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Abstract Friedreich ataxia (FRDA) is traditionally asso-

ciated with neuropathology in the cerebellar dentate

nucleus and spinal cord. Growing evidence also suggests

involvement of the cerebral and cerebellar cortices,

although reports of structural abnormalities remain mixed.

This study assessed the structural integrity of cortical grey

matter in FRDA, focussing on regions in which pathology

may underlie the motor deficits characteristic of this dis-

order. T1-weighted anatomical magnetic resonance imag-

ing scans were acquired from 31 individuals with FRDA

and 37 healthy controls. Cortical thickness (FreeSurfer)

and cortical volume (SPM-VBM) were measured in cere-

bral motor regions-of-interest (primary motor, dorsal and

ventral premotor, and supplementary motor areas)

alongside unconstrained exploratory analyses of the cere-

bral and cerebellar cortices. Correlations were assessed

between cortical thickness/volume measures and each of

disease severity, length of the causative genetic triplet-re-

peat expansion, and finger-tapping behavioural measures.

Individuals with FRDA had significantly reduced cortical

thickness, relative to controls, in the premotor and sup-

plementary motor areas. Reduced cortical thickness and/or

volume were also observed in the cuneus and precuneus,

posterior aspects of the medial and lateral prefrontal cor-

tices, insula, temporal poles, and cerebellar lobules V, VI,

and VII. Measures of clinical severity, genetic abnormality,

and motor dysfunction correlated with volume loss in the

lateral cerebellar hemispheres. These results suggest that

atrophy preferentially affects premotor relative to primary

areas of the cortical motor system, and also extends to a

range of non-motor brain regions. Furthermore, cortical

thickness and cortical volume findings were largely

divergent, suggesting that each is sensitive to different

aspects of neuropathology in FRDA. Overall, this study

supports a disease model involving neural aberrations

within the cerebral and cerebellar cortices, beyond those

traditionally associated with this disorder.
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Introduction

Friedreich ataxia (FRDA), the most common inherited

ataxia, is primarily characterised by progressive incoordi-

nation of limb movements and gait [30]. The causative

genetic mutation is most often a homozygous GAA repeat

expansion in the FXN gene, leading to deficient expression
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of the frataxin protein and subsequent degeneration of

neural, cardiac, and endocrine tissues [30]. Canonical sites

of neuropathology include the dentate nuclei of the cere-

bellum, dorsal root ganglia, and various spinal tracts [30].

Dentate pathology is thought to contribute to gait and limb

ataxia, dysarthria, and dysphagia [23], while corticospinal

tract damage accounts for secondary motor features,

including muscle weakness and abnormal reflexes [30].

Evidence for cerebral involvement in FRDA is also

growing. Using in vivo neuroimaging, abnormalities in

cerebral activation have been reported in association with

motor and cognitive performance [1, 17]. Reduced struc-

tural integrity has also been observed in white matter tracts

linking the cerebellum and cerebral cortex [2, 44], and

cerebral components of the spinal tracts [10, 32]. Recent

anatomical investigations further support subcortical

grey matter atrophy in the basal ganglia, midbrain, and

thalamus [18, 32]. Finally, observed behavioural deficits in

higher order cognitive functions, including motor planning

[8] and cognitive control [20], may be best accounted for

by the combination of cerebellar and cerebral disruptions.

Despite evidence of cerebral contributions to FRDA,

reports of structural changes in the cerebral cortex remain

mixed. Using whole-brain voxel-based morphometry

(VBM) and cortical thickness measures, Rezende and

colleagues [32] reported a loss of grey matter principally in

motor areas. Conversely, two other VBM studies did not

find evidence of cerebral grey matter changes, although

much smaller sample sizes were employed [9, 13]. It,

therefore, remains uncertain whether functional disruptions

in the cerebrum are solely the consequence of reduced

inputs from the cerebellum/spinal cord (i.e., functional

diaschisis; [7]), or if anatomical changes in the cerebrum,

putatively reflecting neuronal death or loss of neuropil, also

contribute. With respect to the latter, it is noteworthy that

clinically relevant cerebral grey matter atrophy has been

reported in other inherited ataxias [19, 34].

As motor dysfunctions are the most salient clinical

features of FRDA, the integrity of the cerebral motor sys-

tem may be particularly relevant. In vivo functional

abnormalities have been consistently reported within the

supplementary motor areas across motor tasks of varying

complexity, alongside more varied evidence of dorsal

premotor and primary motor involvement [1, 15]. In the

cerebellum, reported anatomical and functional abnormal-

ities are principally weighted towards the lateral hemi-

spheres, [1, 32] which preferentially interact with the

premotor and prefrontal cortices of the cerebrum [6]. These

findings together motivate our hypothesis that premotor

areas may be disproportionally impacted relative to the

primary motor system.

This study aimed to assess the structural integrity of the

motor cortex in individuals with FRDA by examining

cortical volume and cortical thickness using a region-of-

interest (ROI) approach. The ROIs comprised the four

main subcomponents of the cortical motor system (dorsal

and ventral premotor, supplementary motor, and primary

motor areas), as identified by a meta-analysis of functional

MRI in motor tasks [26]. Whole-brain analyses were also

performed. Relationships between cortical structure and

clinical metrics, including disease severity, length of the

GAA repeat expansion, and performance on simple finger-

tapping motor tasks were assessed.

Methods

Participants

Data analyses included 31 individuals homozygous for a

GAA expansion in intron one of FXN and 37 age- and

gender-matched healthy controls (Table 1) recruited

through the Melbourne-based IMAGE-FRDA neuroimag-

ing study. Data were collected between August 2013 and

August 2014. Two additional individuals with FRDA were

excluded due to excessive movement during scanning

(n = 1) and evidence of gross cerebral atrophy, an unusual

finding in FRDA (n = 1). Participants had no history of

psychiatric or neurologic disorders, apart from FRDA.

Disease severity was quantified using the Friedreich Ataxia

Rating Scale (FARS) [39]. The study was sanctioned by the

Monash Health Human Research Ethics Committee. All

participants provided written informed consent.

Motor tasks

Participants performed speeded and self-paced finger tap-

ping tasks [38]. During speeded tapping, participants pressed

a button with their non-dominant index finger as rapidly as

possible for 10 s, followed by a 10 s rest period, repeated five

times. The average inter-tap interval (ms) was recorded for

subsequent between-group and correlational analyses

(Table 1). During self-paced tapping, participants alternated

between pressing two buttons, one with each thumb, in time

with a repeated tone presented every 550 ms (1.8 Hz). After

11 taps, the tone ceased and participants were required to

maintain the same pace for an additional 31 taps. This pro-

cedure was repeated five times. Tapping precision was cal-

culated as the inverse of the standard deviation of the

difference between observed and correct inter-tap intervals

(Table 1); this precision value was used for subsequent

between-group and correlational analyses [38].

2216 J Neurol (2016) 263:2215–2223

123



Magnetic resonance imaging

Whole-brain magnetic resonance imaging was conducted

using a 3-Tesla Siemens Skyra scanner with a 32-channel

head coil. High-resolution T1-weighted magnetization-

prepared rapid gradient-echo (MPRAGE) images were

acquired over 3.5 min: TR = 1900 ms, TE = 2.19 ms,

flip = 9�, FOV = 256 9 256 mm, 176 sagittal slices, and

1.0 mm isotropic voxels.

Grey matter measurement

Cortical thickness

Surface-based cortical thickness analysis was conducted

using the semi-automated FreeSurfer pipeline (Version 5.3)

[11]. In brief, following removal of non-brain tissues,

models of the grey matter–white matter boundary and the

grey matter–CSF boundary are constructed. Cortical

thickness is defined as the distance between these bound-

aries at each vertex (point) across the cortical surface. All

images were inspected to ensure accuracy of the surface

models. Any errors, most often due to dura mater being

mislabelled as grey matter, were manually corrected

according to current best practice (https://surfer.nmr.mgh.

harvard.edu). Cortical thickness assessments can only be

undertaken in the cerebrum (not cerebellum).

Cortical volume

Volume-based assessments were undertaken using VBM12

(http://www.neuro.uni-jena.de/vbm) and SPM12 software

(http://www.fil.ion.ucl.ac.uk/spm/) to perform a standard

VBM analysis [3]. The T1-weighted images were first

segmented into tissue subclasses (grey matter/white matter/

CSF) and normalised to standard space using a non-linear

diffeomorphic deformation (DARTEL). The grey matter

segmentations were then adjusted (modulated) using the

non-linear component of the deformation field. Overall

differences in brain size are discounted at this stage,

negating the need for further correction during statistical

modelling. A 5 and 10 mm full-width-half-maximum

(FWHM) Gaussian spatial smoothing kernel was then

applied to the cerebellar and cerebral images, respectively.

Analysis included both the cerebral and cerebellar cortices;

subcortical volume changes are reported elsewhere [18].

Region-of-interest definition

The primary motor (M1), dorsal premotor (PMd), ventral

premotor (PMv), and supplementary motor areas (SMA)

were defined by the Human Motor Area Template (HMAT;

Fig. 1a), a volume-based atlas constructed using a meta-

analysis of functional MRI in cortical motor areas [26].

Mean cortical thickness and grey matter volume within

each ROI were extracted for each participant.

Statistical analyses

Statistical inference was undertaken using SPSS Statistics

22 (IBM Corp.). For each of cortical thickness and cor-

tical volume, between-group differences were assessed

using analysis of covariance (ANCOVA). Four two-way

mixed model ANCOVAs (one for each of M1, PMd,

Table 1 Demographic, clinical,

and behavioural measures
FRDA (N = 31) Controls (N = 37) Statistic p value

Demographics

Age (years) 36.58 ± 13.00 37.09 ± 12.87 t66 = 0.16 0.872

Gender (M, F) 17, 14 20, 17 X2 = 0.04 0.948

Clinical data

FARS score 80.92 ± 28.39 – – –

BDI-II score 8.23 ± 8.42 4.97 ± 5.79 t66 = 1.88 0.065

Disease duration (years) 16.91 ± 9.53 – – –

Age at onset (years) 19.55 ± 8.82 – – –

GAA1 repeat length 546 ± 225 – – –

GAA2 repeat length 865 ± 253 – – –

Finger tapping performance

Speeded inter-tap interval (ms) 495.1 ± 183.9 209.0 ± 27.6 t65 = 9.23 \0.001

Paced tapping (precision) 11.13 ± 4.70 21.81 ± 6.19 t65 = 7.80 \0.001

Values are mean ± SD

FARS Friedreich Ataxia Rating Scale; BDI-II Beck Depression Inventory-II [5]; disease duration age when

tested minus age at disease onset; age at onset age at which first symptom was reported; GAA length of the

GAA repeat in intron 1 of the FXN gene in the smaller (GAA1) and larger (GAA2) alleles
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PMv, and SMA) were conducted, with a between-subjects

factor of GROUP (FRDA, Controls) and a within-subjects

factor of HEMISPHERE (left, right). Hemisphere was

included as a factor of non-interest to account for

potential hemispheric differences. Age and gender were

entered as covariates. Significance thresholds were Bon-

ferroni-corrected across the four regions-of-interest

(p\ 0.013); uncorrected trends (p\ 0.05) are also

reported for comprehensiveness.

Exploratory analyses were also conducted across the

whole cerebrum for thickness and volume; and separately

across the whole cerebellum for volume. Thickness at each

vertex and volume at each voxel were compared between

the FRDA and control groups using random-effects general

linear modelling, implemented in Freesurfer and SPM,

respectively. Age and gender were included as covariates.

Inference on cortical thickness effects, including correction

of statistical thresholds for multiple comparisons, was

achieved using Monte Carlo cluster simulations for cortical

thickness (cluster-level FWE-corrected p\ 0.05; cluster-

forming threshold, p\ 0.01; 10,000 permutations) [16].

For cortical volume measures, threshold-free cluster

enhancement (TFCE; [36]) and non-parametric permuta-

tion testing were employed (TFCE-level FWE-corrected

p\ 0.05). Correction was undertaken separately for the

cerebrum and the cerebellum.

Correlation analyses were conducted to assess the lin-

ear associations between cortical thickness/volume and

each of the: (1) FARS scores, (2) GAA repeat sizes of the

smaller FXN allele (GAA1), (3) speeded tapping rates,

and (4) paced tapping precision in the FRDA cohort. For

each individual, mean cortical thickness and cortical

volume were extracted for each ROI and each significant

cluster identified in the relevant exploratory analysis. For

each region, a Pearson correlation was conducted between

mean cortical thickness and each of the variables listed

above, and separately for cortical volume and each of

these variables. Bonferroni correction was undertaken

across four ROIs and, separately, the number of signifi-

cant clusters.

Furthermore, linear correlations with each variable

across the whole cortex were explored by fitting a simple

linear regression to each cortical thickness vertex and each

cortical volume voxel, separately for each clinical/be-

havioural variable. Statistical thresholds were corrected for

multiple comparisons using the same methods as described

above (Monte Carlo simulations for thickness, TFCE for

volume).

Results

Motor regions-of-interest

Significant reductions in cortical thickness in the FRDA

cohort, relative to controls (main effects of GROUP), were

evident in the PMd (p = 0.002), PMv (p = 0.002) and SMA

(p = 0.001); Fig. 1b; Table 2. Trend-level reduction was

observed in M1 (p = 0.048).

There were no significant group differences in

grey matter volume at the corrected threshold. A trend

towards reduced volume in the FRDA cohort in the PMv

(p = 0.022) was observed; Fig. 1c; Table 2.

Notably, all effects (whether significant, trending, or

insignificant) were in the direction of decreased volume or

thickness in the FRDA cohort.

For both cortical thickness and cortical volume, the

ANCOVAs revealed no significant GROUP by HEMI-

SPHERE interaction in M1 [thickness: F(1,64) = 0.04,

p = 0.849, volume: F(1,64) = 0.62, p = 0.433], PMd

[F(1,64) = 2.58, p = 0.113, F(1,64) = 3.52, p = 0.065],

PMv [F(1,64) = 0.002, p = 0.962, F(1,64) = 0.84,

Fig. 1 Group comparisons (FRDA vs. controls) in the motor regions-

of-interest (a) for cortical thickness (b) and cortical volume (c).
*p\ 0.013 (corrected p\ 0.05), ^p\ 0.05 (uncorrected). M1

primary motor area; PMd dorsal premotor area; PMv ventral premotor

area; SMA supplementary motor area
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p = 0.363], or SMA [F(1,64) = 1.44, p = 0.234,

F(1,64) = 0.06, p = 0.813]. Therefore, inference was

restricted to the main effect of GROUP.

Cerebral exploratory analysis

Cortical thickness was significantly reduced in FRDA rel-

ative to controls in the bilateral paracentral lobules (over-

lapping with the SMA ROI), bilateral temporal poles, right

ventrolateral prefrontal cortex (PFC) and anterior insula,

and right precuneus (Fig. 2a; Online Resource 1, Supple-

mentary Table 1).

Cortical volume was significantly reduced in the bilat-

eral frontal operculum and posterior aspects of the lateral

PFC (overlapping with the PMv ROI), left pre-SMA, and

right cuneus/precuneus (Fig. 2b; Online Resource 1, Sup-

plementary Table 2).

Overlap in reduced thickness and volume was evident in

the right precuneus. There was no evidence of increased

thickness or volume in FRDA.

Cerebellar exploratory analysis

Reduced grey matter volume in the FRDA group, relative

to controls, was evident throughout the lateral cerebellar

hemispheres bilaterally (Fig. 3a; Online Resource 1, Sup-

plementary Table 3). These differences encompassed much

of Lobules VI and neighbouring regions of Crus I, areas of

Crus II, and Lobule VIIb. Medial to Lobule VI, reduced

grey matter was also evident in Lobule V, particularly in

Table 2 Cortical thickness and

volume in motor regions-of-

interest

ROI Cortical thickness (mm ± SEM) Cortical volume (mL ± SEM)

FRDA Control F(1,64) p FRDA Control F(1,64) p

M1 2.07 ± 0.03 2.15 ± 0.03 4.61 0.036 10.18 ± 0.17 10.42 ± 0.15 1.11 0.30

PMd 2.53 ± 0.03 2.64 ± 0.02 10.02 0.002 10.37 ± 0.16 10.62 ± 0.14 1.39 0.24

PMv 2.60 ± 0.02 2.68 ± 0.02 9.48 0.003 9.08 ± 0.13 9.49 ± 0.12 5.54 0.022

SMA 2.59 ± 0.04 2.75 ± 0.03 11.36 0.001 4.74 ± 0.08 4.86 ± 0.07 1.27 0.26

Bold p values, corrected-level p\ 0.05

M1 primary motor cortex; PMd dorsal premotor cortex; PMv ventral premotor cortex; SMA supplementary

motor area

Fig. 2 Results of cerebral exploratory analysis of cortical thickness

(a; cluster-level FWE-corrected p\ 0.05) and cortical volume (b;

threshold-free cluster enhancement FWE-corrected p\ 0.05). Blue =

FRDA\ controls. vlPFC ventrolateral prefrontal cortex; aIns ante-

rior insula; mINs middle insula; medFG medial frontal gyrus
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the right hemisphere. No significant effects were observed

in vermal regions. There was no evidence of increased

volume in FRDA.

Clinical and behavioural correlations

Clinical and behavioural correlations with cerebellar

grey matter volume are shown in Fig. 3. Associations with

disease severity were evident across Lobules V–VII, while

GAA1 correlations were restricted to right Lobule VI.

Speeded tapping interval mapped onto Crus I and II, and

paced tapping precision onto Crus I and Lobules VIIIb/IX.

In all cases, poorer clinical, genetic, and behavioural

indices were associated with less grey-matter volume

(Fig. 3; Online Resource 1, Supplementary Fig. 1; Online

Resource 1, Supplementary Table 4).

There were no significant correlations with clinical/be-

havioural measures and cerebral grey matter volume or

thickness.

Discussion

In this study, we report structural abnormalities in the

cerebral and cerebellar grey matter in individuals with

FRDA, relative to healthy controls. Reduced thickness and

volume of grey matter in the cerebral cortex were observed

in motor (PMd, PMv, and SMA) and non-motor areas

(cuneus, precuneus, anterior temporal cortex, insula, and

posterior aspects of the medial and lateral PFC). Volumetric

analysis of the cerebellum replicated and extended previous

findings of grey matter loss, with particular weighting

towards the lateral hemispheres [32]. Cerebellar, but not

cerebral, grey matter measures were significantly associ-

ated with clinical severity, genetic markers, and motor

performance in individuals with FRDA.

Grey matter loss in the motor system in FRDA is con-

sistent with reported aberrations in motor-related func-

tional activations [1, 15], reduced white matter

connectivity with lower brain areas [2, 44], and another

recent report of cortical grey matter atrophy [32]. The

current results support the hypothesis that cerebral func-

tional changes are not only the consequence of reduced

cerebello-cerebral neural signalling, but that neuronal

death or loss of neuropil in the cerebrum itself may also

contribute. Furthermore, this study provides evidence of

differential atrophy in subregions of the motor system, with

preferential involvement of premotor regions (PMd, PMv,

and SMA). This observation is consistent with cerebellar

degeneration that is preferentially targeted to the lateral

hemispheres, which primarily interact with the premotor

and prefrontal cerebrum [6]. Conversely, the relatively

spared cerebellar vermal and paravermal fields preferen-

tially interact with the relatively spared primary motor

system.

Grey matter loss in extra-motor regions of the cerebral

cortex was also identified. Of these regions, only abnor-

malities in the insula have previously been reported in

FRDA, including aberrant functional activation and func-

tional connectivity [1, 14, 17]. However, extra-motor

Fig. 3 Cerebellar volume

differences. Areas with

significantly less grey matter in

FRDA relative to controls (top;

blue = FRDA\ control) and

significant correlations with

clinical and finger tapping

measures (middle;

blue = negative,

red = positive). The SUIT

cerebellar atlas is provided for

reference (bottom; modified

from [22] under CC BY-NC

license). All effects meet FWE-

corrected p\ 0.05 significance

using threshold-free cluster

enhancement and are presented

in MNI space
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involvement is consistent with growing evidence of cog-

nitive deficits in FRDA, including impaired cognitive

control [20], verbal fluency [28], visuoperception, and

visuoconstruction [29]. However, assessing potential links

between grey matter loss in non-motor cortical areas and

non-motor FRDA phenomenology will require further

research.

One compelling possibility for effects in a number of the

non-motor areas identified in this study relates to their status

as ‘hub’ regions within key functional brain networks; in

other words, regions with a high level of interconnectivity

with other brain areas [37]. In particular, the insula is a hub

region in the salience network and the precuneus is a hub

region in the default mode network [27, 40]. The temporal

pole also displays hub characteristics [21]. Hub regions are

known to be particularly vulnerable to the impact of pri-

mary disease consequences or secondary spread from pri-

mary sites of pathology [37, 41] and both the salience and

default mode networks have been implicated in FRDA in

the previous functional imaging work [1, 14, 15]. These

results may thus provide further evidence of the impact of

FRDA on large-scale cortical networks (e.g. [17]).

Our findings also indicate a differential sensitivity of

cortical volume and thickness measurements to FRDA-re-

lated pathology. First, only the cortical thickness analyses

were sensitive to statistically significant group differences

in motor ROIs. Second, the pattern of volume and thick-

ness differences revealed in the exploratory analyses were

largely divergent, with overlap restricted to the medial

parietal lobe. This divergence has previously been

observed in both health and disease [25, 35, 43], and dis-

crepancies between volumetric and thickness findings are

not unexpected, as these measures are not necessarily

directly related to each other. Indeed, it appears that

changes in cortical volume are better accounted for by

changes in cortical surface area than changes in cortical

thickness [22]. Furthermore, cortical thickness and cortical

surface area have different genetic bases, are thought to

arise from different cellular processes [31], and show dif-

ferent topological profiles in the human brain [33]. The

influence of cortical curvature and grey matter/white mat-

ter contrast may also partly drive volume–thickness dis-

crepancies [25]. Taken together, cortical thickness and

cortical volume likely measure different aspects of cerebral

grey matter [42], although the specific cellular correlates of

each remain a matter of ongoing research.

This study adds to the current evidence of supra-tento-

rial structural involvement in FRDA. However, while both

cerebral and cerebellar grey matter changes are evident,

significant associations with clinical severity, genetic

loading, and motor dysfunction are observed only in the

latter. Significant clinical correlations in cerebellar, but not

cerebral, structures are also reported in other recent

structural and functional studies of the brain in FRDA,

[17, 32] consistent with cerebellar effects being the most

robust and reliable indices of brain pathology in this dis-

order [24]. As with the between-group differences, these

correlation effects were weighted to lobules VI and VII,

providing further evidence that neural disruptions in the

lateral hemispheres—areas more typically associated with

premotor and cognitive functions—are particularly rele-

vant to FRDA morbidity.

Conversely, anatomical-clinical associations did not

manifest in the cerebrum. We speculate that these more

subtle anatomical changes may be insufficient to induce

functional consequences owing to local capacity reserve or

compensation within alternative systems [4, 12]. Moreover,

clinical and behavioural measures that conflate many

aspects of the disorder or cognitive-behavioural pro-

cesses—such as the FARS and finger tapping—may be

insufficiently sensitive to subtle neurological changes.

Finally, insufficient statistical power to detect significant

correlations in this work also cannot be ruled out. Thus,

although a growing body of literature supports the repli-

cability of anatomical abnormalities in the cerebrum, their

clinical consequences remain an ongoing question.

The a priori ROI and exploratory approaches applied in

this study each have inherent limitations. ROI analyses

provide increased power to detect relatively small effect

sizes (due to decreased multiple comparisons), but rela-

tively poor spatial specificity due to inclusion of large

areas of cortex; the opposite is true of exploratory

approaches. This inherent trade-off is exemplified by the

exploratory detection of volume differences in subregions

of the PMv, which manifest only as trend-level group

differences across the whole structure. Our combined

analysis approach attempts to offset these reciprocal

strengths/weaknesses.

In conclusion, this study supports the existence of

structural abnormalities in the cerebral and cerebellar

cortices in FRDA. Tissue atrophy is preferentially observed

in premotor areas of the cortical motor system, alongside a

number of ’hub’ regions of non-motor networks. Overall,

this work adds to a growing literature illustrating pathology

in regions distal from the cerebellum and spinal cord,

thereby representing a move towards a more complete

model of neuropathology in FRDA.
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Gómez Y, Hernández-González G, Valdés-Urrutia L, Galán L,

Valdés-Sosa P (2010) Surface area and cortical thickness

descriptors reveal different attributes of the structural human

brain networks. NeuroImage 50:1497–1510

34. Schulz JB, Borkert J, Wolf S, Schmitz-Hübsch T, Rakowicz M,
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