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Abstract Friedreich’s ataxia (FRDA) is the most common
early onset inherited ataxia with clinical manifestations,
including gradual progression of unremitting cerebellar—
sensory ataxia, peripheral sensory loss, loss of lower limb
tendon reflexes and hypertrophic cardiomyopathy. Although
atrophy of the superior cerebellar peduncle (SCP) has been
reported in several magnetic resonance imaging (MRI) studies
of FRDA, the relationship of SCP changes to genetic and
clinical features of FRDA has not been investigated. We
acquired T1-weighted MRI scans in 12 right-handed individ-
uals with FRDA, homozygous for a GAA expansion in intron
1 of FXN, as well as 13 healthy age-matched controls. The
corrected cross-sectional areas of the right (left) SCP in the
individuals with FRDA (R, 20 + 7.9 mm?; L, 25 + 5.6 mm?)
were significantly smaller than for controls (R, 68 + 16 mm?;
L, 78 + 17 mm? (p < 0.001). The SCP volumes of
individuals with FRDA were negatively correlated with
Friedreich’s ataxia rating scale score (r = —0.553) and
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disease duration (» = —0.541), and positively correlated with
the age of onset (r = 0.548) (p < 0.05). These findings
suggest that structural MR imaging of the SCP can provide a
surrogate marker of disease severity in FRDA and support
the potential role of structural MRI as a biomarker in the
evaluation of neurodegenerative diseases and therapies.
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Introduction

Friedreich’s ataxia (FRDA) is the most common early onset
inherited ataxia with a prevalence of around 2 x 107 in
Caucasians [1]. The clinical manifestations of the disease
are gradual progression of unremitting cerebellar—sensory
ataxia, peripheral sensory loss, loss of lower limb tendon
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reflexes, scoliosis and hypertrophic cardiomyopathy [1]. In
98% of affected individuals, FRDA is due to homozygous
expansions of a GAA trinucleotide repeat in intron 1 of the
FXN gene [2]. The underlying neuropathology of FRDA is
loss of large primary neurons in the dorsal root ganglia, loss
of sensory fibres in the peripheral nerves, degeneration of
the posterior columns of the spinal cord and atrophy of the
dentate nucleus of the cerebellum [1, 3].

Several magnetic resonance imaging (MRI) studies have
demonstrated atrophy of the spinal cord in early stages of
FRDA, followed by brain stem and cerebellar atrophy later
in the course of the disease [4—7]. Voxel-based morphom-
etry has illustrated volume loss in the dentate region of the
cerebellum, as well as in the dorsal medulla, inferomedial
areas of the cerebellar hemispheres and rostral vermis [8].

The dentate nucleus plays an important role as a relay
centre between the cortex and other brain structures, via the
superior cerebellar peduncle (SCP), which contains its
efferent fibres [9—11]. Although atrophy of the SCP has
been reported in several MRI studies in FRDA [12], the
relationship of SCP changes to genetic and clinical features
of FRDA has not been systemically investigated. We
hypothesized that the extent of atrophy of the SCP in
individuals, with genetically proven FRDA, would correlate
with genetic and clinical features of FRDA, with greater
atrophy observed in individuals with more severe clinical
symptoms (as measured by the Friedreich’s ataxia rating
scale, FARS) [13] and in patients with longer disease
duration. The core aim of this study was to demonstrate
whether structural MRI could be adopted as a biomarker in
rating the severity of FRDA. At present, there is insufficient
evidence to implement volumetric assessment of white
matter changes as a surrogate marker of FRDA.

Methods

Twelve right-handed individuals with FRDA, homozygous
for a GAA expansion in intron 1 of FXN, were recruited

from the Monash Medical Centre Friedreich Ataxia Clinic,
Victoria, Australia. Thirteen healthy age-matched controls
with no known neurological disorders were also recruited.
There was no difference between the mean age of the
individuals with FRDA (34.5 + 9 years) and controls (33 =
7 years). FARS scores were determined by one author
(MBD) within 3 months of the scanning session (Table 1).

The structural MR study was part of a larger study that
included acquisition of two fMRI and DTI sequences. The
full study protocol required that each patient was in the
scanner for approximately 90 min, divided into two 45-min
sessions. A T1-weighted structural image was acquired for
each participant using the 3T Siemens MRI located at the
Royal Children’s Hospital, Melbourne (field of view, 224 x
256 mm, acquisition matrix 256 x 256, repetition time/echo
time/inversion time/FLIP angle = 11.8 ms/2.4 ms/900/9°).
This yielded 512 contiguous 0.5-mm thick slices and 0.5 x
0.5 mm? in-plane resolution. The DICOM files were then
transferred to a DICOM server and converted to ANA-
LYZE format using FSL [14]. T1 images were aligned to an
MNI template using a rigid body transformation algorithm
(FLIRT, Oxford University, UK) [15]. Subsequently using
the FMRIB’s Automated Segmentation Tool (FAST) [16],
the ANALYZE files were segmented into white matter,
grey matter and CSF. The white matter mask created after
FAST segmentation was used to section the superior
cerebellar peduncle. The boundaries of the SCP were
defined as follows: inferiorly by the posterior border of
the pons, medially and laterally by the CSF and the fourth
ventricle, and superiorly by the inferior colliculus. The
lateral and medial borders of the white matter mask defined
the lateral and medial limits of the SCP (CSF and fourth
ventricle). The posterior and inferior borders of the SCP
were demarcated by the operator. This process was
performed on two occasions separated by a 2-week interval.

The SCP was sectioned from the most anterior point into
I-mm thick images (see Fig 1). After excluding the first
two slices, the average cross-sectional area of the SCP was
then corrected based on the total intracranial volume (TIV)

Table 1 Group characteristics

Dashes indicate where
descriptives were not applicable

FRDA participants Controls P value
Number (males, females) 12 (5,7) 13 (5,8) -
Mean age, years 345+9 334+7 n/s
Total intracranial volume, cm® (1.42 £ 0.15) x 10° (1.49 + 0.11) x 10 n/s
Volume of cerebellum?, cm® 131 £ 15 146 + 11 n/s
Mean disease duration, years 15+£6 - -
Age of onset, years 19+6 - -
Larger GAA repeat 1,007 + 107 - -
Smaller GAA repeat 649 + 205 - -
FARS score (range) 88 £ 15 (63-113) — -
Stroop task, seconds 49 + 16 56 +£7 n/s

n/s not significant

# Uncorrected volumes
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Fig. 1 Segmentation and sectioning of the superior cerebellar
peduncle. a Sagittal T1 MRI of the posterior cranial fossa, including
the superior cerebellar peduncle (SCP). b Segmentation of the brain
tissue into the white matter, grey matter and the CSF: the yellow area

of each participant using the following method to reduce
interindividual variation:

SCP, corrected ™= SCP uncorrected X (T 1 Vmean/ 1 Vparlicipant) ( 1 )

where TIV can is the average total intracranial volume of
the controls, TIVaricipant is the total intracranial volume of
each participant and SCPcomected 1 the actual measure-
ment of the average cross-sectional area of the SCP.

We also normalized the cross-sectional area of the SCP
based on a method [2] described by Jack et al. [17]. This
method improves distributional properties of volumetric
values (i.e., produces a more nearly Gaussian distribution)
in comparison with a ratio adjustment method which tends
to positively skew them. Two volumetric studies applied
this method to correct their measurements [18, 19].

SCPrormatized = SCPuncorrected X (TIVmean/T]Vparticipant)a (2)

where « is a regression coefficient of the TIV and SCP
volumes in healthy controls.

The Bland—Altman method [20, 21] was used to assess
limits of agreement and estimate repeatability of the method
of the SCP segmentation. Furthermore, the analysis of the
SCPs was performed independently by a second observer
with expertise in neuroradiology, who was blinded to the
participant diagnoses, to ensure that the correct region of
the brain had been segmented and analyzed. The cerebel-
lum segmentation and volume measurement was performed
using the spatially unbiased atlas template method [22, 23].

All participants were screened for symptoms of depres-
sion at the time of testing using the Beck depression
inventory [24]. Participants also completed all three con-
ditions of the Stroop Interference Test [25] to screen for
impaired planning and inhibitory processes. They also
completed the National Adult Reading Test [26] to establish
an estimate of IQ. Changes in cognitive function in people
with FRDA have been suggested [27, 28], and the Stroop
task includes an internal condition to control for visual
scanning and articulation deficits; meaning it is therefore
suitable for use in this population.

represents the white matter. The black box delineates the zoomed area
in figure (c—e). ¢ The segmented SCP as described in the method
section. d The red line indicates the main axis of the SCP. e The blue
lines illustrate the slices of the SCP at 1 mm intervals

All statistical analyses were undertaken using MATLAB
version 7 (The MathWorks Inc., Natick, MA) and SPSS
version 15 (SPSS Inc., Chicago, IL). To account for age-
related brain atrophy in our analyses, age of participants
was defined as a covariate in SPSS.

Standard protocol approvals, registrations and patient
consents The study was approved by the Melbourne Heath
Ethics Committee and all participants consented to engage
in this study.

Results

The TIV and cerebellar volume of the individuals with FRDA
[(1.42+0.15) x 10°> cm?, 131 £ 15 cm?) did not significantly
differ from controls [(1.49 + 0.11) x 10 cm?®, 146 + 11 cm’].
Figure 2 shows the 95% confidence limits of agreement
between the two SCP segmentations. No significant corre-
lation was observed between the difference between the SCP
measurements and the mean SCP measurement (Spearman’s
rank correlation coefficient [r,] = —0.054, p value > 0.05).
The Bland—Altman repeatability coefficient was 4.31 mm?>.
There was a significant positive correlation between TIV and
the mean of uncorrected right and left SCP cross-sectional
areas in the controls (p = 0.027). Based on this correlation,
the a value for Eq. 2 was set to 0.549.

The corrected cross-sectional areas of the right (left) SCP in
the individuals with FRDA were 20 = 7.9 mm? (25 + 5.6 mm?)
and 68 + 15.8 mm? (78 + 16.7 mm?) in the controls. Repeated
measures analysis was used to compare the corrected cross-
sectional areas of the SCP between the groups, specifying age
as a covariate factor. The corrected cross-sectional area of the
SCP in the FRDA participants was significantly reduced
compared with the controls ([F(1,22) = 126.52, p < 0.001];
see Fig 3). Although no significant differences between the
right and left corrected SCP cross-sectional areas in the
individuals with FRDA ([F(1,22) = 3.417, p = 0.078] or in the
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Fig. 2 Bland-Altman plot to assess agreements between to the two SCP
segmentation measurements. Plot of the Bland—Altman revised method
for repeatability assessments showing the difference between the two
SCP segmentation measurements compared to the mean segmentation
results (dashed line). The upper and lower two standard deviation limits
from the mean difference of the SCP measurements are also shown
(dotted lines). SCP;, mean cross-sectional measurement of the SCP
from the first segmentation; SCP,, mean cross-sectional measurement of
the SCP from the first segmentation; sd standard deviation

control group [F(1,24) = 2.44, p = 0.131]) were detected at
the level p < 0.05, there was a trend for the right SCP to be
smaller in both groups.

The normalized cross-sectional areas of the SCP also
showed significant reduction in individuals with FRDA
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Fig. 3 Corrected superior cerebellar peduncle cross-sectional area in
the individuals with FRDA and controls. Corrected superior cerebellar
peduncle cross-sectional area. The cross-sectional area of the SCP is
significantly smaller in individuals with FRDA compared with healthy
controls (p < 0.001, corrected for repeated measurements)
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compared with healthy controls ([F(1,22) = 147.29,
p < 0.001]).

A one-tailed partial correlation test was performed between
the normalized cross-sectional area of the left and right SCP in
the FRDA participants and disease parameters, including age
at onset; FARS score; disease duration; size of the smaller and
larger GAA repeats, using age as a covariant. There was no
correlation between the normalized cross-sectional area of the
left and right SCP and either GAA repeat, depression score,
1Q or Stroop task performance; however, the normalized SCP
volumes of FRDA participants were significantly negatively
correlated with the FARS score (r = —0.553) and disease
duration (» = —0.541), and positively correlated with the age
of onset (r = 0.548) (p < 0.05, df =9 for all correlations; see
Fig 4).

Discussion

We quantified the cross-sectional area of the SCP in
individuals with FRDA using T1-weighted MRI and
demonstrated that the cross-sectional areas of the SCP in
these individuals were negatively correlated with FARS
scores and disease duration, and correlated positively with
the age of onset. Findings suggest that the SCP is
approximately 60% smaller in FRDA subjects than in the
controls and that this reduction becomes more prominent
with disease progression.

The difference between the measurements of the two
segmentations of the SCP lay within the 95% confidence
limits of the mean of the SCP measurements, which
demonstrated high repeatability of the SCP segmentation
method. The mean difference between the measurements
was not clinically significant.

Earlier imaging investigations in FRDA demonstrated
atrophy of the upper cervical spinal cord (anteroposterior
volumetric reduction), with mild cerebellar volume loss in
the late stages of the disease [4, 6, 7, 29, 30]. The
characteristic neuropathological changes in FRDA are
degeneration of the posterior columns of the spinal cord,
including the gracilis and cuneatus tracts, together with
neuronal loss in the dorsal root ganglia [2, 3].

The dentate nucleus is the most severely affected region
of the cerebellum in FRDA, and loss of myelinated fibres in
the hilum of the dentate nucleus is prominent [31]. Ramos
et al. [32] showed cerebellar atrophy and increased area of
the fourth ventricle in individuals with FRDA using CT
scans and suggested these changes reflect atrophy of the
dentate nucleus. The dentate nucleus projections into the
motor, premotor, oculomotor, prefrontal and posterior
parietal cortex pass through the superior cerebellar pedun-
cle and the thalamus [33, 34]. Increased accumulation of
iron in the dentate nucleus has been demonstrated in
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Fig. 4 Correlation graphs between normalized SCP and FARS score,
disease duration and onset of disease. Partial correlation graphs
between the normalized SCP cross-sectional area and (a) FARS

FRDA, suggesting the pathogenesis of neuronal loss is at
least partly due to oxidative damage [35]. A voxel-based
analysis of structural images in FRDA illustrated symmetric
loss of the white matter in the dentate region compared with
healthy controls [8, 12]. Furthermore, a recent VBM study
also demonstrated atrophy of the SCP in FRDA using a
region of interest analysis in the brainstem and cerebellum
and also detected subtle abnormalities in the posterior
cranial fossa [36].White matter volume in this region
correlated negatively with disease severity (as measured
by the International Cooperative Ataxia Rating Scale
(ICARS) and the Inherited Ataxia Clinical Rating Scale)
and with disease duration. Della Nave et al. and Pagani et
al. [12, 37] also found decreased fractional anisotropy (FA)
and increased mean diffusivity in the SCP of individuals
with FRDA using an automated method, tract-based spatial

o

35 4
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SCP cross-sectional area® (mm?2)

10 T T T T T -
10 12 14 16 18 20 22 24

Disease duration® (year)

scores, (b) disease duration and (c¢) age of onset in individuals with
FRDA (p < 0.05 for all). Black diamond adjusted values

statistics [38], to investigate white matter without a priori
hypotheses. Their study illustrated an inverse correlation
between the decreased FA value in the left SCP and the
severity of neurological deficits as assessed by ICARS
score. We have shown that there is a trend for the mean
cross-sectional area of the left SCP to be larger than that of
the right, in both individuals with FRDA and healthy
controls. This asymmetry between the left and right SCPs
was also found in the recent study by Della Nave et al. [12].
Further studies with larger sample size are required to
investigate asymmetric left and right SCPs in individuals
with FRDA.

MRI has been widely used in the diagnosis and
assessment of neurodegenerative diseases of the CNS.
Recently, several studies have proposed that MRI can act
as a reliable surrogate marker to assess the severity and
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progression of neurodegenerative diseases [39—41]. In
clinical settings, structural MRI has been extensively
utilized to assess the progression of neurodegenerative
diseases such as Huntington's disease (HD) and to
determine the efficacy of treatments in the long run. Several
studies have shown that striatal atrophy in clinical HD
correlates with disease severity, total functional capacity
and deficits in memory, executive function and processing
speed [41]. Here, we have demonstrated that atrophy of the
SCP shows a strong correlation with FRDA disease
severity.

Ataxia rating scales are neurologic assessment methods
designed to assess the severity and progression of patients
with degenerative ataxias such as FRDA. The FARS and
ICARS are commonly used in clinical trials and clinical
assessments in FRDA [42]. Although these methods have
good to excellent inter-rater reliability [13, 43, 44], they are
somewhat subjective, potentially non-linear and are prone
to clinician bias. This study illustrates that SCP atrophy in
FRDA participants is negatively correlated with the FARS
score. We suggest that imaging can be implemented as a
sensitive and objective measurement of disease progression
used in conjunction with other neurologic assessments.

While this study showed the normalized cross-sectional
area of the SCP in individuals with FRDA positively
correlates with the age of onset and negatively with disease
duration, these findings do not imply that they are
interdependent and have similar effects on disease severity
and progression. Corben et al. [28] found that movement
reprogramming in individuals with FRDA was negatively
correlated with age of onset, not disease duration.
Although, longer disease duration is associated with more
severe symptoms in FRDA, they argued that earlier onset of
the disease negatively impacts brain and cerebellar devel-
opment. The results of the current study support this
conclusion.

A limitation of this study is the small sample size. Since
individuals with a FARS score over 120 would have
significant difficulty getting onto the MRI scanner table
and completing the MR imaging procedure, the highest
FARS score in individuals with FRDA in this study was
113. Hence, Individuals with higher disability were exclud-
ed from the study because of the difficulty (and safety
issues) associated with placing a significantly impaired
wheelchair-dependent patient onto the MRI table. Future
studies with a larger sample size, including a broader range
of disease severity could be undertaken to extend the
findings of this study to the full spectrum of disease
severity.

This study demonstrates that the SCP is significantly
reduced in size in individuals with FRDA, and that this
reduction is negatively correlated with FARS score and
disease duration and positively correlated with age of onset.

@ Springer

These findings provide evidence to suggest that structural
MR imaging of the SCP can alternatively be used to assess
disease severity in FRDA and support the potential role of
structural MRI as a biomarker in the evaluation of disease
progression and the response to therapies for this disorder.
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