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Methods: A coordinated international analysis of regional brain volume using magnetic resonance imaging data char-
ted the whole-brain profile, interindividual variability, and temporal staging of structural brain differences in 248 individ-
uals with FRDA and 262 healthy controls.
Results: The brainstem, dentate nucleus region, and superior and inferior cerebellar peduncles showed the
greatest reductions in volume relative to controls (Cohen d = 1.5–2.6). Cerebellar gray matter alterations were
most pronounced in lobules I–VI (d = 0.8), whereas cerebral differences occurred most prominently in precentral
gyri (d = 0.6) and corticospinal tracts (d = 1.4). Earlier onset age predicted less volume in the motor cerebellum
(rmax = 0.35) and peduncles (rmax = 0.36). Disease duration and severity correlated with volume deficits in the den-
tate nucleus region, brainstem, and superior/inferior cerebellar peduncles (rmax = �0.49); subgrouping showed
these to be robust and early features of FRDA, and strong candidates for further biomarker validation. Cerebral
white matter abnormalities, particularly in corticospinal pathways, emerge as intermediate disease features. Cere-
bellar and cerebral gray matter loss, principally targeting motor and sensory systems, preferentially manifests later
in the disease course.
Interpretation: FRDA is defined by an evolving spatial profile of neuroanatomical changes beyond primary pathology
in the cerebellum and spinal cord, in line with its progressive clinical course. The design, interpretation, and generaliza-
tion of research studies and clinical trials must consider neuroanatomical staging and associated interindividual variabil-
ity in brain measures.
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Friedreich ataxia (FRDA) is the most common heredi-
tary ataxia.1 It is caused by biallelic mutations in the

FXN gene, resulting in transcriptional repression of the
“frataxin” protein, leading to abnormal mitochondrial bio-
energetics.2 The characteristic progressive neurological
abnormalities of FRDA include ataxia of gait and limbs,
dysarthria, and dysphagia. Symptoms typically first mani-
fest around puberty, although onset can occur anytime
from infancy through to midlife. FRDA has a disabling,
unrelenting, and currently untreatable course leading to
premature mortality.3

In the nervous system, primary neuropathology tar-
gets the dorsal root ganglia and dorsal horns of the spinal
cord, the dentate nuclei of the cerebellum, and the spi-
nocerebellar and corticospinal tracts.4,5 The neuropathol-
ogy of FRDA is thought to result from a combination of
abnormal development and progressive degeneration,
whereas spinal cord and brainstem changes may predomi-
nantly arise due to abnormal developmental processes, and
cerebellar and cerebral changes likely follow a more pro-
gressive course.5,6

Magnetic resonance imaging (MRI) has increasingly
been used to localize, quantify, and track in vivo anatomical
brain changes in people with FRDA. Early, robust, and

progressive volume loss in the dentate nuclei has been
reported,7–9 although in the cerebellar cortex the detection
and localization of volume loss has varied markedly across
studies.9–14 In the brainstem, regions corresponding to the
spinocerebellar and dentatothalamic tracts show particularly
marked volumetric changes that correlate with disease sever-
ity, onset age, and duration.7,8,14–16 Although the cerebral
cortex is generally thought to be anatomically spared in
FRDA, mild cortical thinning and reduced volume in the
primary motor and somatosensory cortices, premotor
regions, and occipital/calcarine areas have been variously
reported.11,17 Evidence of volume loss and microstructural
changes in the corticospinal tracts is also robust, and wide-
spread white matter injury has been reported throughout
much of the cerebrum and corpus callosum.8,12,14,15

Taken together, available literature supports the util-
ity of noninvasive neuroimaging to characterize and track
brain changes in FRDA, and potentially to address the
urgent need for reliable treatment monitoring and stratifi-
cation biomarkers for clinical trials. However, due to the
rarity of FRDA, MRI studies to date have examined mod-
estly sized cohorts (median cohort size = 21, range = 8–
37, in 22 studies published from 2008 to 2020), limiting
statistical power, reliability, generalizability, and
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opportunities to examine factors that affect disease vari-
ability. Key questions also remain regarding the temporal
staging and dynamic profile of brain changes in FRDA.
Heterogeneous clinical phenotypes and rates of symptom
progression are observed as a factor of early (<15 years)
relative to late (>25 years) commencement of symp-
toms.3,18 Moreover, there are clear differences in the
temporal trajectory of the disease in the first few decades
compared to the later years.19 However, it remains
unclear whether this variability reflects properties of the
clinical scales, or true differences in the neuropathologi-
cal progression of FRDA, and efforts to characterize any
neuroanatomical substrates underpinning this clinical
variability are nascent.14,17

The ENIGMA-Ataxia working group was formed to
address these open questions through multisite aggregation
and coordinated analyses of MRI data (http://enigma.ini.
usc.edu/ongoing/enigma-ataxia/). Here, we aim to under-
take a comprehensive evaluation of whole-brain structure
in individuals with FRDA relative to healthy controls
(CONT), including identification of early versus late dis-
ease characteristics and the influence of childhood com-
pared with adolescent and adult symptom onset.

Subjects and Methods
Participants and Data
We employed a cross-sectional design based on retrospective
multisite data aggregation, with coordinated prospective analysis

of all data. Data from 248 individuals with FRDA and 262 age-
and sex-matched CONT from across 10 research sites were
included (Table). Individuals with FRDA were genetically
confirmed to have biallelic mutations in intron 1 of the FXN
gene (GAA repeat expansions on both alleles, n = 243; one
expanded allele and one point mutation, n = 5). Data collection,
analysis, and contributions to this project were governed by the
human research ethics body at each site as previously published
and/or defined here: Aachen (RWTH Aachen University project
EK 083/15),16 Bologna,20 Campinas,14 Conegliano (IRCCS
Eugenio Medea, project 155/CE-Medea),12 Essen (Essen Univer-
sity Hospital, project 15-6404-BO), Florence,21 Innsbruck
(Medizinische Universität Innsbruck, project 1074/2017), Melbourne
(Monash Health, project #13201B),15 Minnesota (University of
Minnesota, STUDY00009047), and Naples (University of Naples
Federico II, project 47/15).13 Multisite data aggregation and analysis
were approved by the Monash University Human Research and
Ethics Committee (project #12372). All data were fully anonymized
prior to aggregation, including assignment of new subject identifier
codes.

Age at disease onset was defined as the age at first symp-
tom expression, and disease duration as the time from onset to
MRI examination. Disease severity was quantified using one of
the following validated clinical scales: the Friedreich Ataxia Rat-
ing Scale, the Scale for Assessment and Rating of Ataxia, or the
International Cooperative Ataxia Rating Scale (see Supplemen-
tary Table S1). Higher scores on these scales indicate greater
clinical severity. The retrospective nature of the study precluded
clinical phenotyping using a common scale. Due to the distinct
psychometric properties of these different scales, and the
potential for systematic differences in the implementation of

TABLE. Participant Demographics across the 10 Study Sites

Site

Friedreich Ataxia Control

n Female, n (%) Age Disease Duration Onset Age n Female, n (%) Age

Aachen 26 12 (46) 36.3 (12.2) 19.7 (9.6) 16.7 (7.7) 35 20 (57) 35.2 (13.2)

Bologna 17 9 (53) 29.4 (12.8) 20.5 (11.4) 8.9 (4.7) 15 9 (60) 31.3 (10.1)

Campinas 52 33 (63) 29.8 (13.6) 11.6 (9.2) 18.3 (9.4) 61 37 (61) 29.5 (13.3)

Conegliano 39 20 (52) 22.9 (11.3) 11.6 (8.0) 11.3 (7.1) 23 13 (57) 27.7 (9.01)

Florence 17 9 (53) 32.4 (9.7) 14.2 (8.2) 18.2 (9.1) 21 11 (52) 32.1 (7.18)

Innsbruck 13 6 (46) 46.0 (12.3) 20.3 (9.1) 25.7 (12.2) 18 7 (39) 45.7 (12.5)

Essen 15 9 (60) 44.1 (11.3) 22.7 (8.5) 21.4 (7.2) 14 8 (57) 42.4 (14.1)

Melbourne 31 14 (45) 36.5 (13.0) 17.0 (9.5) 19.5 (8.8) 37 17 (46) 37.1 (12.8)

Minnesota 19 10 (53) 18.5 (7.4) 4.7 (3.1) 13.8 (5.8) 18 8 (44) 21.4 (6.75)

Naples 19 6 (32) 28.4 (14.1) 11.6 (7.0) 17.1 (9.9) 20 9 (45) 29.4 (9.75)

Totala 248 128 (52) 31.1 (14.0) 14.5 (9.79) 16.7 (9.20) 262 139 (53) 32.7 (12.9)

Age, disease duration, and onset age are reported in mean years (standard deviation).
aThere were no statistically significant differences (p > 0.05) between individuals with Friedreich ataxia and controls in age or sex, across all sites.
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the same scale across sites, disease severity scores were not
directly aggregated between sites, as described in the Statistical
Analysis section below.

The MRI data used in this study consisted of high-resolution
T1-weighted anatomical images collected on 3T (8 sites) or 1.5T
(2 sites) clinical scanners at a voxel size of no greater than 1mm3

(Supplementary Table S2). All images collected at each site were
acquired using the same scanner and protocol; data were available
for both cohorts (FRDA and CONT) from all sites.

Image Processing
Spatially Unbiased Infratentorial Toolbox for Cerebellar Gray

Matter. Cerebellar gray matter volume was quantified
using the Spatially Unbiased Infratentorial Toolbox (SUIT)
v3.2 (www.diedrichsenlab.org/imaging/suit.htm) and
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
). Default settings from SUIT 3.2 were used, with the
exception of tissue modulation using the affine component
of the template registration in addition to the default modu-
lation based only on the nonlinear warp (see further details
below). Subtentorial structures (ie, cerebellum and
brainstem) were first isolated from the rest of the brain and
segmented to produce gray matter partial-volume images.
The subtentorial masks were manually inspected for accu-
racy, and edited to exclude remaining areas of the occipital
lobe or surrounding vasculature when necessary. The gray
matter partial volume images were then normalized to the
SUIT template using a DARTEL registration approach.
The images were modulated based on both the affine and
nonlinear components of the transformation to preserve vol-
ume encoding in the normalized images. The affine trans-
form encodes information related to the overall size and
scale of the cerebellum, whereas the nonlinear transform
estimates more localized anatomical features. The global
changes encoded by the affine transform are often treated as
confounds resulting from variability of noninterest (eg, head
size), and are thus excluded from consideration during vol-
ume estimation. However, in this work, between-group dif-
ferences in both global and local anatomical features of the
cerebellum are expected and are of interest. Both are there-
fore considered in our voxelwise volume estimates, and vari-
ability in head size is accounted for during statistical analysis
by covarying for intracranial volume (ICV). For quality con-
trol, the spatial covariance (ie, overlap) of each normalized
image relative to all others from that site was assessed to
identify misregistrations or abnormal image features. Any
image in which the average covariance to the rest of the
sample fell 2 standard deviations below the site mean was
manually inspected and excluded for artifacts or severe
motion corruption, but otherwise retained. The images were
spatially smoothed using a Gaussian kernel of 3mm full
width at half maximum (FWHM).

CAT12 Toolbox for Cerebral Gray Matter and Whole-Brain

White Matter. Cerebral gray matter and whole-brain
white matter were quantified with the Computational
Anatomy Toolbox (CAT12 v12.5; http://www.neuro.uni-
jena.de/cat/) and SPM12 implemented in MATLAB.
Standard (default) settings from CAT12 v12.5 were used,
with the exception that the final tissue maps were written
out in 1mm (as opposed to 1.5mm) isotropic voxels. In
brief, each image underwent bias-field correction, skull
stripping, segmentation into gray and white matter, and
normalization to Montreal Neurological Institute space
using the DARTEL algorithm. Voxel-level intensities for
each white and gray matter image were modulated by the
Jacobian determinants derived during both linear and
nonlinear spatial normalization to preserve volume
encoding. The resulting normalized and modulated gray
and white matter images were spatially smoothed using a
5mm Gaussian kernel at FWHM. Spatial covariance qual-
ity control was performed as above. The cerebellum was
masked out of the gray matter images prior to spatial
smoothing to prevent signal contamination across the
tentorium. Total ICV was quantified as the sum of gray
matter, white matter, and cerebrospinal fluid volumes
using CAT12 segmentations.

Adjustment for Site Effects and Healthy Aging Prior to

Disease-Related Correlations. Variability in volume esti-
mation may be introduced by systematic differences
between sites (eg, technical considerations related to differ-
ent scanners and MRI acquisition sequences; or differ-
ences in cohort characteristics) and/or the effect of aging
(eg, healthy aging and disease progression).

In our between-group inference, this variance is of
noninterest and is accounted for by inclusion of appro-
priate regressors in the linear model (see Statistical Analy-
sis). However, in the estimation of associations between
brain volume and disease-related measures, it is desirable
to control for the influence of site effects and healthy
aging, while retaining disease-related variability. Site
effects at each voxel were quantified as the difference
between the global mean of all CONT across all sites
(meanglobal_hc) and the mean of the CONT at each site
(meansite_hc):

imagesitecorr ¼ imageorigþ meanglobal_hc�meansite_hc
� �

Additional healthy aging effects were estimated using a
simple linear regression of current age onto volume at each
voxel across all CONT (βage), and used for correction
of the FRDA data to the mean age of the sample
(ie, expected volume if all subjects were approximately
30 years old) prior to undertaking clinical correlations:
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imageagecorr ¼ imagesitecorr� βage* agecurrent – agemean

� �� �

Statistical Analysis
FRDA versus CONT Between-Group Differences. Between-
group differences were estimated using analysis of covari-
ance models, controlling for site, cohort by site, ICV, sex,
age, symptom onset age, and disease duration. Inference
within the cerebellar gray, cerebral gray, and whole-brain
white matter masks was undertaken using both atlas-based
and voxel-based approaches. For atlas-based analyses, the
mean volume was calculated across all voxels in each
region of the Harvard–Oxford cortical and subcortical
gray matter atlases and Johns Hopkins University cortical
white matter tractography atlas from the FMRIB Software
Library (fsl.fmrib.ox.ac.uk, v6.0), the van Baarsen cerebel-
lar white matter atlas,22 and the SUIT atlas of cerebellar
gray matter lobules and dentate nuclei.23,24 The SUIT
dentate nucleus atlas encompasses the full iron-rich “bean-
shaped” region, including both the gray matter ribbon
and central white matter hilum. As it is not possible to
define the boundaries of the dentate nucleus using
T1-weighted images, this atlas is also limited to providing
a probabilistic localization of this structure. We therefore
refer to this area as the “dentate region” of the cerebellar
subcortex throughout this article. Inference was not
undertaken in lobule X of the SUIT atlas due to inconsis-
tent segmentations of the gray matter in this small struc-
ture during image processing. Final inference was
Bonferroni familywise error (FWE)-corrected to conserva-
tively control for multiple comparisons (pFWE < 0.05).

Voxel-based analyses were performed in SPM12.
Heteroscedasticity was estimated and corrected using a
standard restricted maximum likelihood approach
implemented in SPM12. Inference was undertaken across
all voxels using Gaussian random field theory to consider
spatial correlations in the data and provide stringent voxel-
level corrections of alpha significance thresholds to
account for multiple comparisons (voxel-pFWE < 0.05).

Effect size estimates (Cohen d) were calculated by
converting the t statistic of the between-group predictor
variable from the regression models, providing an effect
size estimate after accounting for known variance of non-
interest (eg, site, age).25

Disease Correlations and Staging. Volume estimates from
the FRDA cohort were assessed for linear relationships
with disease duration, onset age, and disease severity. After
adjustment for healthy aging and site effects (see above),
voxel-level analyses within each of the cerebellar gray, cere-
bral gray, and white matter masks were undertaken
through multiple regression with disease duration, onset

age, and ICV modeled as independent variables (ie, disease
duration effects while controlling for onset age, and vice
versa). Final voxel-level inference was reported as described
above. Partial correlation effect sizes (r values) were calcu-
lated by converting the relevant t statistics from the regres-
sion models.25

As multiple clinical scales were used to assess disease
severity across sites, a direct pooled analysis (ie, a mega-
analysis) was not possible. In this case, a meta-analysis
approach was instead employed to identify evidence for
associations between clinical severity and brain volume
irrespective of the instrument used. First, linear regression
of disease severity and ICV on voxel volume was under-
taken within each tissue mask for each site individually
using SPM12. Second, voxel-based meta-analyses were
implemented using the Seed-Based d Mapping software
(SDM v6.21; http://www.sdmproject.com). Briefly, SDM
implements a voxelwise random-effects meta-analysis on
the thresholded t statistic maps from each site. The proce-
dure considers sample size, intrastudy variance, and inter-
study heterogeneity. Permutation testing was used for
statistical inference at the voxel level, with FWE correction
(voxel-pFWE < 0.05).

Qualitative visualizations were also generated to
illustrate the evolution of structural brain changes across
time (cross-sectionally) and the moderating effects of dis-
ease onset age. Subgroups were defined using arbitrary
cutoffs of onset age and duration to provide a relative
balance in the number of images across subgroups and,
where feasible, conform to categories used in previous
literature (eg, typical onset, <15 years; intermediate
onset, 15–24 years; late onset, >24 years3,18). However,
these delineations do not necessarily map onto clinically
meaningful cutoffs (eg, disability stages), and serve only
to aid qualitative data descriptions and interpretations.
Effect size maps were calculated for each subgroup rela-
tive to a common control cohort (after correction for
age and site effects), and are presented at a threshold
of Cohen d > 0.5 (ie, “medium” effect size) for direct
qualitative comparison.

Results
Volumetric Differences in FRDA Relative to
CONT (Atlas-Based)
Atlas-based spatial maps of significant effects, and forest
plots of effect sizes across regions are illustrated in Fig 1
and tabulated in Supplementary Table S3. The largest and
most consistent loss of brain volume in individuals with
FRDA is seen in the subtentorial white matter, with
strong involvement of the medulla (Cohen d = 2.6), mid-
brain (d = 1.9), and pons (d = 1.5), the superior
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cerebellar peduncles (SCP) and inferior cerebellar pedun-
cles (ICP; d > 2.3), and the dentate region (d > 1.5; see
Fig 1A, Supplementary Table S3). The corticospinal tracts
and middle cerebellar peduncles are also notably impacted
(d > 1.3). More modest (0.3 < d < 0.8) effects are also
observed in association and commissural tracts throughout
the cerebral white matter.

Reduced gray matter volume in individuals with
FRDA is also observed in all cerebellar lobules (see
Fig 1B). The strongest effects occur in lobules I–IV,
V, and VI (0.71 < d < 0.85). More modest effect sizes
are seen across the remainder of the posterior lobules
(0.48 < d < 0.63; see Fig 1B, Supplementary
Table S3).

FIGURE 1: Atlas-based effect size (Cohen d) maps and forest plots (Cohen d � 95% confidence interval [CI]) for individuals with
Friedreich ataxia versus controls, statistically controlling for site, intracranial volume, sex, age, disease onset, and disease
duration. Regions with pFWE < 0.05 are shown (see Supplementary Table S3 for full tabulation). (A) Cerebral white matter
regions of interest (ROIs) were defined using the Johns Hopkins University white matter tractography atlas, and cerebellar white
matter ROIs were defined using the van Baarsen cerebellar white matter atlas. (B) Cerebellar gray matter ROIs were defined
using the Spatially Unbiased Infratentorial Toolbox cerebellar atlas. (C) Cerebral gray matter ROIs were defined using the
Harvard–Oxford cortical and subcortical atlases. Slice coordinates are in Montreal Neurological Institute space.
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Cerebral involvement is most notable in the bilateral
precentral gyri (primary motor areas; d = 0.62–0.64; see
Fig 1C, Supplementary Table S3). Significant between-group
effects are also evident in the primary somatosensory cortices
and premotor areas, throughout the medial frontal,
orbitofrontal, and opercular/insular cortices, and within visual,
cuneal, and fusiform regions (0.33 < d < 0.49; see Fig 1C,
Supplementary Table S3). Reduced volume in the left thala-
mus (d = 0.43) is also observed, with changes in the right
thalamus (d= 0.31) failing to reach statistical significance.

Peak Effects and Between-Site Variability (Voxel-
Based)
Voxel-based maps and forest plots of effect sizes across
sites are presented in Fig 2 and Supplementary Tables S3
and S4. The voxel-level analyses provide finer-grained

spatial identification of peak effects. Group differences in
the white matter are maximal in the SCP and adjacent
cerebellar white matter (peak d = 2.8). Voxel-level results
also clearly distinguish the globally greater strength of
effects in subtentorial (cerebellar/brainstem) relative to
supratentorial (cerebral) structures (see Fig 2A). In the
cerebral white matter, areas underlying motor and/or
somatosensory regions are preferentially impacted. White
matter volume loss within these regions is found consis-
tently across sites with medium to large effect sizes (see
Fig 2A, Supplementary Table S4).

In the cerebellar gray matter, voxel maps indicate
greater nonuniformity of atrophy patterns than indicated
in the atlas-based results, but recapitulate the more subtle
involvement of cerebellar gray relative to white matter (see
Fig 2B). Peak volume loss is observed in lobules I–IV

FIGURE 2: Voxel-level effect size (Cohen d) maps of individuals with Friedreich ataxia versus controls, statistically controlling for
site, intracranial volume, sex, age, disease onset, and disease duration. Only voxels that survive voxelwise pFWE < 0.05 are
displayed. Forest plots of mean effect size within these regions (Cohen d � 95% confidence interval [CI]) for each site are given
on the right, and the size of the point estimate is proportional to the sample size of the site (Supplementary Table S4). (A) White
matter (cerebral and cerebellar). (B) Cerebellar gray matter. (C) Cerebral gray matter. The primary motor cortex (precentral gyri)
is depicted on the superior surface. Slice coordinates are in Montreal Neurological Institute space. [Color figure can be viewed at
www.annalsofneurology.org]
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(peak d = 0.98) and lobule VI (peak d = 0.76). A
rescaled version of the cerebellar gray matter map is pro-
vided in Fig 3 to more clearly depict the spatial variability
of effects. Between-site variability within the study-wide
between-group difference mask is evident, with 3 sites
showing no effects (on average across the mask), 6 sites
showing medium effects, and 1 site showing a large effect
(see Fig 2B, Supplementary Table S4).

Significant areas of voxel-level volume loss in the
cerebral cortex are highly focal, with strongest effects in

the precentral gyri (peak d = 0.66) and adjacent areas
of the postcentral gyri (see Fig 2C). Using a finer-
grained cerebral atlas,26 these effects are further sub-
localized to bilateral upper limb, head, and face regions,
and the left lower limb area (Fig 4). Other areas of
voxel-level cortical volume reductions include right Heschl’s
gyrus/central operculum and bilateral planum polare, fron-
tal operculum, intracalcarine cortex, occipital pole, and
parahippocampal gyri (see Supplementary Table S3). Bilat-
eral effects in lateral regions of the thalamus are also

FIGURE 3: Network mapping of between-group changes in the cerebellar cortex (Spatially Unbiased Infratentorial Toolbox
template). Peak anatomical changes are localized to the somatomotor network, with hot spots also evident in the ventral
attention network. (A) The effect size map is rescaled from Fig 2B to more easily depict the spatial pattern of cerebellar effects.
(B) The network parcellation is reproduced from Buckner et al 2011.27 See Supplementary Table S5 for quantification. [Color
figure can be viewed at www.annalsofneurology.org]

FIGURE 4: Volume decreases in the primary motor and somatosensory cortices (Fig 2C) are further disambiguated using a finer
parcellation of the cortex provided by the Brainnetome Atlas. Areas of significant volume loss are shown by white outlines, and
labeled according to the atlas. This depiction implicates principal involvement of limb and head regions.
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observed (peak d = 0.76). Between-site variability within
the precentral gyri is relatively constrained, with all sites
reporting an effect of d = 0.6 � 0.2 (see Fig 2C, Supple-
mentary Table S4).

Network Representation of Anatomical Changes
Mapping of the correspondence between structural differ-
ences and brain networks was undertaken by characteriz-
ing the profile of volumetric changes within an atlas of
brain networks defined using functional neuroimaging
(see Fig 3, Supplementary Table S5).27 In the cerebellum,
peak effects are located in the somatomotor network
(dpeak = 0.95), and significant between-group effects are
evident in more than half of the voxels (55.7%) compris-
ing this network. Large proportions of the frontoparietal,
dorsal attention, and ventral attention networks are also
impacted (39–46% of voxels reaching statistical signifi-
cance), whereas anatomical changes in areas ascribed to
the default mode network are less abundant (28%; see
Supplementary Table S5). In the cerebrum, peak effects
are also located in the somatomotor cortex, although a
much smaller proportion of the full network is implicated
(4.7%). Small areas of the visual and ventral attention
cerebral networks are also affected (1.1–1.5%).

Correlations with Disease Onset, Duration, and
Severity
Significant negative linear correlations with disease duration
(controlling for onset age and healthy aging), indicative of
less volume with greater disease duration, are evident
throughout the white matter of the cerebellum and
brainstem, the cerebellar gray matter in bilateral lobule VI,
crus I, and right lobule VIIIa, the bilateral thalamus, and
the left middle frontal gyrus (Fig 5, Supplementary
Table S6).

Onset age (controlling for duration and healthy
aging) is correlated with white matter volume, indicative
of less volume in individuals with younger onset, in
dentate regions of the cerebellum, the SCP, and the
ICP. In the cerebellar cortical gray matter, less volume
with earlier onset is observed, particularly in bilateral
lobule I–IV, and VIIIb/IX (see Fig 5, Supplementary
Table S6). There are no significant effects in cerebral
regions.

Finally, the meta-analysis indicated that disease severity
negatively correlates with volume, indicating lower volume
in individuals with more severe neurological symptoms,
throughout much of the cerebellar cortex and white matter,
with strongest effects in lobules I–IV, VI, and IX and crus I,

FIGURE 5: Voxel-level correlation maps (partial r) between tissue volume and disease duration (negative), age at disease onset
(positive), and disease severity (negative) for patients with Friedreich ataxia. Only voxels that survive voxel-level pFWE < 0.05 are
depicted. Disease duration correlations were computed using voxel-level regression while adjusting the model for disease onset
age, current age, site, and intracranial volume (ICV). Disease onset correlations were also computed using voxel-level regression
while adjusting the model for disease duration, age, site, and ICV. For correlations with disease severity, voxel-based meta-analysis
was employed to account for the use of different clinical scales across sites. See Supplementary Table S6 for full tabulation. Slice
coordinates are in Montreal Neurological Institute space. [Color figure can be viewed at www.annalsofneurology.org]
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and throughout the white matter and dentate regions (see
Fig 5, Supplementary Table S6). A significant correlation is
also evident in the left lingual gyrus.

Qualitative representations of volumetric changes in
subgroups of individuals with FRDA, stratified according
to disease duration and onset age, are presented in Fig 6.
Each subgroup comprises between 15 and 38 individuals
(see Supplementary Table S7 for subgroup characteristics).
Data from the SCP and dentate region, representing the
areas of greatest between-group differences and strongest
correlations with all clinical variables, are plotted in Fig 7.
The volume data are z-normalized relative to the control dis-
tribution ([meanFRDA – meanCONT] / std_deviationCONT).

Discussion
We performed a large-scale, coordinated analysis of struc-
tural brain MRI data from individuals with FRDA (and
CONT) from 10 sites across the globe, yielding a

comprehensive characterization of volumetric brain differ-
ences. Volumetric differences were most pronounced in
subtentorial white matter areas corresponding to the
brainstem, SCP, ICP, and dentate regions of the cerebellar
subcortex. These findings are consistent with the
established neuropathology of FRDA,5 as the primary sites
of degeneration in the dorsal root ganglia/dorsal columns
of the spinal cord and the dentate nuclei of the cerebellum
give rise to the ICP and the SCP, respectively.4 Reduced
volume in these regions was also found to be an early,
progressive, and universal (across subgroups) feature of
FRDA and was associated with clinical severity and disease
duration. Volume deficits in the brainstem and cerebellar
subcortex are thus core features of FRDA, and volumetric
measures of the SCP and dentate regions in particular rep-
resent excellent candidates for longitudinal follow-up and
validation as T1-weighted MRI biomarkers in this disease.

Volume loss in white matter at a lesser magnitude
was also observed more extensively throughout the brain,

FIGURE 6: Subgroup effect size maps (Cohen d > 0.5) relative to the full control cohort (adjusted for age and site),
demonstrating disease staging and the moderating role of onset age on brain structure. For each subgroup, gray matter effects
are displayed on top (cerebellum flat map and representative cerebrum coronal and axial slices), and white matter effects on the
bottom (representative sagittal, coronal, and axial slices). There are no data presented in the top right quadrant due to
insufficient data in this subcohort. See Supplementary Table S7 for subgroup sizes and demographics.
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most notably in the regions corresponding to motor
(corticospinal), occipital (forceps major, including the
splenium of the corpus callosum), and thalamic (anterior
thalamic radiations) tracts. Widespread loss of brain white
matter recapitulates the increasing number of single-site
MRI reports of similar effects using techniques sensitive to
both volumetric and microstructural (eg, diffusion-
weighted imaging) changes.28 Although the current study
cannot elucidate the mechanisms driving these changes,
these subcortical effects can only partially be explained as
secondary axonal degeneration resulting from primary
pathology in “core” disease regions.

Gray matter abnormalities occur more mildly than the
strongest white matter effects, but more extensively than

recognized in contemporary disease descriptions. Anatomical
differences in the cerebellar cortex are weighted toward the
anterior lobe and adjacent areas, whereas smaller effect sizes
are evident throughout the posterior lobe. Anterior lobe cere-
bellar damage is known to result preferentially in motor
impairments, whereas posterior lobe damage produces a cog-
nitive and affective syndrome.29 Cerebral changes similarly
manifest preferentially in primary motor and somatosensory
regions, alongside small effects in opercular, occipital, and
other prefrontal areas (including visual and auditory cortices).
These findings are consistent with the clinical profile of
FRDA, which is defined by robust motor and somatosensory
deficits alongside milder and more variable cognitive, affec-
tive, visual, and auditory symptoms.3,30

FIGURE 7: Data plots for the bilateral superior cerebellar peduncles (van Baarsen atlas) and cerebellar dentate region (dentate
nucleus mask from the Spatially Unbiased Infratentorial Toolbox atlas) in the Friedreich ataxia (FRDA) cohort (age and site
adjusted, and z-normalized to the control (CONT) data distribution [(meanFRDA – meanCONT) / std_deviationCONT]). These regions
represent the strongest between-group differences relative to controls, with significant correlations with both disease onset age
and disease duration, and map onto the primary pathology of FRDA. (A–D) Scatterplots depict linear relationships between
volume and each of disease onset age (A, B) and disease duration (C, D); compare to Fig 5. (E,F) Line graphs illustrate effect size
estimates across the 9 subgroups; compare to Fig 6).
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Cross-sectional trends and cohort subgrouping rev-
ealed important insights into disease staging and inter-
individual variability in FRDA. Reduced volume in the
dentate nucleus region, SCP, ICP, and midbrain white
matter are early and progressive disease features. Conversely,
atrophy in the thalamus, cerebellar cortex, cerebral white
matter, and cerebral cortex increasingly manifest with
greater disease duration. Importantly, the pattern and
extent of this progressive degeneration differ by disease
onset age. Individuals with childhood or early adolescent
onset generally have a longer GAA1 (smaller allele) repeat
expansion in FXN, resulting in less frataxin production and
a more aggressive clinical progression.2 Here, we show that
these individuals also have earlier and more extensive cere-
bellar gray matter, brainstem, and cerebral white matter
involvement. In comparison, in individuals with later symp-
tom onset, which is associated with slower progression and
a qualitatively milder clinical phenotype, cerebellar involve-
ment is milder and does not manifest consistently until
later in the disease course, particularly in the posterior lobe.
Additionally, individuals with younger disease onset show
early degeneration in cerebellar motor areas (lobules I–IV
and VIIIb), whereas progressive atrophy in cerebellar areas
associated with premotor and cognitive functions (lobules
VI and VIIIa, crus I) is more universal. The mechanisms
driving increased vulnerability of the motor cerebellum in
individuals with earlier disease onset are unclear. One possi-
bility is that motor impairments that manifest in childhood
may have a secondary impact on the continuing maturation
of motor control systems. In this case, interruption of
developmental trajectories, in addition to progressive degen-
erative processes, could explain the neuroanatomical and
clinical distinctions between this group and adolescent/adult
onset individuals who experience onset of motor symptoms
and associated cerebellar degeneration after the motor sys-
tem has reached greater maturity. This hypothesis is a com-
pelling avenue for further investigation. Finally, progressive
and mild cerebral involvement is predominantly a late fea-
ture of FRDA and does not appear to be modulated by dis-
ease onset age.

We demonstrate here that volumetric changes in the
dentate region and brainstem are not only consistently evi-
dent at the earliest disease stages, but also appear to be fea-
tures that are most likely to be sensitive to progression
irrespective of disease stage, as demonstrated by significant
linear relationships with disease duration. Conversely, the
pattern of later emergence of anatomical changes suggests
changes in these regions may be more relevant to subse-
quent disease stages, first in cerebellar anterior lobe, thala-
mus, corticospinal white matter, and cerebral motor
regions, and subsequently extending to the cerebellar pos-
terior lobe and more widespread cerebral gray and white

matter areas. However, longitudinal data collected from
individuals at different points in the disease course will be
necessary to investigate whether the rate of atrophy in dif-
ferent brain regions is stage-dependent.

The anatomical evolution of FRDA also has impor-
tant implications for cross-study and between-cohort
comparability. In this work, evidence of cerebellar gray
matter atrophy was particularly variable across sites.
Upon further investigation, sites demonstrating no evi-
dence of cerebellar changes include our cohorts with the
shortest average disease duration (Minnesota, 4.7 years)
and the oldest average onset age (Innsbruck, 25.7 years).
Additionally, the site with the largest cerebellar volumet-
ric differences predominantly enrolled childhood onset
cases (Conegliano, average onset age = 11.3 years).
These findings are consistent with the overall trends
described above, exemplifying the importance of consid-
ering disease stratification when characterizing FRDA
and the critical need to compare like-for-like cohorts
when aggregating evidence across studies. This is also a
critical point of consideration in the design of clinical tri-
als, whereby participants at different disease stages would
ideally be balanced across treatment arms or stratified
into subcohorts (within the bounds of feasibility in a rare
disease).

Interestingly, associations between brain structure
and disease severity were observed across cerebellar gray
and white matter, encompassing both motor and non-
motor functional regions of the cerebellar cortex. This
observation is consistent with recent work indicating that
the severity of cognitive symptoms correlates with the
severity of motor symptoms in FRDA.31 However, the rel-
ative contribution of cerebellar cortical changes to disease
phenomenology and the causal factors driving this
atrophy—as Purkinje cells are shown to be largely spared
in FRDA4—remain unclear. Although we have shown here
that the neuroanatomical profile of FRDA in the brain is
widespread, the role of primary pathology (ie, frataxin
deficiency) relative to secondary epiphenomena (eg, trans-
neuronal degeneration) in driving these milder and tempo-
rally delayed disease features remains a topic for future
research.

Several limitations and other associated avenues for
further work must be considered. The cross-sectional
design presented here supports the progressive nature of
structural brain changes in FRDA but cannot provide
inference or effect size estimates on intraindividual longi-
tudinal changes. Our analyses are also undertaken using
T1-weighted MRI, the most common and widely accessi-
ble imaging modality in research and clinical practice.
However, the dentate nuclei are not visible on T1-
weighted images, so we could not directly assess their
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integrity in this work; here, the region encompassing the
dentate is subsumed within the cerebellar white matter
and a probabilistic atlas is used to infer volume changes in
the “dentate region.” Novel approaches for imaging the
dentate nuclei in FRDA have been undertaken at single
sites,9,32 and opportunities for large-scale data aggregation
should be considered in the future. Similarly, although we
have explored macroscopic changes in white matter vol-
ume, further mechanistic insights may be gained with
imaging modalities sensitive to tissue microstructure (eg,
diffusion-weighted imaging). Finally, the retrospective,
multisite nature of this study prevented more extensive
investigation of brain–behavior relationships. In particular,
the use of different clinical scales between sites and the
universal availability only of composite scores (as opposed
to individual scale items) prevented more explicit mapping
of different disability stages or specific symptom domains
onto different neuroanatomical profiles. We hope that this
work will provide a priori targets to investigate specific
symptom domains and disability stages in the future.

In summary, this work provides new insights and
robust effect size estimates of volumetric brain changes in
FRDA, serves as a resource to guide further scientific dis-
covery and clinical trial design, strongly motivates prospec-
tive longitudinal research to validate volumetric changes in
the SCP and dentate nuclei as biomarkers of disease pro-
gression and treatment monitoring, and reveals the bene-
fits of large-scale coordinated studies in the rare disease
community.
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