIT analyses of this study. Mean values of PSC
were computed from eight TRs (i.e., 17.5 s) consistent with the intermediate section of the
force task (an average of the eight force blocks). Further, we included free-water values for
the seven ROIs in the analysis. Thus, we computed relation between 16 brain imaging data
(i.e., nine PSC values and seven free-water) and each clinical assessment. We used a false
discovery rate (FDR) of < 0.05 to make corrections for multiple comparisons (Benjamini—
Hochberg—Yekutieli method available at http://www.mathworks.com/matlabcentral/
fileexchange/27418-benjamini-hochbergyekutieliprocedurefor-controlling-false-
discoveryrate/content/fdr_bh.m) (Benjamini and Hochberg 1995; Benjamini and Yekutieli
2001).

Statistical analyses

Demographic and clinical data difference between groups were estimated pairwise using
Pearson’s Chi-squared test on sex, handedness, and hand tested, respectively, and Mann-
Whitney U'test on age, MVVC, and MoCA. For each force variable, two-way mixed model 2
x 2 (Group: SCA®6 and controls x Feedback: visual and no-visual feedback) ANOVAs with
repeated measures on the last factor were applied. Moreover, mean free-water and FAT
values within each ROI was averaged across side and then compared using independent #test
to determine the difference between two groups (P < 0.05). All statistical analysis on
demographic, clinical, force, and dMRI data was performed using IBM SPSS Statistics 22
(SPSS Inc., Chicago, IL, USA). Alpha level was corrected for multiple comparisons using
the FDR procedure.

Statistical analyses on preprocessed fMRI data (functional activity) were performed within
the framework of the general linear model using the six head motion parameters calculated
during preprocessing as regressors of no interest; 2 x 2 mixed-effects ANOVA with two
groups (controls vs. SCA6) and two visual feedback conditions (visual feedback vs. no-
visual feedback). For task-based functional connectivity data, we used the 3dttest function in
AFNI for comparing SCAG vs. control. Using a Monte Carlo simulation with the AFNI’s
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3dClustSim program, we corrected both functional activity and task-based functional
connectivity data for preventing type | error and set the significant level of the contrasts of
interest at the voxel level to £< 0.005 and a cluster (324 mm3, providing corrected P <
0.05).

Clinical and behavioral data

Pearson’s Chi-square test on gender, handedness, and hand tested and Mann-Whitney U 'test
on age and pinch grip MVC showed no difference between SCA6 and age-matched healthy
control groups (corrected Pvalue using a false discovery rate: Prpp > 0.05; Table 1). SCA6
patients revealed significantly reduced MoCA scores than the control group (Mann-Whitney
Utest: Prpr< 0.05).

For force variables, two-way mixed model 2 x 2 (Group 9 Feedback) ANOVAs with
repeated measures on the last factor revealed significant feedback main effects on mean
force (A1, 26 = 15.16, P=0.001), rate of force increase (F ¢ = 18.81, < 0.001), and rate
of force decrease (£ g6 = 7.74, P=0.01). Specifically, the mean force, rate of force
increase, and rate of force decrease were greater during no-visual feedback condition. No
group main effect and interaction were found for the three dependent variables. The lack of
behavioral differences on the task, suggest that the observations in fMRI are not being driven
by group differences in task performance.

Functional activity difference between groups: task-based fMRI data

ANOVA models on BOLD fMRI activity showed that pinch grip force control in the vision
condition significantly increased BOLD activity in the bilateral primary and associative
visual cortices, premotor and posterior parietal cortices, and midline structures of the
cerebellum compared to pinch grip force control in the no vision condition. However, given
that no Group x Feedback interactions were found, we report average of the BOLD signal
changes collapsed across feedback conditions.

SCAG patients revealed a tendency that BOLD signal in the sensorimotor cortex, SMA, and
cerebellum was reduced in comparison to age-matched healthy individuals (Table 2;
Supplementary Data Fig. 1). Specifically, bilateral regions of M1, SMA, and S1 showed less
task-based functional activity for the SCA6 group. Moreover, a cerebellum-optimized
analysis using the SUIT template revealed that BOLD signal in vermis VI, lobules I-1V, V,
and VI were significantly reduced in SCA6 patients compared with controls (Fig. 2).

Task-based functional connectivity

Figure 3 and Table 3 show task-based functional connectivity differences between SCA6 and
control groups for the five sensorimotor cortex and SMA regions significantly correlated
with severity of ataxic symptoms (see our correlation findings). The contralateral S1
revealed no significant difference in task-based functional connectivity between groups.
However, task-based functional connectivity between contralateral M1 and SMA was
decreased in SCAG6 patients compared with controls. Further, less taskbased functional
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connectivity in SCA6 appeared between bilateral M1 and cerebellar regions (i.e., Vermis VI,
lobule I1-1V, V, and VI). Reduced task-based functional connectivity between bilateral SMA
and cerebellar regions (i.e., Vermis VI, lobule I-1V, V, and VI) occurred in SCAG6 patients

(Fig. 3).

Structural difference between groups: dMRI data

To determine structural changes in the cerebellum between SCA6 and control groups, we
investigated the free-water values and FAt using dMRI data for dentate nucleus, superior,
middle, and inferior cerebellar peduncles, lobules V and VI, and vermis. The independent t
test showed that free-water values in SCA6 were significantly increased compared with
controls for all seven ROIs of the cerebellum (Prppr < 0.05; Fig. 4b). However, no significant
difference in FAT appeared across the seven ROIs (Prpr > 0.05; Fig. 4b).

Relation between functional and structural changes and disease severity

In the SCA6 group, we examined the relation between functional changes of sensorimotor
cortex, SMA, and cerebellar regions and structural (free-water values in seven ROIs of the
cerebellum) and clinical measures of ataxia (i.e., ICARS and SARA). Figure 5 and Table 4
display significant correlation between severity of symptoms and functional activity in
cerebral cortex regions (i.e., bilateral SMA, bilateral M1, and contralateral S1), and free-
water values in superior cerebellar peduncle and lobule V. Reduced functional activity in the
sensorimotor cortex and SMA was significantly related to more severe ataxic symptoms as
indicated by higher ICARS kinetic, ICARS total, and SARA scores (Prpr < 0.05). Further,
elevated free-water values in superior cerebellar peduncle and lobule V were significantly
correlated with increased scores in ICARS kinetic, ICARS total, and SARA (Pzpg < 0.05).

Discussion

The poor recovery in SCAB patients combined with the progressive nature of the disease
may be a consequence of damage not only to the cerebellum but also to functionally
interconnected brain structures critical to motor control. Using a robust pinch grip force
control fMRI paradigm and free-water analyses of dMRI data, we found that SCA6 patients
have: (a) widespread reduction in task-related functional activity across sensory and motor
cortex including M1, S1, and SMA, and vermis and lobules 1-V1 of cerebellum, (b) reduced
task-based functional connectivity between the cortical motor regions (M1 and SMA) and
cerebellum (vermis and lobules I-V1), (c) elevated free-water in the cerebellum and
importantly in the superior cerebellar peduncle, which is the efferent pathway, and (d) a
strong relation of more severe ataxia symptoms in SCAG to reduced functional activity in
sensorimotor cortex and SMA and increased free-water in the superior cerebellar peduncle
and lobule V. These findings point to widespread changes across sensorimotor cortex and
cerebellum in SCA6.

Task-based fMRI analysis revealed that functional activity in SCA6 patients was extensively
decreased throughout the sensorimotor cortex, SMA, and cerebellar regions. Specifically,
bilateral M1, SMA, S1, vermis, and lobule 1-VI were hypoactive in SCA6 patients
compared with controls. Our results in the cerebellum are consistent with Stefanescu and
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colleagues’ findings that functional activity in the cerebellar lobule V-VI decreased in
individuals with cerebellar degeneration (SCA3, SCAG6, and Friedreich’s ataxia) compared
with controls (Stefanescu et al. 2015). At the same time, we extend the literature by also
showing reduced motor cortical activity in SCA6 compared with controls, and a strong
relation between the functional activity in cortical regions (M1, SMA, and S1) and disease
severity. Consistent with a previous fMRI-study in the patients with cerebellar ataxia
(Stefanescu et al. 2015), no significant relation was found between functional activity in
cerebellar regions and clinical ratings of ataxia. To our best knowledge, the current study is
the first one to report functional changes in the sensorimotor cortex and SMA in relation to
the severity of ataxic symptoms consistent with the hypothesis of extracerebellar damage
advanced by Gierga and colleagues (Gierga et al. 2009).

Moreover, we explored task-based functional connectivity within motor cortex and between
motor cortex and cerebellum regions. Across seed placed in bilateral M1, SMA, and
contralateral S1, SCA6 patients showed decreased task-based functional connectivity
between cortico-cortical regions (M1 vs. SMA) and cortical-cerebellar regions (M1 vs.
Vermis VI and SMA vs. lobule V=VI). Falcon and colleagues reported that effective
connectivity between visual-related cortex and intermediate and lateral cerebellum was
reduced in individuals with more severe ataxic symptoms compared with healthy controls,
presymptomatic, and mild SCA®G patients (Falcon et al. 2015). Our current findings provide
new evidence that functional connectivity is also impaired in SCA6 in motor-related regions
of the cortex and cerebellum.

For the first time in a cohort of SCAG6 patients, free-water and FAT measures have been
calculated based on dMRI data using a bi-tensor model. We found that free-water values in
the seven ROIs (dentate nucleus, superior cerebellar peduncle, middle cerebellar peduncle,
inferior cerebellar peduncle, lobule V and VI, and vermis) were significantly increased in
SCAG patients compared with age-matched healthy controls whereas the FAT values did not
differ between two groups. These findings are consistent with the literature on Parkinson’s
disease (PD) which indicates: (a) higher free-water values in the posterior substantia nigra of
PD than controls, but no difference in FAt values for PD (Ofori et al. 2015b) and (b) further
elevation of free-water in the posterior substantia nigra of PD patients after 1 year (Ofori et
al. 2015c¢). Given that free-water values could be associated with changes in diffusion across
the extra-cellular space, and may relate to mechanisms such as atrophy, neuroinflammation,
or altered cellular density (Maier-Hein et al. 2015; Pasternak et al. 2012; Wang et al. 2011),
it is possible that free-water values are more sensitive than FAT for detecting changes in
SCAG. It is also important to note that in a recent study examining patients with multiple
system atrophy and progressive supranuclear palsy, free-water values in both of these
diseases were elevated in the middle and superior cerebellar peduncles (Planetta et al.
2015b). Further, patients with PD did not have changes for free-water or FAT in the
cerebellar peduncles. In the current study, we did not observe changes in FAT for SCAG;
however, in the study of progressive supranuclear palsy it was found that FAT was
substantially decreased in the superior cerebellar peduncle compared with PD and control
subjects. The free-water value in the superior cerebellar peduncle of the progressive
supranuclear palsy patients was on average equal to 0.66 (SD = 0.10), whereas the current
study found free-water values equal to 0.46 (SD = 0.12) for SCAG patients. It could be that
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free-water must elevate to a threshold before one observes reduced FAT values in regions
such as the superior cerebellar peduncle, and that in the SCA6 subjects they could eventually
exhibit reduced FAT as the disease progresses and becomes more severe.

By conducting correlation analyses on dMRI data in relation to clinical assessments, we
observed a strong relation between free-water elevation in SCA6 and severity of disease
symptoms. Specifically, elevated free-water values in the superior cerebellar peduncle and
lobule V were significantly related to more severe ataxia symptoms as indicated by higher
scores in ICARS and SARA. A significant relation between altered structural integrity in the
cerebellum and disease severity is consistent with previous findings that reduced volume in
the whole cerebellum, dentate, and superior cerebellar peduncle using structural MRI was
correlated with increased ICARS and SARA scores for the patients with cerebellar ataxia
(SCAS3, SCAG, and Friedreich’s ataxia) (Eichler et al. 2011; Sato et al. 2015; Stefanescu et
al. 2015). Further, free-water values in the cerebellum may be an effective marker for
estimating structural changes in relation to disease severity of SCA6 patients. The superior
cerebellar peduncle is an efferent pathway and projects signals to the thalamus that relays
signals to the primary motor cortex and premotor cortices (Watson et al. 2014). Moreover,
lobule V receives input from M1 via the pons (Kelly and Strick 2003), and is relevant to
upper extremity functions (Purves et al. 2012). Thus, the current findings indicate structural
alterations not only in the cerebellar lobule but also impairment of the efferent pathways
from the cerebellum to the motor cortex.

There were some limitations that are important to consider in this study. The current study
focused on a handgrip motor control task, and the results may not extend to other effectors
such as the oculomotor or lower limb. Further, we included right and left handed people
given the rare nature of SCAGB, and it is possible that including these samples influenced the
current outcome. Finally, the relation between ataxia severity and both fMRI and dMRI
outcomes were cross-sectional, and future longitudinal studies would be needed to confirm
that these measures change over time.

In conclusion, the current study revealed decreased functional activity in M1, S1, SMA,
cerebellar lobule 1-VI, and cerebellar vermis along with elevated free-water values in
superior cerebellar peduncle and lobule V of the cerebellum. Further, reduced functional
activity in M1, S1, and SMA in addition to elevated free-water in superior cerebellar
peduncle and lobule V, were strongly related to more severe ataxic symptoms. Collectively,
these findings suggest that brain changes in SCA6 extend beyond the cerebellum, and point
to functional and structural alterations along the cerebello-cortical pathways that are strongly
related with the degree of motor severity observed in these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MRI session = 8 Blocks (7 min 20 s)

3. Hold

Fig. 1.

4. Relax

Pinch grip force control task in MRI scanner. Grip force apparatus (a). MRI session with
eight blocks (b). Block design including 10 trials (c). Visually guided force control task (d)
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Fig. 2.
Functional MRI results between SCAG6 and controls. Functional activity for each group.

Warm (yellow) colors indicate where BOLD (blood oxygen level-dependent) activity was
positive (a). Functional activity difference between two groups. Warm (yellow) colors
indicate where BOLD activity in controls was greater than SCAG6 whereas cold (blue) colors
denote where BOLD activity in controls was less than SCA6 (b). C contralateral
hemisphere, /ipsilateral hemisphere, M1 primary motor cortex, PUT putamen, SI primary
somatosensory cortex, SFG superior frontal gyrus, SMA supplementary motor area
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Controls vs. SCA6
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Fig. 3.
Task-based functional connectivity results between SCA6 and controls. Task-based

functional connectivity between contralateral M1 vs. cerebellum (/eff) and contralateral
SMA vs. cerebellum (right). Warm (yellow) colors indicate where task-based functional
connectivity was positive (a). Task-based functional connectivity difference between two
groups. Warm (yellow) colors indicate where task-based functional connectivity in controls
was greater than SCA6 whereas cold (blue) colors denote where task-based functional
connectivity in controls was less than SCAG6 (b). C contralateral hemisphere, /ipsilateral
hemisphere
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Fig. 4.

Regions of interest (ROIs) and diffusion MRI results. Seven ROIs in the cerebellum (a).
Free-water values (/eff) and free-water corrected fractional anisotropy (FAT; right) between
SCAG and controls (b). /CPinferior cerebellar peduncle, 795:256MCP middle cerebellar
peduncle, SCPsuperior cerebellar peduncle. Data represent mean + standard error
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Fig. 5.

Regpresentative relation between functional and structural changes in brain and ataxia
severity. Percent signal change in the sensorimotor cortex (M1 and S1) notes changes in
functional activity. Free-water values in the superior cerebellar peduncle (SCP) indicate
structural changes. Clinical assessments for ataxia include ICARS (scale = 0-100) and
SARA (scale = 0-40) total values; Aigher scores indicate more severe ataxia symptoms
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