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Figure | Characteristic structural MRI examples. (A) A control subject (67 years, male); (B) a patient with SCA6 (54 years, male); (C) a
patient with Friedreich’s ataxia (FRDA; 32 years, female); and (D) a patient with SCA3 (58 years, female). Top row: Axial slices of MPRAGE
acquisition. Small insert shows sagittal images. Marked cerebellar atrophy is visible in the patient with SCA®, large fourth ventricle in the patient
with SCA3, and mild atrophy of the spinal cord in the patient with Friedreich’s ataxia. Second row: Axial slices of SWI acquisition of the same
subjects. Dentate nuclei are visible as hypointensities. Drawings of the dentate nuclei used for quantification of volumes are superimposed on the
left (red). Dentate nuclei were smaller in the three patients. Dentate atrophy was most marked in the patient with SCA6. Bottom row: Axial slices
of EPI acquisition. Bean-shaped drawings of the dentate nuclei used for region of interest-based normalization are superimposed on the left (red).

L = left; R = right.

outside the scanner for at least 10 min. During training sub-
jects were able to look at their hand. In the scanner, following
the anatomical scan, subjects received a brief training period
without scanning, which was followed by a brief training
period with scanning to make sure movements were done
only during active blocks and with the correct frequency. All
subjects used their right hand, and there was the same number
of left handers in the patient and their matched control groups.
An MRI-compatible glove (SDT-Data-Glove-14-MRI; Fifth
Dimension Technologies; http://www.5dt.com) was used to
monitor movements during scanning and to analyse perform-
ance off-line. Finger flexion was measured based on fibre optic
sensors (two sensors per finger; sampling rate 100 Hz). In case
subjects missed active blocks or moved during rest blocks,
scanning sessions were interrupted and repeated. Glove data
were processed with self-written software in MATLAB®.
Movement frequency and amplitude were assessed based on
the distal sensor of the middle finger. Analyses of variance
with repeated measures were used to compare between
groups and blocks (PASW Statistics 18, formerly SPSS).

Functional MRI data acquisition

Subjects performed nine rest blocks and eight active blocks.
Each run started and ended with a rest block. Rest blocks
included 10 scans and lasted 30.6s, and active blocks lasted
32.4s and included 11 scans. Functional images were acquired
using a 2D echoplanar imaging (EPI) sequence: repetition
time = 3000 ms, echo time = 20 ms, acquisition time = 9.26 min,
fat saturation flip angle = 30°, phase partial Fourier 7/8, field

of view =220 x 220mm?, matrix 110 x 110, bandwidth =
1108 Hz/Px,  slice  thickness  2.0mm,  voxel size
2.0mm x 2.0 mm x 2.2 mm. Parallel MRI (parallel acquisition
techniques) GRAPPA with an acceleration factor R =3 was
used to reduce image distortions (Poser and Norris, 2009)
which was further aided by the fast gradient mode and a
raw filter. Each EPI session consisted of a total of 178 (nine
rest blocks x 10 scans, eight active blocks x 11 scans) mosaic
scans with 72 coronal slices. Four dummy scans were included
at the beginning and one at the end of the session. The gradi-
ent shape of the EPI readout gradients was sinusoidal. Coronal
orientation was used with phase encoding in the feet to head
direction (Thiirling et al., 2011).

The Siemens Physiologic Monitoring Unit (PMU) was used
to collect breathing and pulse rate synchronized to magnetic
resonance scanning (www.medical.siemens.com/). Pulse oxim-
etry was recorded using a wireless recording device clipped to
the subjects’ left index finger. A respiratory bellows was at-
tached to the subject using a belt. The latter was part of the
Siemens Physiological ECG and Respiratory Unit (PERU). The
signals of these sensors were monitored during scanning and
used off-line as regressors (see below).

7 T functional MRI data analysis

SPM8 (Wellcome Department of Cognitive Neurology,
London, UK) was used to analyse the MRI data. The five
dummy scans and the last scan of each of the eight active
blocks were excluded. One hundred and seventy functional
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scans were included in the analysis. The functional images
were realigned and resliced with respect to the first volume
from the first block, providing the six parameters of an
affine ‘rigid-body’ transform and a mean image per partici-
pant. Functional MRI data were analysed with a region of
interest approach. Regions of interest were the cerebellar
cortex, and dentate nuclei. In addition, cerebral activations
with a focus on primary motor cortex were analysed to ex-
clude a general and therefore non-specific decrease of func-
tional MRI signal in patients.

DARTEL normalization was used to morph the individual’s
entire brain into the MNI atlas space (Ashburner, 2007).
Normalization of the cerebellum was performed using the
SUIT v2.7 toolbox in SPM8 (www.icn.ucl.ac.uk/motorcon-
trol/imaging/suit.htm;  Diedrichsen, 2006). RETROICOR
(retrospective image-based correction) was applied to correct
for physiological motion effects (Glover et al., 2000). PhLEM
Toolbox (https:/sites.google.com/site/phlemtoolbox/) and self-
written software in MATLAB® were used to prepare pulse and
breathing data as regressors (Verstynen and Deshpande, 2011).
The default brightness threshold (defaults.mask.thresh) in SPM
was set to 0.3 to avoid exclusion of voxels in the dentate
nucleus, which have very low mean signal intensity due to
high iron content (Diedrichsen et al., 2011; Stefanescu et al.,
2013). First-level statistical analysis (first general linear model,
GLM; Friston et al., 1995) was applied with a temporal high-
pass filter (cut-off 128's) to remove slowly varying trends.

One sample #-tests (active blocks > rest blocks) were per-
formed for each group (SCA6, Friedreich’s ataxia, SCA3,
SCA6 controls, Friedreich’s ataxia controls, SCA3 controls).
Paired sample -tests (controls > patients; patients > controls)
were performed to compare between patient groups and their
matched controls. Age and movement frequency were used as
covariates of no interest. Height threshold was set as
P < 0.001 regarding the cerebrum, primary motor cortex
and cerebellar cortex, and P < 0.01 regarding the cerebellar
nuclei. Bootstrapping was used to correct for multiple com-
parisons (Hayasaka and Nichols, 2003). Sets of group samples
were selected from contrast images, and each independently
multiplied with 1 or—1 to randomize the sign. For each of
these fake data sets, a t-map was calculated and the t-value
was determined at the uncorrected threshold P < 0.001 (cere-
brum, primary motor and cerebellar cortex) and P < 0.01
(cerebellar nuclei). Repeating this process 10 000 times, thresh-
old values that would only occur in 5% of the random data
sets were determined. The minimal cluster size was obtained
for both the patient and control groups. In case the cluster size
criterion was fulfilled, activation was regarded as significant.

Normalization of cerebral cortex

Functional data were normalized to the DARTEL anatomical tem-
plate (colin27T1_seg.nii) with 1.5 mm? isotropic resolution that
matched the anatomical image. After smoothing the normalized
data with a Gaussian filter of § mm full-width at half-maximum,
the first statistical step was applied with the physiological data
correction as nuisance regressors for each individual participant.
The cerebrum (excluding the cerebellum) of the DARTEL ana-
tomical template was used as explicit mask. Region of interest of
the primary motor cortex was defined based on the SPM Anatomy
toolbox v2.0 (Eickhoff et al., 2005). Small volume correction was
performed (Geyer et al., 1996).
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Normalization of cerebellar cortex

For the normalization of the cerebellar cortical data, the
T;-weighted images were deformed to fit the spatially unbiased
atlas template (SUIT) of the human cerebellum using the SUIT
toolbox (version 2.7) in SPMS8 (http:/www.icn.ucl.ac.uk/
motorcontrol/imaging/suit.htm; Diedrichsen, 2006). Initially
the program isolates the cerebellum and creates a mask.
These masks were manually corrected with the help of
MRIcron  software  (http://www.mccauslandcenter.sc.edu/
mricro/mricron/). SUIT toolbox version 2.7 wuses the
DARTEL-algorithm for normalization (Ashburner, 2009),
which deforms the cerebellum to simultaneously fit the prob-
ability maps or cortical grey matter, white matter and deep
cerebellar nuclei to an atlas template. This non-linear deform-
ation was then applied to each contrast image from the indi-
vidual participants. The normalized images were then
smoothed by a 3D convolution with an isotropic Gaussian
kernel of 6 mm full-width at half-maximum. Small volume cor-
rection was performed based on the probabilistic atlas of the
cerebellar cortex (Diedrichsen et al., 2009).

Normalization of dentate nuclei

Region of interest-based SUIT normalization was used to nor-
malize the dentate nuclei (Diedrichsen et al., 2011). Dentate
nuclei were visually identified as hypointensities in the re-
aligned echoplanar images (Fig. 1). Bean-shaped dentate
nuclei were traced manually as rough ‘hull’ regions of interest
using MRIcron (http://www.mccauslandcenter.sc.edu/mricro/
mricron/). It cannot be fully ruled out that ‘hull’ regions of
interest included parts of the interposed nuclei because a clear
separation between the dorsorostral dentate and interposed
nuclei was frequently not possible in the EPI scans. In addition
to SUIT DARTEL normalization, region of interest-based SUIT
normalization attempts to simultaneously match the Ty-
weighted image of the individual to the high-resolution SUIT
template and the individual ‘hull’ region of interest to a SUIT
template of the dentate nuclei (Diedrichsen et al., 2011). The
contrast images were masked to include only dentate voxels,
normalized to the most recent SUIT dentate template, spatially
resampled to 1mm x 1mm x 1mm, and smoothed with a
Gaussian  filter of 2mm full-width at half-maximum
(Diedrichsen et al., 2011; Kiiper et al., 2011). To localize the
dentate activations, the dentate template was divided into four
subdivisions: dorsorostral, dorsocaudal, ventrorostral, and
ventrocaudal as described by Kiiper ez al. (2011).

Results

Structural MRI

Figure 1 (top row) shows individual examples of MPRAGE
images. Marked atrophy of the cerebellum is present in the
patient with SCA6, and mild atrophy with enlargement of
the fourth ventricle is seen in the patient with SCA3. In the
patient with Friedreich’s ataxia, the size of the cerebellum is
not different compared to the control subject, but mild at-
rophy of the cervical cord can be observed. On a group
level, cerebellar volume (% TICV) was significantly reduced
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Figure 2 Volumetric analysis of cerebellum and dentate nuclei. Group mean volumes and standard deviations of (A) cerebrum
(cerebellum excluded), (B) cerebellum, and (C) dentate nuclei (sum of right and left) in patients with SCA6, Friedreich’s ataxia, and SCA3 and
their matched control groups. Volumes are expressed as percentage of the total intracranial volume (% TICV). Scatter plots comparing total SARA
score and volume of the cerebellum and dentate nuclei in patients with SCA6 are shown in D and E. Note negative correlations.

in patients with SCA6 compared to matched controls
[T(13.91) = —4.54, P < 0.001; unpaired #-test, assuming un-
equal variances] and in patients with SCA3 compared to
matched controls [T(18) = —3.35, P =0.004] (Fig. 2B).
Volume reduction was less in patients with SCA3 compared
to those with SCA6. In patients with Friedreich’s ataxia, cere-
bellar volume was not significantly different [T(22) = —0.40,
P =0.68]. There was no significant difference in cerebral
volume expressed in % TICV comparing patient groups
and their matched controls (P-values > 0.7) (Fig. 2A).

Figure 1 (middle row) shows SWI images of the same
individuals shown in the top row. Dentate nuclei are seen
as hypointensities. Dentate nuclei were smaller in the three
patients compared to the control subject. Nuclei were smal-
lest in the patient with SCA6. Likewise, on the group level,
volumes of dentate nuclei (% TICV) were most markedly
reduced in SCA6 patients compared to matched controls
[T(20) = —5.93, P < 0.001; unpaired t-test] (Fig. 2C). In
2 of 12 patients with SCA6, dentate nuclei were not visible
in the SWI images and were not included in the group
mean. Dentate volumes were also smaller in Friedreich’s
ataxia and SCA3 patients compared to their matched con-
trols [Friedreich’s ataxia versus matched controls:
T(22) = —2.73, P=0.012; SCA3 versus matched controls:
T(18) = —3.60, P = 0.002] (Fig. 2C).

There was a significant negative correlation comparing
both cerebellar and dentate volumes with total SARA
score in SCA6 patients (cerebellar volume: R = —0.716,
P=0.009; dentate volume: R=-0.780, P =0.008;
Pearson correlation coefficient; Fig. 2D and E). Note that
the two patients with SCA6 with absent dentate nuclei
(therefore not included in correlation analysis of SARA
and dentate volume) had the highest SARA scores in the
SCA6 group, i.e. were the most clinically affected (total
SARA scores: 20.5 and 25). No significant correlations
were observed in patients with SCA3 and Friedreich’s
ataxia (R values = —0.270-0.084, P-values = 0.450—
0.956). The more diffuse brain pathology in Friedreich’s
ataxia and SCA3 compared to SCA6 may explain the
lack of correlation.

No significant correlations were observed comparing
trinucleotide repeat lengths and degree of atrophy of the
cerebellar cortex and nuclei in any of the three groups (all
P-values > 0.05). The best correlation coefficient was
observed comparing CAG-repeat length and atrophy of
the dentate nuclei in patients with SCA6 (R = —0.583,
P =0.076).

Functional MRI

Behavioural data

Subjects were expected to perform 27 opening and closing
movements of the fist within one active block of 32.4s.
This number was very closely met by all patient groups
(SCA6 =mean 26.47 SD 1.4; Friedreich’s ataxia = 26.36
SD 0.81; SCA3 =26.88 SD 0.15) and their matched con-
trols (SCA6 controls =26.95 SD 0.07; Friedreich’s ataxia
controls =26.98 SD 0.05; SCA3 controls =26.89 SD
0.19) (Supplementary Fig. 1A). Analysis of variance with
repeated measures showed no significant differences in
movement frequency between SCA6 and SCA3 patients
and their matched controls [SCA6 versus controls:
F(1,22)=1.36, P=0.255; SCA3 versus controls:
F(1,18) = 0.006, P =0.938]. The small difference between
Friedreich’s ataxia patients and controls was significant
[F(1,22) =6.92, P=0.015]. There were no block effects,
and no block by group interactions (all P-values > 0.098).

Regarding movement amplitudes, there were no signifi-
cant differences between any of the patient and control
groups (all P-values > 0.085). There were no significant
block effects (all P-values > 0.117), and no significant
block x group  interactions  (all  P-values > 0.232)
(Supplementary Fig. 1B).

Functional MRI data

Cerebral activations

Activation of the cerebral cortex was strongest in left pri-
mary motor cortex (Brodmann area 4; M1) in the three
patient groups and their matched

control  groups.
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Figure 3 Functional MRI results in the left primary motor cortex. Hand movement-related activations in one of the control groups
(Friedreich’s ataxia controls) and in the three patient groups (SCA®, Friedreich’s ataxia, SCA3) are shown in A—D (one-sample t-tests). Data are
shown at a height threshold of P < 0.001 uncorrected; see Supplementary Table 2 for bootstrap-corrected cluster-size thresholds. Age and
movement frequency were used as covariates of no interest. Functional MRI results are mapped onto axial sections of the colin27T|_seg template
from the Anatomy toolbox v2.0 (Eickhoff et al., 2005). Positions of the coronal slices are indicated in a sagittal view of the template. z = MNI

coordinate.

Subtraction analysis did not reveal significant differences
within left area 4 between any of the three disease groups
and their matched control groups (P < 0.001, bootstrap-
corrected cluster-size threshold; paired samples #-test).
Activations of left area 4 are shown in Fig. 3, and local
maxima and cluster sizes are summarized in Supplementary
Table 2. For illustration purposes, functional MRI data are
shown in only one of the matched control groups
(Friedreich’s ataxia controls) compared to the three patient
populations throughout this article.

Considering whole brain analysis, additional activations
were present in secondary motor areas as well as primary
and secondary sensory areas in both patient and control
groups (for details see Supplementary material,
Supplementary Fig. 2 and Supplementary Table 3).
Compared to their matched control groups, patients with
SCA6 showed higher activations in the left anterior

cingulate gyrus, and patients with Friedreich’s ataxia
showed higher activations in left Brodmann area 6
(P < 0.001, bootstrap-corrected cluster-size threshold;
paired samples t-test). In the SCA3 group, activations
were more prominent in Brodmann area 6 with additional
activations of inferior frontal gyrus (Brodmann area 44)
bilaterally compared to controls. In addition, activation in
secondary sensory areas was more extended. However,
none of these differences was significant (for details on
group comparisons see Supplementary materials and
Supplementary Table 4).

Cerebellar cortex

Figure 4A shows that hand movements led to strong acti-
vations within the known superior (lobules V and VI) and
inferior (lobule VIII) hand representations in the cerebellar
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Figure 4 Functional MRI results in the cerebellar cortex. Hand-movement-related activations in one of the control groups

(A, Friedreich’s ataxia controls) and the three patient groups (B, SCA6; C Friedreich’s ataxia; D, SCA3) are mapped onto coronal sections of
the cerebellar SUIT template (Diedrichsen, 2006) (P < 0.001 uncorrected). Significant group comparisons are shown in E and F (SCA6
controls > SCA®6; Friedreich’s ataxia controls > Friedreich’s ataxia; paired t-tests). Data are shown at a height threshold of P < 0.001 uncor-
rected; see Tables | and 2 for bootstrap-corrected cluster-size thresholds. Age and movement frequency were used as covariates of no interest.
Positions of the coronal slices are indicated in a sagittal view of the SUIT template. y = SUIT coordinate; Roman numerals refer to: cerebellar

lobules according to Schmahmann et al. (1999).

cortex in controls (P < 0.001, bootstrap-corrected cluster-
size threshold) (Grodd et al., 2001; Stefanescu et al., 2013).
As expected, activation was strongest on the right, i.e. ip-
silateral to the movement. Hand-movement-related activa-
tion was less in all three patient groups compared to their
matched control group (Fig. 4B-D). Remaining activations
were most pronounced in the patients with SCA6 and least
in the patients with Friedreich’s ataxia. Whereas the general
pattern of activation was comparable to the controls in
patients with SCA6 and Friedreich’s ataxia, with a focus
on the right superior hand representation (lobules V/VI), it
was different in the patients with SCA3. Although
activation of right lobule V (and VIII) was observed in
the SCA3 group, activation was most prominent in the
posterior and inferior cerebellum (maximum in Crus I) on

the left. Local maxima and cluster sizes are summarized in
Table 1.

Comparing SCA6 patients with their matched control
group showed significantly higher activations in controls
with a focus in right lobules V and VI (P < 0.001, boot-
strap-corrected cluster-size threshold, paired samples z-test;
Fig. 4E and Table 2). Likewise, comparing patients with
Friedreich’s ataxia and their matched controls showed sig-
nificantly higher activations in controls that were most
prominent in lobules V and VI (Fig. 4F and Table 2).
There was no significant difference comparing patients
with SCA3 and matched controls, possibly because activa-
tion in individual patients with SCA3 were scattered across
the entire cerebellum and showed very little overlap (data
not shown).
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Table 2 Functional MRI results in the cerebellar cortex: significant group comparisons

Group Height Expected Group Height threshold Expected
threshold voxels voxels
I cluster I cluster
SCA6 Controls > SCA6 3.485 144 FRDA Controls > FRDA 3.485 124
Vol Vol [mm?] Area t-value xyz Vol Vol Area t-value xy z [mm]
[mms] per lob [mm] [mms] [mms]
per lob
- - Right IV - - [817* [81] [Right V] [4.83] [6 -56 -1]
549 359 Right V 4.29 2 —69 -9 404 120 Right V 3.95 2] —52 —-25
1985 440 Right V 4.05 21 —54 — 14 - Right V - -
1545 Right VI 4.88 26 —55 —27 284 Right VI 4.00 22 —52 —-25
240 86 Right Crusll 4.54 3 -8l -33 - - Right Crusll - -
123 Left Crusll ~ 4.39 -1 —82 -33 - — Left Crusll - —
508 508 Left VI 4.47 —31 —60 —23 203 203 Left VI 4.57 —20 —59 —29
305 145 Left VII 439 —13 =71 =51 - - Left VII - -
115 Left Vllla 4.46 —13 =70 —51 323 40 Left Vllla 3.98 —23 —56 —54
280 Left VIlIb 4.28 —21 —52 —55

Age and movement frequency were used as covariates of no interest. Data of group comparisons that showed significant differences are shown: SCAé controls > SCA6 and
Friedreich’s ataxia controls > Friedreich’s ataxia. Results of two-sample t-tests are shown at height thresholds of P < 0.001 uncorrected and bootstrap-corrected cluster-size
thresholds (< k>). Vol [mm®] = volume of the blood-oxygenation-level-dependent signal in a cluster; Vol [mm?] per lob = volume of the blood-oxygenation-level-dependent signal in
a cerebellar lobule (Diedrichsen et al., 2009); t-value = peak value of the cluster; x, y, z [mm] in SUIT coordinates; * = expected number of voxels / cluster not reached.

FRDA = Friedreich’s ataxia.

Correlation analysis between mean individual beta values
in the cerebellar cortex (lobules IV-VIII) and total SARA
scores, and between beta values and trinucleotide repeat
length was performed in the three patient groups. No sig-
nificant correlations were observed (all P-values > 0.05).
The best correlation coefficients were observed in SCA3
patients comparing beta values in right lobule V and
SARA score (R =—0.603, P=0.065), and in Friedreich’s
ataxia patients comparing beta values and GAA-repeat
lengths in lobule VIII on the right (right lobule VIII:
R =0.656, P =0.055; left lobule VIII: R =0.612, P =0.08;
Pearson’s correlation coefficient, two-sided).

Dentate nuclei

Activation related to hand movements was found in dentate
nuclei bilaterally in controls (P < 0.01, bootstrap-corrected
cluster-size threshold; Fig. 5 and Table 3). Activation was
strongest in the right dorsorostral dentate and extended
into the dorsocaudal and ventral parts of the nuclei.
Activation was less in the three patient groups. In the
Friedreich’s ataxia group, no significant activation was
observed (Fig. 5C). In SCA6 patients, the pattern of acti-
vation was similar to controls with most pronounced acti-
vations in the dorsal parts (P < 0.01, bootstrap-corrected
cluster-size threshold; Fig. 5B). The pattern of activation in
SCA3 was different and most pronounced in the ventral
parts of the dentate nuclei bilaterally (Fig. 5D).

Group comparisons showed significantly greater dentate
activation in matched controls compared to patients with
SCA®6, and in matched controls compared to Friedreich’s
ataxia patients (Fig. SE and F and Table 3) (P < 0.01,
bootstrap-corrected cluster-size threshold, paired samples
t-test). SCA3 patients showed significantly more activation

in the ventral part of the dentate compared to matched
controls (Fig. 5G).

Correlation analysis between mean individual beta values
in the dentate nuclei and total SARA scores, and between
beta values and trinucleotide repeat lengths was performed
in the three patient groups. No significant correlations were
observed (all P-values > 0.05). The largest Pearson’s correl-
ation coefficient was observed comparing beta values in left
dentate and total SARA score in SCA6 patients (R = 0.541,
P =0.070).

Discussion

Structural and functional MRI abnormalities were observed
in patients with SCA6, Friedreich’s ataxia, and SCA3 on
the level of the cerebellar cortex and cerebellar nuclei. As
expected, volume of the cerebellum was most markedly
reduced in SCA6, with no significant reduction in
Friedreich’s ataxia and a slight decrease in SCAS3.
Atrophy of the cerebellar nuclei, however, was not only
present in Friedreich’s ataxia and SCA3, but also in
SCA6. In fact, volume reduction of the nuclei was most
marked in SCA6. On a functional level, functional MRI
signal was altered both within the cerebellar cortex
and the nuclei in the three disorders. In the nuclei, the
reduction was most prominent in Friedreich’s ataxia.
Different from initial expectations, the decrease of func-
tional MRI signal in the cerebellar cortex appeared more
prominent in SCA3 and Friedreich’s ataxia than in SCA6.
In the following, these findings will be discussed in further
detail in the light of the known pathohistology of the
diseases.
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Figure 5 Functional MRI results in the dentate nuclei. Hand movement-related activations in one of the control groups (A, Friedreich’s
ataxia controls) and the three patient groups (B, SCA6; C, Friedreich’s ataxia; D, SCA3) are mapped onto axial sections of the dentate template
(Diedrichsen et al., 201 1). Significant group comparisons are shown in E (SCA6 controls > SCA®), F (Friedreich’s ataxia controls > Friedreich’s
ataxia) and G (SCA3 > SCA3 controls; paired t-tests). Data are shown at a height threshold of P < 0.0 uncorrected; see Table 3 for bootstrap-
corrected cluster-size thresholds. Age and movement frequency were used as covariates of no interest. Subdivisions of the dentate nuclei:
DorsRost = dorsorostral; DorsCaud = dorsocaudal; VentRost = ventrorostral; VentCaud = ventrocaudal (according to Kiiper et al., 201 I).

z = SUIT coordinate.

SCA6

Atrophy of the cerebellum is well known in SCA6 and, as
expected, was confirmed in the present study (Lukas et al.,
2006; Schulz et al., 2010). Cerebellar atrophy is caused by
degeneration of the cerebellar cortex (Sasaki et al., 1998;
Yang et al., 2000). The cerebellar nuclei have commonly
been thought to be preserved in SCA6. In SWI images, how-
ever, marked atrophy of the cerebellar nuclei was observed
both on the group and individual level. Reduced size of
cerebellar nuclei has also been reported in a small group
of SCA6 patients using diffusion tensor imaging (DTI; Du
et al., 2010). These findings support more recent histological
data that show degeneration of the cerebellar nuclei in SCA6
(Wang et al., 2010; Koeppen et al., 2013; Riib ez al., 2013).

Atrophy of the cerebellar nuclei has also been observed in
the Lurcher mouse, which is a model of primary Purkinje
cell degeneration. Heckroth (1994) reported a total nuclear
volume reduction of 60%. Assuming similar pathogenesis
in SCA6, degeneration of the cerebellar nuclei must be sec-
ondary to the Purkinje cell degeneration (Triarhou et al.,
1987; Linnemann et al., 2004). In SCA3 and Friedreich’s
ataxia grumose degeneration of the Purkinje cell-nuclear
cell synapse is followed by anterograde degeneration of
cerebellar nuclei, but not by retrograde degeneration of
the Purkinje cells (Koeppen, 2005; Koeppen and
Mazurkiewicz, 2013). This difference may explain why nu-
clear atrophy appeared more pronounced in SCA6 than in
Friedreich’s ataxia and SCA3. Later age of onset in SCA6
may further contribute. Disease duration cannot explain
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Table 3 Functional MRI results in the cerebellar nuclei in the three patient groups (SCA6, Friedreich’s ataxia, SCA3)

and controls

Controls (n=12) SCA6 FRDA SCA3
<k> =89 T=2718 <k> =102 T=2.718 <k> =174 T=2.718 <k> =100 T =2.821
Side Vol t- xXyz Vol t- xXyz Vol t- xXyz Vol t- xXyz
[mm3] value [mm] [mms] value [mm] [mm3] value [mm] [mm3] value [mm]
Dentate Right 395 639 20 —54 -37 97 430 Il —61 =32 - - - 180 479 11 —63 —38
492 16 —54 —36 400 13 —56 —3lI - - 394 19 —52 —-37
Left 673 582 —14 —-55 —30 II2 652 —10 —63 —30 — - - 90 564 —11 —65 —36
476 —18 —52 —37 285 —16 —55 —35 - - 11 490 —14 —62 —41
SCA6 Controls > SCA6 FRDA Controls > FRDA SCA3 > SCA3 Controls
<k> =88 T =2.500 <k> =88 T =2.500 <k> =106 T =2.539
Side Vol t-value xyz Vol t-value Xyz Vol t-value xXyz
[mm?] [mm] [mm?] [mm] [mm?] [mm]
Dentate  Right  [57]* [4.19] [I8 —64 —32] 350 4.39 18 —53 —36 255 5.61 15 —63 —38
331 19 —62 —33
Left 130 3.82 —11 —-53 —33 180 5.80 =[5 =5 = 5.60 =l =G4 =3/
3.03 —19 —54 -33 3.54 —19 —51 —4I

Age and movement frequency were used as covariates of no interest. For simplification, functional MRI data are shown in only one of the matched control groups (Friedreich’s ataxia
controls). Results of one-sample t-tests are shown in the upper rows and results of two-sample t-tests in the lower rows. Only results of group comparisons that were significant are
shown (SCA6 controls > SCA®; Friedreich’s ataxia controls > Friedreich’s ataxia; SCA3 > SCA3 controls). Results are shown at height thresholds of P < 0.01 uncorrected (T) and
bootstrap-corrected cluster-size thresholds (<k>). Vol [mm?] = volume of the blood-oxygenation-level-dependent signal in the dentate nucleus. t-value = peak value of the cluster;
X, ¥, z [mm] in SUIT coordinates; * = expected number of voxels / cluster not reached. FRDA = Friedreich’s ataxia.

the difference, as it was significantly longer in Friedreich’s
ataxia compared to SCA6 patients, but similar between
SCA6 and SCA3 patients. Comparative post-mortem stu-
dies are needed for clarification.

As expected, functional MRI revealed a significant de-
crease of hand movement-related activation at the level of
the cerebellar cortex. It should be noted, however, that
decreased functional MRI signal is unlikely a direct reflec-
tion of the reduced number of Purkinje cells. Recent studies
investigating the underlying physiology of functional MRI
signals revealed that synaptic input of climbing and mossy
fibres as well as inhibitory interneurons increase functional
MRI signals in the cerebellar cortex, but not the spiking
rate of the Purkinje cells (Lauritzen et al., 2012).
Interneurons, climbing fibres, and parallel fibres seem to
be preserved in the molecular layer in SCA6 (Koeppen,
2005). A reduced number of synaptic Purkinje cell dendritic
targets likely explains reduced functional MRI signal.
Different from initial expectations, there was no compen-
satory increase of functional MRI signal within the cerebel-
lar nuclei. Rather, functional MRI signal was significantly
reduced in SCA6 patients compared to control subjects. As
yet, the physiology of functional MRI signal in the cerebel-
lar nuclei has not been studied. Excitatory collaterals of
mossy and climbing fibre afferent input may play a role.
Again, reduction of synaptic nuclear cell targets may
explain the decreased functional MRI signal. Because in-
hibitory synpases may also increase functional MRI
signal, reduced Purkinje cell afferents are another possible
cause.

Friedreich’s ataxia

As expected and in confirmation of findings in the litera-
ture, we did not observe a significant reduction of cerebel-
lar volume in Friedreich’s ataxia (Ormerod et al., 1994).
Cerebellar atrophy can occur in Friedreich’s ataxia, but this
is an uncommon finding. In addition, a significant size re-
duction of the cerebellar nuclei was observed. Degeneration
of the cerebellar nuclei is well known based on histological
studies (Koeppen and Mazurkiewicz, 2013), and volume
reduction in SWI images has already been shown in an-
other study by our group (Solbach et al., 2014).
Disordered iron metabolism is known to play a role in
Friedreich’s ataxia. Because iron content is already high in
the healthy dentate nuclei, cerebellar nuclei may be suscep-
tible for the disease. Iron accumulates in the mitochondria
(Richardson et al., 2010). Possible impact on the appear-
ance of dentate nuclei on SWI images, however, is likely
limited. Koeppen and coworkers have performed the most
detailed post-mortem analyses of the dentate nuclei in
Friedreich’s ataxia (Koeppen et al., 2007; Koeppen and
Mazurkiewicz, 2013). In contrast to neurodegeneration
with brain iron accumulation (NBIA) there is no overall
accumulation of iron in the cerebellar nuclei. The dentate
nuclei, however, are smaller in Friedreich’s ataxia com-
pared to healthy controls. Furthermore, total iron and fer-
ritin concentrations (micromol per gram wet weight) in the
dentate nuclei have been shown to be the same in
Friedreich’s ataxia as in healthy controls (Koeppen et al.,
2007). There is known mitochondrial iron overload in the
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Purkinje cell-dentate neuron synapse. Mitochondrial iron
dysmetabolism is thought to be the cause of grumose de-
generation of the Purkinje cell-dentate neuron synapse,
which is followed by consecutive loss of neurons within
the dentate nucleus. Notably iron distribution shifts at the
cellular level, but, as stated above, there is no change in
the total iron content. This shift of iron distribution at the
cellular level is unlikely to be detected with the spatial reso-
lution of SWI images. Furthermore, because there seems to
be no total increase of iron in the dentate nuclei, it appears
less likely that iron dysmetabolism is a major confound of
reduced functional MRI signal.

Note that previous magnetic resonance relaxometry stu-
dies seem to be at variance with histological data of normal
total iron content (Waldvogel et al., 1999; Boddaert et al.,
2007; Bonilha da Silva et al., 2014; see also Synofzik et al.,
2011 using transcranial sonography). Abnormal magnetic
resonance relaxometry (that is, reduced relaxation time) has
been interpreted as indication of increased iron content in
dentate nuclei in Friedreich’s ataxia. In a recent study of
our own group, however, we were unable to replicate these
findings (Solbach et al., 2014). We found smaller nuclei
volumes, but no change in magnetic resonance relaxometry
measures. Our region of interest was carefully placed
within the cerebellar nuclei (based on SWI images) and
did not include surrounding white matter. Because mag-
netic resonance relaxometry is not a specific indicator of
iron levels, especially if abnormal tissue is involved, other
factors such as abnormal tissue density, myelin content,
and water content may have contributed to previous find-
ings. Assessment of atrophy of the cerebellar nuclei based
on SWI images appears to be a more robust measure of
nuclear disease in Friedreich’s ataxia.

Volume reduction of the cerebellar nuclei was accompa-
nied by decreased functional MRI signal. Furthermore, al-
though there was no cerebellar volume reduction in
Friedreich’s ataxia, functional MRI signal in the cerebellar
cortex was significantly reduced. Decline of functional MRI
signal in the cerebellar cortex has also been observed in
Friedreich’s ataxia by others (Akhlaghi et al., 2012;
Ginestroni et al., 2012). Thus, although neither structural
MRI nor histology show morphological changes within the
cerebellar cortex, functional MRI signal is reduced.
Reduced functional MRI signal may be caused, at least in
part, by the known degeneration of spinocerebellar tracts in
Friedreich’s ataxia. As outlined above, it is the synpases
between climbing fibres, mossy fibres, and interneurons
with the Purkinje cells that underly the functional MRI
signal. Inferior olive and climbing fibres are preserved in
Friedreich’s ataxia (Koeppen et al., 2013). In the current
study, patients had to perform a simple hand movement,
and the spinocerebellum appears to be most important.
Given that spinocerebellar tracts degenerate in Friedreich’s
ataxia, we postulate that mossy fibre input to the spinocer-
ebellum is reduced and results in reduced functional MRI
signal. As yet, however, the density of mossy fibres project-
ing to the spinocerebellum has never been systematically
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assessed. Lack of functional MRI signal in the nuclei is
likely explained by the grumose degeneration of the
Purkinje cell-nuclear cell synapse (Koeppen et al., 2007;
Koeppen and Mazurkiewicz, 2013), which also hampers
the mossy fibre and climbing fibre collaterals to the nuclear
cells (Arnulf Koeppen, personal communication).

SCA3

Similar to SCA6 and Friedreich’s ataxia, volume reduction
of the cerebellum in SCA3 matched well with findings of
the literature and showed a mild reduction (Biirk et al.,
1996; Klockgether et al., 1998; Reetz et al., 2013). In add-
ition, SWI revealed atrophy of the cerebellar nuclei in
SCA3. Findings are in good accordance with histological
data that show substantial atrophy of cerebellar nuclei in
SCA3 (Koeppen et al., 2013).

Similar to Friedreich’s ataxia, functional MRI signal of
the cerebellar cortex was reduced although this did not
reach significance. Reasons for reduced functional MRI
signal may be the same: similar to Friedreich’s ataxia
there is known degeneration of spinocerebellar tracts
(Diirr et al., 19965 Koeppen et al., 2013). Whereas some
authors report no abnormalities of the cerebellar cortex
(Koeppen et al., 2013), others observed grey matter reduc-
tion (Scherzed et al., 2012; Reetz et al., 2013). Therefore, a
reduced number of synaptic Purkinje cell dendritic targets
may also contribute. The pattern of remaining activation
was different in SCA3 compared to Friedreich’s ataxia and
SCA6. Whereas in Friedreich’s ataxia and SCA6 activation
was most prominent in the known hand areas within the
cerebellar cortex and nuclei, more posterolateral areas of
the cerebellar hemisphere and more ventral areas of the
dentate nuclei were activated in SCA3. Activation in the
ventral dentate nucleus was significantly higher in SCA3
patients compared to controls. These areas are pontocere-
bellar (Glickstein and Doron, 2008). There are histological
data showing that pontine mossy fibre afferences are pre-
served in SCA3 (Koeppen et al., 2013). SCA3 patients may
activate pontocerebellar areas to compensate for dysfunc-
tion of the spinocerebellum. Likewise, premotor cortex and
neighbouring Brodmann area 44 showed additional activa-
tions in SCA3 patients compared to controls, although
group difference did not reach significance. Brodmann
area 44 is known to partly overlap and interact with pre-
motor cortex (Binkofski and Buccino, 2004). Cerebellar
cortical activations in SCA3 patients were most prominent
in Crus I which has known connections with premotor
cortex (Hashimoto et al., 2010).

General discussion

It should be emphasized that cerebellar nuclei volumes as-
sessed on the SWI images do not reflect the actual volumes.
Firstly, at the present state it is unclear to what extent
volumes of the dentate nuclei may be confounded by pos-
sible disease-related changes in iron deposition. Because
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high iron content reduces functional MRI signal the same
limitation may apply to functional MRI data of the nuclei.
The content and distribution of iron has never been as-
sessed in the dentate nuclei in SCA3 and SCA6. As vyet,
however, there is no indication that disordered iron metab-
olism plays a central role in the pathogenesis of SCA3 and
SCA6 (Orr, 2012; Evers et al., 2014). Furthermore, the
known changes in iron metabolism in Friedreich’s ataxia
are unlikely to affect appearance of the nuclei on SWI
images because total iron content is not different from con-
trols (see also more detailed discussion above).

Secondly, as outlined in the ‘Materials and methods’ sec-
tion, the extent of the cerebellar nuclei is artificially
increased in SWI phase images. It should be noted that in
previous studies by our group, phase images were used to
calculate dentate nuclei volume (Diedrichsen et al., 2011;
Solbach et al., 2014). This led to abnormally large volumes
in control subjects (mean volume of individual dentate nu-
cleus: 364.4 SD 87.2 mm?; see Table 1 in Diedrichsen et al.,
2011). In the present study, calculations were based on
SWI images and were corrected on magnitude images.
Volumes were closer to volumes given in the histological
literature (present study: 200.1 SD 89.3mm?’; Hopker,
1951: 155 mm?®). However, even at a field strength of 7 T
and an isotropic voxel size of 0.5 mm, resolution of the
cerebellar nuclei is still below histology. Quantitative mag-
netic susceptibility mapping (QSM) is a further develop-
ment of SWIL QSM allows for much improved
anatomical delineation of deep grey matter structures
(Deistung et al., 2013) and for accurate quantification of
iron content (Langkammer ef al., 2012). Its future applica-
tion will likely further improve imaging of the cerebellar
nuclei in both healthy and diseased subjects.

The present study was performed using a 7 T MRI scan-
ner. Studies in healthy subjects show that the cerebellar
nuclei can also be visualized using more common field
strengths (1.5 T and 3 T; Maderwald et al., 2012). Thus,
atrophy of the cerebellar nuclei in hereditary ataxias is
likely to be observed as well using 1.5 T and 3 T MR],
but this needs to be confirmed in future studies.

Conclusion

The present data show that SWI imaging is useful to depict
pathology of the cerebellar nuclei in hereditary ataxias.
Atrophy of the cerebellar nuclei was present in SCA6,
Friedreich’s ataxia, and SCA3. Functional MRI showed
that there is general dysfunction of the cerebellum in
SCAG6, Friedreich’s ataxia, and SCA3 that is not limited
to the cerebellar cortex in SCA6 or the cerebellar nuclei
in Friedreich’s ataxia and SCA3. It will be of interest to
use structural and functional MRI to study the cerebellar
nuclei in other hereditary ataxias in the future.
Furthermore, long-term studies would be of interest to de-
termine whether quantification of nuclear pathology is a
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useful biomarker of disease progression and response to
therapeutic interventions.
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