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Abstract

Friedreich ataxia is a progressive neurodegenerative disorder with reported abnormali-
ties in cerebellar, brainstem, and cerebral white matter. White matter structure can be
measured using in vivo neuroimaging indices sensitive to different white matter fea-
tures. For the first time, we examined the relative sensitivity and relationship between
multiple white matter indices in Friedreich ataxia to more richly characterize disease
expression and infer possible mechanisms underlying the observed white matter
abnormalities. Diffusion-tensor, magnetization transfer, and T1-weighted structural
images were acquired from 31 individuals with Friedreich ataxia and 36 controls. Six
white matter indices were extracted: fractional anisotropy, diffusivity (mean, axial,
radial), magnetization transfer ratio (microstructure), and volume (macrostructure). For
each index, whole-brain voxel-wise between-group comparisons and correlations with
disease severity, onset age, and gene triplet-repeat length were undertaken. Correla-
tions between pairs of indices were assessed in the Friedreich ataxia cohort. Spatial
similarities in the voxel-level pattern of between-group differences across the indices
were also assessed. Microstructural abnormalities were maximal in cerebellar and
brainstem regions, but evident throughout the brain, while macroscopic abnormalities
were restricted to the brainstem. Poorer microstructure and reduced macrostructural
volume correlated with greater disease severity and earlier onset, particularly in peri-
dentate nuclei and brainstem regions. Microstructural and macrostructural abnormali-
ties were largely independent. Reduced fractional anisotropy was most strongly associ-
ated with axial diffusivity in cerebral tracts, and magnetization transfer in cerebellar
tracts. Multiple mechanisms likely underpin white matter abnormalities in Friedreich

ataxia, with differential impacts in cerebellar and cerebral pathways.

KEYWORDS
cerebellum, cerebrum, diffusion tensor imaging, Friedreich ataxia, magnetic resonance
imaging, magnetization transfer imaging, volumetric imaging, white matter

Nellie Georgiou-Karistianis and lan H. Harding are considered as joint senior author.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Human Brain Mapping published by Wiley Periodicals, Inc.

1920 wileyonlinelibrary.com/journal/hbm

Hum Brain Mapp. 2020;41:1920-1933.


https://orcid.org/0000-0003-3840-9736
https://orcid.org/0000-0001-8767-4582
https://orcid.org/0000-0002-8769-2569
https://orcid.org/0000-0001-5887-3267
https://orcid.org/0000-0002-3186-4026
https://orcid.org/0000-0003-0718-6760
https://orcid.org/0000-0002-6843-9592
mailto:nellie.georgiou-karistianis@monash.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/hbm

SELVADURAI ET AL.

WILEY_|#%

1 | INTRODUCTION

Friedreich ataxia (FRDA) is a recessively inherited disorder character-
ized by progressive movement incoordination, dysarthria, loss of
reflexes, proprioceptive deficits, skeletal abnormalities, and cardiomy-
opathy (Delatycki & Corben, 2012). In 96% of cases FRDA is caused
by homozygosity for a GAA repeat expansion in intron 1 of the FXN
gene, leading to transcriptional repression of frataxin, a mitochondrial
protein involved in iron regulation (Campuzano et al., 1996; Martelli &
Puccio, 2014). Within the central nervous system, the most prominent
pathology includes atrophy of the dorsal spinal tracts and cerebellar
dentate nuclei (Pandolfo, 2008). Neuroimaging studies of cerebral
gray and white matter demonstrate compelling evidence of abnormali-
ties in cerebral structure (Della Nave, Ginestroni, Giannelli, et al.,
2008; Rezende et al., 2016; Selvadurai et al., 2016), function (Dogan
et al., 2016; Georgiou-Karistianis et al., 2012; Harding et al., 2016;
Harding et al., 2017), and both intra-cerebral and cerebello-cerebral
connectivity (Akhlaghi et al., 2011; Akhlaghi et al., 2014; Cocozza
et al, 2018; Dogan et al., 2016; Harding et al., 2016; Rizzo et al.,
2011; Zalesky et al., 2014). This body of evidence represents signifi-
cant advances in the characterization of brain changes in individuals
with FRDA. However, little is known about the mechanisms underly-
ing widespread cerebro-cerebellar abnormalities or their significance
to the FRDA phenotype. Addressing these knowledge gaps is critical
if we are to discover new imaging biomarkers of disease severity and
their relationship to clinical and functional outcomes for future clinical
trials.

Interestingly in individuals with FRDA, widespread white matter
deficits in cerebellar and cerebral tracts have been observed across a
range of in vivo neuroimaging techniques. Firstly, diffusion tensor
imaging studies have demonstrated widespread microstructural
abnormalities across multiple measurements, including consistently
reduced fractional anisotropy (FA), increased mean diffusivity (MD),
and increased radial diffusivity (RD) (Akhlaghi et al., 2011; Akhlaghi
et al., 2014; Della Nave, Ginestroni, Giannelli, et al., 2008; Della Nave
et al, 2011; Dogan et al., 2016; Rezende et al., 2016; Rezende et al.,
2019; Rizzo et al., 2011; Vavla et al., 2018; Vieira Karuta et al., 2015).
The direction of changes in axial diffusivity has differed between stud-
ies (Akhlaghi et al., 2014; Della Nave et al,, 2011; Rezende et al.,
2016; Rezende et al., 2019; Vavla et al., 2018; Vieira Karuta et al.,
2015). Microstructural abnormalities in the superior cerebellar pedun-
cle (SCP) have also been identified using magnetization transfer imag-
ing (Corben et al., 2014). Deficits are also evident at the
macrostructural level, with reduced white matter volume reported in
deep cerebellar white matter, brainstem, and frontal, cingulate, and
anterior parietal regions (Della Nave, Ginestroni, Tessa, et al., 2008;
Franca et al., 2009; Pagani et al., 2010; Rezende et al., 2016). More-
over, white matter indices show significant correlations with scores
on clinical rating scales, GAA repeat length, age of disease onset, and
disease duration (Rezende et al., 2016; Rizzo et al., 2011; Vavla et al.,
2018). Furthermore, magnetic resonance spectroscopy (MRS) analysis
has revealed metabolite abnormalities in cerebellar and cerebral white
matter in FRDA (Franca et al., 2009; Gramegna et al., 2017; lltis et al.,

2010). Together, these findings indicate that white matter disruption
is a consistent correlate of disease expression in FRDA. However, it
remains unclear which white matter indices are most sensitive to
FRDA-related pathology, if they are differentially responsive to
changes in different parts of the brain, and whether they reflect com-
mon or distinct pathological processes.

These questions can be addressed using comprehensive multi-
modal neuroimaging of white matter in individuals with FRDA, includ-
ing direct comparisons between the different available white matter
indices. Although not direct measures of any specific property of indi-
vidual axons, these measures have been associated with different
types of white matter damage. While FA is considered sensitive but
non-specific to multiple underlying neuropathological processes
(Alexander et al, 2011), RD and the magnetization transfer ratio
(MTR) may be influenced by axon myelination (Janve et al., 2013;
Rausch et al., 2009), and changes in AD and volume loss have been
associated with axonal damage (Sun et al.,, 2006) and degeneration
(Salat, Kaye, & Janowsky, 1999), respectively. Comparison of deficits
across multiple white matter indices may provide valuable informa-
tion, albeit indirect (Jones, Knosche, & Turner, 2013), about the pro-
cesses underpinning white matter changes in FRDA, which may be
valuable for hypothesis-generation in future studies. Importantly, simi-
lar multi-modal approaches have provided new disease insights in
other neurodegenerative disorders, including Huntington's disease
(Poudel et al, 2015) and Alzheimer's disease (Canu et al., 2010;
Huang, Friedland, & Auchus, 2007).

In the present study, we undertook a multi-modal assessment of
the characteristics of whole-brain white matter in FRDA, as part of
the IMAGE-FRDA study. We aimed to replicate previous white matter
studies in a large single-site cohort of individuals with FRDA, by firstly
characterizing the pattern of white matter abnormalities and secondly
investigating their relationship with clinical variables. Furthermore, we
aimed to extend the existing body of work by examining the relation-
ships between white matter indices to determine whether different
measures of white matter reflect common or unique disease-related
processes in individuals with FRDA. Characterizing the pattern of
observed alterations across multiple measures provides opportunities
for novel insights into the potential mechanisms that drive white mat-
ter abnormalities across the brain (e.g., demyelination, axonal loss, vol-

umetric loss).

2 | METHODS

21 | Participants

Data was collected as part of IMAGE-FRDA, a single-site longitudinal
multi-modal neuroimaging study (Monash University, Melbourne, data
collection 2013-2016) (Harding et al., 2016; Harding et al., 2017;
Selvadurai et al.,, 2016). Data from 36 individuals with FRDA and
37 age- and gender-matched control participants were acquired for
analysis. Five FRDA datasets were excluded after data collection due

to diagnosed clinical depression (n = 3), in-scanner movement (n = 1)
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and extensive brain atrophy (n = 1). One control dataset was excluded
due to an image file error. Individuals with FRDA were genetically
confirmed to be homozygous for a GAA repeat expansion in intron
1 of the FXN gene. These individuals had no comorbid neurological or
psychiatric diagnoses based on clinical report. Eight individuals met
criteria for late-onset FRDA (onset after 25 years of age; Lecocq et al.,
2016). Onset age was defined as the age at which clinical symptoms
of FRDA were first noticed by the individual or parents/carers. Dis-
ease severity was assessed by the full Friedreich ataxia rating scale
(FARS; Subramony et al., 2005), scored out of 167, with higher scores
indicating greater severity. Two individuals with FRDA had a diagnosis
of diabetes. Table 1 shows participant demographic and clinical
information.

All individuals provided informed, written consent to participate.
All study procedures were approved by the Monash Health Human

Research Ethics Committee.

2.2 | MRI data acquisition

Magnetic resonance images were acquired using a 3T Siemens Skyra
Magnetic Resonance Scanner (Siemens, Erlangen, Germany) with a
32-channel head coil, located at Monash Biomedical Imaging,
Melbourne.

Whole-brain T1-weighted images were acquired over 4 min and
26 s using a magnetization-prepared rapid gradient-echo sequence
(MPRAGE), with 176 sagittal slices, voxel size 1 x 1 x 1 mm?3, matrix
size = 256 x 256, field of view = 256 x 256 mm?, echo time = 2.55 ms,
and repetition time = 1,540 ms.

Whole-brain diffusion-weighted images were acquired over
13 min and 35s using an echo-planar spin-echo sequence, with
b = 3,000, 64 gradient directions, 60 axial slices, voxel
size = 21x21x21mm® matrix size = 122 x 122, field of
view = 256 x 256 mm?, echo time = 108 ms, and repetition
time = 11.6s.

TABLE 1

FRDA (n = 31)
Demographic

Age (years) 36.6 + 13.0 (Range 18-63)

Gender (M, F) (17,14)
Clinical data
BDI-II score 8.2 + 8.4 (Range 0-39)

19.6 + 8.8 (Range 6-40)

16.9 £ 9.5 (Range 5-48)

80.9 + 28.4 (Range 19-126)
546 + 225 (Range 126-1,077)
864 + 253 (Range 215-1,293)

Age at disease onset (years)
Disease duration (years)
FARS score

GAA1 repeat length

GAA2 repeat length

For the magnetization transfer imaging, two whole-brain
T2-weighted images were acquired over 4 min and 23 s each. One
image was obtained following saturation with a magnetization transfer
pulse (offset frequency = 1.2kHz, gaussian envelope dura-
tion = 9.984 ms, flip angle = 500°, bandwidth = 192 Hz), and one with-
out. Each image had 46 axial slices, voxel size = 0.9 x 0.9 x 3.0 mm®,
matrix size = 256 x 154, field of view = 172.5 x 230 mm?, echo

time = 8.4 ms, and repetition time = 734 ms.

2.3 | Diffusion tensor imaging (DTI)

Initial image processing utilized the FMRIB Diffusion Toolbox (FDT)
from the FMRIB Software Library (FSL, Version 5.0.9; https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki; Smith et al., 2004). This included brain
extraction (FSL-BET; Smith, 2002), correction for eddy currents
(Andersson & Sotiropoulos, 2016), and fitting of diffusion tensors
using DTIFIT (default linear regression algorithm; Behrens et al.,
2003). Subsequent processing used the Diffusion Tensor Imaging
ToolKit (DTI-TK, Version 2.3.1; http://dti-tk.sourceforge.net). The
fsl_to_dtitk script converted FSL-generated eigenvalue maps into DTI-
TK compatible DTl images.

Image registration was achieved using the tensor-based registra-
tion method described by Keihaninejad et al. (2013), providing
improved tract alignment and sensitivity to group differences com-
pared to scalar-based registration. Using DTI-TK, participants' DTI
images were aligned to the group average space with affine and dif-
feomorphic registrations to form a group template (inter-subject regis-
tration). The group template was then aligned with the lllinois
Institute of Technology DTI standard template (ICBM-152 space)
using rigid, affine, and diffeomorphic registrations. Finally, the com-
bined warps from the inter-subject and group-template-to-standard-
template transformations were applied to the original DTI-TK images
to normalize the data to ICBM-152 standard space. DTI-TK's Tensor
Volume tool was subsequently used to calculate maps of FA, MD, AD,

Demographic and clinical information for individuals with FRDA and healthy controls

Controls (n = 36) Statistic p Value
36.5 + 12.5 (Range 18-62) U=536 .782
(20, 16) x*(1) =.003 953
5.1 + 5.8 (Range 0-24) U =425 .093

Note: Mean * SD. GAA = number of GAA repeats in intron 1 of the FXN gene on the smaller (GAA1) and larger (GAA?2) alleles.
Abbreviations: BDI-II, Beck Depression Inventory Il; FARS, Friedreich Ataxia Rating Scale; U, Mann-Whitney U-test; 52, chi-square test.
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and RD from the spatially normalized maps. Following this, all scalar
maps were linearly registered to Montreal Neurological Institute
(MNI) space with an affine transformation using FSL FLIRT (Jenkinson,
Bannister, Brady, & Smith, 2002), with the MNI152_T1_1mm_brain
template as the registration target.

2.4 | Magnetization transfer imaging (MTI)

For each participant, the T2 image acquired with saturation by a mag-
netization transfer pulse (MT) and the T2 image acquired without sat-
uration (MTp) were brain-extracted (FSL-BET). The MT image was
then linearly registered to the MTO image (FSL-FLIRT with seven
degrees of freedom). The Magnetization Transfer Ratio (MTR) at each

image voxel was calculated as follows:

MTo-MT

MTo x 100

The MTR maps were linearly co-registered to the unregistered
DTI images using a rigid body transformation with six degrees of free-
dom. The maps were then warped to ICBM-152 standard space by
applying the inter-subject and group-template-to-standard-template
deformation fields obtained from the tensor-based registration of the
DTI images. Finally, the images were warped to MNI space by apply-
ing the same transformation used for registration of the DTl images to

MNI space described above.

2.5 | Volumetric tensor-based morphometry (TBM)
TBM maps (Ashburner & Friston, 2000) were generated using Statistical
Parametric Mapping software, version 12 (SPM12; http://www.fil.ion.
ucl.ac.uk/spm/) and the Computational Anatomy Toolbox (CAT12;
http://www.neuro.uni-jena.de/cat/). The T1-weighted images were
first bias-corrected and segmented by tissue class using the machinery
and tissue probability maps of SPM12 to produce gray and white mat-
ter partial-volume images for each subject. These images were subse-
quently nonlinearly warped to the IXI555_MNI152 gray and white
matter templates, respectively, using DARTEL registration implemented
in CAT12 (Ashburner, 2007). The Jacobian determinant of the warp
field defining the nonlinear registration from native to standard space
was subsequently written out, providing a map in MNI space of the
local volume at each voxel in the brain, agnostic to tissue classification,
for each individual. All processes were implemented using default
CAT12 (r1363) segmentation parameters, with the additional option of
writing out Jacobian determinant maps in standard space. Masking,
smoothing, and statistical analysis processes are described below.

2.6 | White matter masking

The FA, MD, AD, RD, MTR, and volume maps in MNI space were
masked to only include white matter regions based on an automated

segmentation of the FSL MNI152_T1_1mm_brain standard template
using FMRIB's Automated Segmentation Tool (FAST; Zhang, Brady, &
Smith, 2001) with a three-tissue class binary segmentation (see
Figure S1). Each map was smoothed with a 1 mm FWHM Gaussian
smoothing kernel within the white matter mask, as per Klauser
et al. (2017).

2.7 | Statistical analyses

Cluster-level between-group differences for each white matter metric
across all six indices (FA, MD, AD, RD, MTR, volume) were assessed
using FSL's nonparametric randomize tool (Winkler, Ridgway, Webster,
Smith, & Nichols, 2014) (see below for inference details for all ran-
domize analyses). Age and gender were included as covariates of non-
interest. Furthermore, each microstructural metric (FA, MD, AD, RD,
and MTR) was orthogonalised with respect to volume when con-
ducting the between-group analyses, in order to infer differences in
microstructural measurements independently of any volumetric differ-
ences between the groups.

Furthermore, among the FRDA group, linear relationships
between the six white matter indices and (a) disease severity (FARS
score), (b) GAA1 repeat length, and (c) age of disease onset were also
evaluated using randomize. Given a strong correlation between the
FARS score and disease duration (r = .640, p < .001), disease duration
was not used as a correlate to avoid redundancy. White matter metric
maps for each FRDA participant were first corrected for the effect of
healthy aging: for each metric, the linear relationship with participant
age was first calculated for the control group at each voxel. Data from
each participant in the FRDA group was then adjusted to the mean
age of the sample. FA, MD, AD, RD, and MTR maps were not orthog-
onalised with respect to volume here, in order to evaluate the rela-
tionship of each independent metric against clinical variables.

Two analyses were conducted to investigate relationships between
different white matter indices. Specifically, the relationship between
changes in FA (a sensitive but nonspecific metric reflecting properties of
tissue microstructure) was compared to changes in measures that may
be related to more specific white matter tissue properties (AD, RD, MTR,
and volume). The purpose of these analyses was to examine the depen-
dencies between FA and the other metrics; as such, the microstructural
metrics were not orthogonalised with respect to volume.

The first analysis investigated whether the spatial overlap of
between-group differences was a result of shared variance between FA
and the other indices, or representative of independent effects, by
correlating the indices within the FRDA group. A mask was created
representing the spatial intersection of significant FA differences and
significant differences in the second metric (AD, RD, MTR, or volume).
Within the masked region, the Pearson correlation between FA and
the second metric was estimated at each voxel across participants in
the FRDA cohort. Inference was conducted using randomize.

The second analysis considered between-group differences in FA
versus AD, RD, MTR, and volume at each white matter voxel, regard-
less of statistical significance. Spatial correlations were performed to
investigate the covariation of these differences across voxels, and to
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examine whether patterns of covariation differed across different
white matter regions. Six white matter regions-of-interest (ROls) were
selected: the superior, middle, and inferior cerebellar peduncles,
corticospinal tracts, superior longitudinal fasciculi, and splenium of the
corpus callosum. All ROIs showed between-group differences across
at least two indices. Additionally, the three pairs of cerebellar pedun-
cles are of particular interest in FRDA as a cerebellar disorder, and
there is previous MRI evidence of disruption to these pathways, most

consistently in the superior cerebellar peduncle (Selvadurai et al.,

(a) FA
FRDA < CON

(b) MD
FRDA > CON

(c) AD
FRDA > CON

(d) RD
FRDA > CON

(e) MTR
FRDA < CON

(f) Volume
FRDA < CON

x=-1
y=-24
z2=-29

2018). Furthermore, the corticospinal tracts are implicated in FRDA
given the pyramidal weakness and extensor plantar reflexes forming
part of the clinical picture, previous evidence of disruption across mul-
tiple diffusion metrics, and evidence of loss of Betz cells at the cortical
termination of the tract (Koeppen & Makurkiewicz, 2013; Parkinson
et al., 2013; Selvadurai et al., 2018). The superior longitudinal fascicu-
lus was selected as a representative association tract due to consis-
tent evidence of between-group differences across the metrics in the
current analysis (differences were found in FA, MD, AD, and RD). The

FIGURE 1 Significant group-
level differences between
individuals with FRDA and
controls (cluster-level FWE-
corrected p < .05) in (a) fractional
anisotropy (FA), (b) mean
diffusivity (MD), (c) axial
diffusivity (AD), (d) radial
diffusivity (RD), and

(e) magnetization transfer ratio
(MTR) after accounting for (f)
volume. Cohen's d indicated by
color gradient
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splenium of the corpus callosum was selected as a representative
commissural tract as it showed between-group differences across
three metrics and longitudinal changes have been reported in a previ-
ous study of FRDA (Mascalchi et al., 2016). A seventh ROI, the genu
of the corpus callosum, was included as it did not show significant dif-
ferences in white matter indices between the FRDA and control
groups. ROIs were defined by the van Baarsen et al. (2016) cerebellar
atlas, the John Hopkins University (JHU) probabilistic white matter
atlas (Hua et al., 2008), and the ICBM-DTI-81 white matter labels
(QOishi et al., 2008) (see Figure S2). For each of the six white matter
indices, the size of the between-group difference in that index (FRDA
group mean - control group mean) was calculated at each ROI voxel.
Across all voxels within each ROI, between-group differences in FA
were correlated with between-group differences in AD/RD/MTR/vol-
ume, using Pearson correlations (SPSS Statistics v. 24).

All randomize analyses consisted of 5,000 permutations for each
contrast. Whole-brain voxel-wise correction for multiple comparisons
was achieved using cluster-based inference (Forman et al., 1995), with
a cluster-forming threshold (uncorrected) of p < 0.001 and a cluster-

level significance threshold (family-wise error corrected) of p < 0.05.

3 | RESULTS

3.1 | Between-group differences

Significant between-group differences between individuals with FRDA
and controls across the six white matter indices (FA, MD, AD, RD, MTR,
volume) are displayed in Figure 1. Additionally, Cohen's d was calculated
at each brain voxel. For each major white matter region (defined by the
van Baarsen, JHU, and ICBM-DTI-81 atlases), the effect sizes across
voxels within the region were extracted. The highest observed Cohen's
d effect size value in each region is presented in Table 2. See Table S1 for
a formal tabulation of cluster-level results.

Robust between-group differences in all indices (Cohen's d > 1) were
evident throughout the cerebellar white matter and tracts, particularly
adjacent to the dentate nuclei and in the SCP. Abnormalities in all diffu-
sion indices (FA, MD AD, RD) and volume were also evident in the
cortico-spinal tracts and peri-thalamic region, indicating disruption across
the full length of the cerebello-thalamo-cerebral pathways in individuals
with FRDA, compared to controls. More circumscribed abnormalities
were also evident in long association fibers, and posterior aspects of the
corpus callosum in individuals with FRDA, compared to controls. All
between-group differences were consistent with poorer white matter sta-
tus in the FRDA group, with the exception of decreased AD in the

splenium of the corpus callosum (not displayed here; see Table S1).

3.2 | Clinical correlations

Significant correlations among individuals with FRDA were found
between disease severity (FARS score) and FA, MD, AD, RD, and vol-
ume. These occurred most robustly and consistently in peri-dentate

regions (Figure 2; Table S2). More sporadic correlations were evident
in brainstem and subcortical regions for each metric.

Significant correlations were also found between the age of dis-
ease onset and each of MD, AD, RD, and MTR (Figure 2; Table S3),
most consistently in brainstem regions. In addition, the repeat length
of GAA1 correlated with volume within the inferior cerebellar pedun-
cle (not depicted; Table S3 and Figure S3).

3.3 | Between-index comparisons
3.3.1 | Correlations between index values across
individuals with FRDA

The first between-index analysis was conducted within white matter
areas where a between-group difference was observed in both FA
and another metric. Correlations at the cluster-level revealed signifi-
cant associations between FA and each of AD and MTR in the peri-
dentate/SCP, and between FA and RD in multiple regions throughout
the white matter mask (Figure 3, Table S4). No significant correlations
were found between FA values and volume, suggesting that over-
lapping microstructural and macrostructural changes were not

strongly associated.

3.3.2 | Spatial correlations across voxels

The second between-index analysis investigated covariance in the
between-group differences in metrics across white matter voxels.
Figure 4 illustrates the group FA difference in each voxel plotted
against the group difference for each of AD, RD, MTR and volume, in
the seven white matter ROIs. A number of patterns were observed.
In particular, group differences in RD correlated strongly with those in
FA across all regions, while the strength of the correlation between
the FA group differences and group differences in the other indices
varied between regions. Specifically, the AD group differences
showed correlations with the FA differences in the cerebral tracts but
not the cerebellar peduncles. The MTR differences correlated with
the FA differences in the cerebellar peduncles and the corpus cal-
losum but not strongly in other tracts. The volume group differences
showed a medium-sized correlation with FA differences in the
corticospinal tract and middle cerebellar peduncle only.

4 | DISCUSSION

This study reports widespread disruption to cerebello-cerebral and
intracerebral white matter pathways in individuals with FRDA. For the
first time, we have comprehensively documented these alterations
across multiple microstructural white matter measurements as well as
macrostructural volumetric measurements. Consistent with previous
studies (Akhlaghi et al., 2011; Corben et al., 2014), the observed
abnormalities were maximal in the SCP, particularly adjacent to the
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FIGURE 2 Correlations between white matter indices and FARS scores/age of disease onset (cluster-level FWE-corrected p < .05) where
effect size (r, indicated by color gradient) is greater than 0.6. Scatterplots display correlations between FARS score/age of onset and mean value
within indicated region. Line x = 25 (onset) indicates cut-off for late-onset FRDA. Control mean + 2 SD in blue. Images are displayed in
neurological space (left hemisphere on left). AD, axial diffusivity; FA, fractional anisotropy; MD, mean diffusivity; MTR, magnetization transfer
ratio; RD, radial diffusivity
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Correlations against FA

(a) AD

FIGURE 3 Between-metric correlations in the FRDA group at
cluster-level FWE-corrected p < .05, with the mask defined by the
intersection of significant group differences in FA and the named
metric. Effect sizes (r) indicated by color gradient. AD, axial diffusivity;
FA, fractional anisotropy; MTR, magnetization transfer ratio; RD,
radial diffusivity

dentate nuclei, where white matter status was strongly correlated
with clinical indices. Comparisons between the indices provided indi-
rect support for multiple independent neuropathological processes,
with spatially overlapping microstructural (diffusion) and macrostruc-
tural (volume) alterations manifesting independently. Moreover, we
provide preliminary evidence for a distinction between the nature of
the underlying tissue disruption predominating in affected cerebellar
pathways on one hand, and cerebral tracts on the other. The results
indicate that different white matter measurements may be indepen-

dently sensitive to distinct disease processes in FRDA.

41 | White matter abnormalities in FRDA

Significant differences in all six white matter indices were evident in
individuals with FRDA relative to controls. The direction of these
effects were indicative of white matter disruption as observed in

other progressive neurological disorders, including lower FA, higher

MD, AD, and RD (Alcauter, Barrios, Diaz, & Fernandez-Ruiz, 2011;
Rosas et al., 2010), lower MTR (Tambasco et al., 2015), and decreased
white matter volume (Tabrizi et al., 2009) relative to healthy controls.
Interestingly, we found decreased AD, restricted to the splenium of
the corpus callosum. It is notable that both increases (Della Nave
et al,, 2011; Vavla et al,, 2018) and decreases (Rezende et al., 2016;
Vieira Karuta et al., 2015) in AD have been reported in previous FRDA
studies. This finding was collocated with reduced FA and increased
RD, providing corroborative evidence as to the importance of white
matter aberrations in the splenium; however, the interpretation of the
direction of this effect is currently unclear.

Importantly, we show for the first time that group differences in
diffusivity-based indices (FA, MD, AD, and RD) and MTR occurred
over and above any white matter volume loss. Similar findings have
been observed in Alzheimer's disease, indicating that diffusion indices
are sensitive to white-matter disruption beyond volume deficits (Canu
et al,, 2010).

Different white matter indices were differentially impacted by
FRDA. Microstructural abnormalities (DTI) showed the largest effect
sizes relative to controls. These changes were widespread, but partic-
ularly evident in the SCP and corticospinal tracts. This pattern largely
corroborates previous reports in FRDA (Della Nave et al., 2011;
Rezende et al., 2016; Vieira Karuta et al., 2015). More circumscribed
evidence of MTR abnormalities was also found in the SCP, although
effect sizes were smaller relative to the co-localized DTI group differ-
ences. This finding is consistent with one previous study in FRDA
which also reported reduced MTR in the SCP but not in the genu of
the corpus callosum (Corben et al., 2014). Finally, macrostructural
abnormalities (reduced white matter volume) were also evident
throughout cerebellar white matter and cerebello-thalamic pathways,
replicating reports of reduced volume in deep cerebellar white matter
(Della Nave, Ginestroni, Giannelli, et al., 2008) and reduced size of the
SCP (Akhlaghi et al., 2011; Pagani et al., 2010). Conversely, the cur-
rent findings are inconsistent with previous reports of reduced white
matter within frontal, cingulate, and parietal areas in addition to cere-
bellar regions (Franca et al., 2009; Rezende et al., 2016). These distinc-
tions may relate to the less conservative false discovery rate
correction used for multiple comparisons in these latter studies
(Verhoeven, Simonsen, & Mclntyre, 2005), or may reflect unknown
cohort-specific effects.

Taken together, the pattern of between-group effects across
white matter imaging modalities indicate that the most spatially con-
sistent and largest absolute effects occur in the cerebello-thalamo-
cerebral pathways. Between-group differences in white matter indices
were particularly distinct in FA, MD, and RD within the SCP immedi-
ately adjacent to the dentate nuclei (Figure 2; e.g., FA values in all but
two individuals with FRDA were more than two standard deviations
below the control data in this region). These effects implicate the den-
tatofugal white matter pathways as key sites of aberration in FRDA,
consistent with neuropathological findings of atrophy of the dentate
nucleus, its white matter projections, and the superior cerebellar
peduncle at the level of the brainstem (Koeppen & Mazurkiewicz,

2013). Furthermore, diffusion indices in the peri-dentate region were
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FIGURE 4

MTR vs. FA

r = -0.040%

Pearson correlations for between-group differences in FA versus AD/RD/MTR/volume in each voxel within regions-of-interest.

Dotted lines represent x = 0 and y = 0. FA is plotted on x-axis, comparison indices on y-axis. *Significant at corrected p < .05, accounting for
28 comparisons (i.e., p < .002). AD, axial diffusivity; FA, fractional anisotropy; MTR, magnetization transfer ratio; RD, radial diffusivity

also very highly correlated with disease severity (up to r = 0.82), cor-
roborating previous findings and indicating a strong association of
peri-dentate white matter aberrations with the phenotypic expression,
and potentially progression, of FRDA (Della Nave, Ginestroni, Tessa,
et al., 2008; Pagani et al., 2010; Rezende et al., 2016).

Consistent between-group differences were also observed in
cerebral regions of the cortico-spinal tracts, with correlations addi-
tionally observed between diffusion indices in this region and both
disease severity and age of disease onset. This complements known
loss of Betz cells in the motor cortex and degeneration in the spinal
regions of these tracts (Koeppen & Mazurkiewicz, 2013; Pandolfo,
2008). However, abnormalities were also observed in white matter
pathways not linked to known areas of pathology, such as the

splenium of the corpus callosum. Moreover, repeat length on the

smaller allele (GAA1), which has been shown to directly influence the
expression of frataxin (Clark et al., 2018), correlated negatively with
white matter volume in the inferior cerebellar peduncle/medulla area.
These observations raise the possibility that some cerebral white mat-
ter aberrations result from a primary effect of frataxin deficiency. Fur-
ther work is necessary to disambiguate primary and secondary
disease-related effects.

The current between-group results may reflect degenerative pro-
cesses, developmental processes (i.e.,, incomplete development of
white matter), or both. Indeed, recent histological evidence indicates
that neuropathology in FRDA involves areas of hypoplasia as well as
areas of degeneration (Koeppen, Becker, Qian, & Feustel, 2017), and a
recent neuroimaging study indicated that children and adults with

FRDA show different patterns of white and gray matter abnormalities



50 | WILEY

SELVADURAI ET AL

across the cerebrum, brainstem, and spinal cord (Rezende et al.,
2019). Interestingly, our results showed that within the cerebrum, sig-
nificant correlations with onset age (which may represent develop-
mental components of the disease course) tended to cluster in peri-
thalamic regions, while correlations with disease severity (which may
reflect degenerative components) tended to occur more superiorly. In
the brainstem and cerebellum, correlations with onset age were evi-
dent in the pons, while associations with disease severity were more
consistently found in peri-dentate regions. Notably, recent neuropath-
ological evidence suggests that spinal cord pathology in FRDA results
from compromised development, whereas dentate pathology reflects
degeneration (Koeppen et al., 2017; Koeppen, Ramirez, Becker,
Feustel, & Mazurkiewicz, 2015). However, our observation of sub-
threshold age of onset correlations in peri-dentate regions cautions
against interpreting onset and severity correlations as exclusively
impacting different brain regions. Rather, these findings indicate that
both developmental and degenerative processes may occur in brain
white matter in FRDA, although whether these processes target par-
ticular tracts requires longitudinal follow-up of pediatric cohorts.

4.2 | Multiple white matter pathologies in FRDA

In previous FRDA white matter studies, it has been unclear whether
co-localized significant differences in two or more indices are the
result of common or distinct pathological processes. The present
results indicate extensive shared variance across individuals between
FA and RD measurements, alongside relatively less shared variance
between FA and AD/MTR, and largely independent FA and volume
effects. Taken together, these findings suggest that FA, AD, MTR, and
volume may each provide unique and complementary information in
FRDA, with the spatial overlap of between-group differences possibly
representing co-occurrence of independent pathological processes -
for example, white matter volume loss and abnormal white matter
microstructure. Furthermore, the strong shared variance between FA
and RD may indicate that they reflect similar underlying properties of
the white matter (consistent with findings that FA and RD have a high
level of shared genetic variance; Hatton et al., 2018), which likely
explains their striking overlap in the between-group differences
shown here and in previous work (e.g., Rezende et al., 2016). As such,
it may be pertinent to be cautious in interpreting FA and RD effects
as separate and additive lines of evidence regarding white matter
abnormalities in FRDA.

Furthermore, we investigated covariation of disease effects
(i.e., between-group differences) using a voxel-based approach in
major white matter regions. Group differences in FA and RD were
highly correlated across voxels suggesting they may reflect a common
underlying disease process. On the other hand, MTR group differ-
ences correlated most consistently with FA group differences in cere-
bellar tracts, while correlations between AD and FA group differences
were most evident in cerebral tracts. A speculative interpretation of
this pattern, for further investigation in histological and preclinical

studies, is that cerebellar peduncle disruptions are more weighted

toward myelin deficits, while cerebral disruptions are more strongly
associated with axonal pathology. This distinction might then contrib-
ute to the proposed model of primary cerebellar and secondary cere-
bral degeneration in the cerebello-thalamo-cerebral pathways.
Whereas primary cerebellar white matter disruption may be driven by
demyelination secondary to frataxin loss, consistent with in vitro work
showing that frataxin deficits disrupt peripheral myelinating cells
(Lu et al., 2009), secondary cerebral white matter disruption may
result from subsequent changes to axonal integrity. Investigation of
this potential disease process will require further research but may
provide important information as to the mechanisms and progression

of white matter disruption in FRDA.

4.3 | Limitations and future directions

Several limitations must be considered. While diffusion tensor imaging
is a well-accepted measure of white matter characterization, definitive
interpretation of indices with regard to underlying biological mecha-
nisms must be approached with caution, as changes in indices can
result from a number of different biological processes (Jones et al.,
2013; Wheeler-Kingshott & Cercignani, 2009). While this study pro-
vides a model of both shared and unique pathological processes driv-
ing primary and secondary white matter deficits in FRDA, histological
or cellular corroboration is necessary.

Furthermore, interpretations regarding associations between dis-
ease severity across individuals (as an indicator of disease progression)
and white matter indices are limited by our cross-sectional design.
Longitudinal investigations are essential to understand the impact of
disease progression, and to disambiguate developmental versus
degenerative white matter changes in FRDA.

It should also be noted that alterations in brain white matter
have been observed among individuals with Type | and Type Il dia-
betes (Moghaddam, Sherbaf, & Aarabi, 2019; Yoon et al., 2018). The
present analyses included two individuals with diabetes. Although
their inclusion did not unduly influence the overall pattern of results
(see Figure S5), these individuals were in the lower extremes of the
distribution of FA values within the FRDA group (see Figure S4).
However, these participants also had relatively long disease dura-
tions and high FARS scores, which precludes differentiation
between the effects of diabetes and progressed disease in this case.
The effects seen here highlight the relevance of considering the
impact of diabetes in future studies, particularly as diabetes preva-
lence is reported as high as 30% in some cohorts (Delatycki &
Corben, 2012).

Finally, the finding that disease severity preferentially correlated
with white matter indices in peri-dentate areas does not necessarily
preclude the relevance of other white matter tracts to the FRDA phe-
notype. The FARS score particularly reflects impairment of cerebellar
function (Delatycki, 2009). Further investigation of correlations
between white matter indices and alternative cognitive, affective, or
behavioral measures may be required to determine the clinical signifi-

cance of white matter abnormalities.
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Our findings indicate that widespread white matter deficits in
FRDA likely result from multiple pathophysiological processes, to
which different magnetic resonance imaging based white matter indi-
ces are differentially sensitive. This work provides important advances
contributing to a detailed model of the neuropathological profile of
FRDA, and motivates comprehensive longitudinal investigations to
understand and track the association between white matter disruption

and clinical progression.
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