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ABSTRACT: Background: Spinal cord damage is a
hallmark of Friedreich’s ataxia (FRDA), but its progression
and clinical correlates remain unclear.

Objective: The objective of this study was to perform a
characterization of cervical spinal cord structural damage
in a large multisite FRDA cohort.
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Methods: We performed a cross-sectional analysis of
cervical spinal cord (C1-C4) cross-sectional area (CSA)
and eccentricity using magnetic resonance imaging data
from eight sites within the ENIGMA-Ataxia initiative,
including 256 individuals with FRDA and 223 age-
and sex-matched control subjects. Correlations and
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subgroup analyses within the FRDA cohort were under-
taken based on disease duration, ataxia severity, and
onset age.
Results: Individuals with FRDA, relative to control sub-
jects, had significantly reduced CSA at all examined
levels, with large effect sizes (d >2.1) and significant
correlations with disease severity (r < —0.4). Similarly,
we found significantly increased eccentricity (d > 1.2),
but without significant clinical correlations. Subgroup
analyses showed that CSA and eccentricity are abnor-
mal at all disease stages. However, although CSA
appears to decrease progressively, eccentricity remains
stable over time.
Conclusions: Previous research has shown that increased
eccentricity reflects dorsal column (DC) damage, while

-

decreased CSA reflects either DC or corticospinal tract
(CST) damage, or both. Hence our data support the
hypothesis that damage to the DC and damage to CST
follow distinct courses in FRDA: developmental abnor-
malities likely define the DC, while CST alterations may
be both developmental and degenerative. These results
provide new insights about FRDA pathogenesis and
indicate that CSA of the cervical spinal cord should be
investigated further as a potential biomarker of disease
progression. © 2022 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Interna-
tional Parkinson and Movement Disorder Society.

Key Words: Friedreich’s ataxia; MRI; spinal cord;
ENIGMA-ataxia; SCT

Friedreich’s ataxia (FRDA) is a neurogenetic disease
caused by GAA expansions or point mutations in the
first intron of the FXN gene,' leading to lower levels of
the protein frataxin and resulting in mitochondrial dys-
function and neurodegeneration.” FRDA is the most
common autosomal recessive ataxia worldwide.” The
first symptoms typically begin in late childhood or ado-
lescence and are characterized by slowly progressive
ataxia and sensory abnormalities.”> A smaller subset of
individuals manifest symptoms after the age of 25 years
and are known as individuals with late-onset FRDA
(LOFA).*? These individuals are clinically characterized
by slower disease progression and milder non-
neurological symptoms.®

Pathology studies in FRDA show that structural dam-
age affects both the central and the peripheral nervous sys-
tems.”® In fact, the spinal cord, dorsal root ganglia, and
dentate nucleus of the cerebellum are the main targets of
damage in the disease.” Magnetic resonance imaging
(MRI)-based studies have confirmed such findings and,
beyond that, have shown structural damage in the cerebel-
lum, brainstem, cerebellar peduncles, and motor cortex.’

In recent years, there has been renewed interest in
assessing spinal cord damage using noninvasive MRI in
FRDA.'"*'* Quantitative structural neuroimaging stud-
ies have shown atrophy and anteroposterior flattening
in affected subjects, particularly at cervical and thoracic
levels.'™'"-'*  Using  diffusion  tensor imaging,
Hernandez et al'® and Joers et al'* also reported on
microstructural changes in the corticospinal tracts and
dorsal columns of the cervical spinal cord in individuals
with FRDA. Using magnetic resonance spectroscopy,
Joers et al'* reported on large neurochemical changes
in the spinal cord in FRDA. In all these studies, the
authors were able to find significant correlations
between spinal cord MRI metrics and disease severity.
Thus, in vivo imaging is well aligned with histological
evidence that spinal cord compromise plays a major
role in the pathophysiology of FRDA.

Several aspects of spinal cord changes in people with
FRDA remain unclear. It is not yet established how
spinal cord morphometric abnormalities—atrophy and
flattening—change along the disease course. Moreover,
differences may exist in the magnitude, progression, and
association with clinical variables of spinal cord damage in
pediatric versus adult patients and in individuals with early
versus late symptom onset. These are relevant issues, not
only to understand the underlying biology of the disorder
but also to uncover potential imaging-based biomarkers.

Prior neuroimaging studies have generally relied on
modest sample sizes from single sites, limiting opportu-
nities to provide robust disease characterization, reli-
able effect size (ES) estimates, and subgroup analyses.
The ENIGMA-Ataxia working group is an interna-
tional collaboration that aggregates MRI data from
individuals with ataxias. This consortium offers a
unique opportunity to enlarge cohort sizes and to
accomplish more detailed analyses in rare diseases, such
as FRDA." Hence the main goal of this study was to
perform a comprehensive evaluation of cervical spinal
cord damage in FRDA using a large dataset collected
within the ENIGMA-Ataxia group. We sought to char-
acterize the pattern of damage and how it evolves
across disease subgroups, stratified according to the
time from onset and the magnitude of disease severity.

Subjects and Methods

Participants and Data

We performed a retrospective cross-sectional analysis
of data from eight sites in the ENIGMA-Ataxia work-
ing group, totaling 256 patients with molecular confir-
mation of FRDA and 223 age- and sex-matched
nonataxic control subjects (Table 1, Supporting Infor-
mation Table S S1). Disease duration and age at symp-
tom onset were recorded for all participants with
FRDA, and disease severity was quantified using one of
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Normalized scale
0.486 £ 0.227
0.440 £ 0.178
0.441 £ 0.199
0.598 £ 0.107
0.667 £ 0.226
0.526 £+ 0.164
0.341 £ 0.111
0.447 £+ 0.208
0.473 £ 0.201

Disease severity

Average
20+ 9
55+ 22
18 £ 8
24+ 4
84 £+ 29
47 £22
43 + 14
18 £8

Scale
SARA
FARS
SARA
SARA
FARS
FARS®
SARA

mFARS

Average disease
duration, y
20+ 9
12 + 10
13+ 9
23+ 9
18 £ 10
14+7

+4
14+7
14 £+ 10

Average onset
age,y
17 £ 8
18+9
12+7
17 £ 10
21 229
15+ 4
14+£5
18+ 9
17+ 9

Average

819 £ 218
869 £ 215
648 £ 306
908 £ 222
870 £ 186
960 £ 213
640 £ 421

GAA2

497 £ 224
1026 £ 267
671 £ 179
415 £ 292
532 + 234
604 + 206
598 + 184
639 + 286

Average
GAA1

16
52
21
9
11
6
12
131

Sex, n
Female

16
31
18
6
11
8
14
10

114

Male

Average
age, y (range)
36 £ 12 (19-59)
30 £ 13 (7-66)
24 4+ 12 (8-51)
44 £ 11 (26-60)
39 £ 14 (22-63)
30 £+ 9 (18-49)
19 £ 7 (10-35)
32 4+ 11 (18-53)
30 £ 13 (7-66)

83)
= 46)
26)

252)

Abbreviations: SARA, Scale for Assessment and Rating of Ataxia; FARS, Friedreich’s Ataxia Rating Scale; mFARS, modified Friedreich’s Ataxia Rating Scale.

For the healthy control subjects demographics data, see Supporting Information Table S S1.
*Maximum score is 117.

Melbourne2 (n = 14)
Tubingen (n = 14)

Aachen (n = 32)
Campinas (n
Conegliano (n

Essen (n = 15)
Melbournel (n = 22)
Minnesota (n

Total (N

Sites

TABLE 1 Demographics data for all sites

8

the following validated clinical scales: the Friedreich’s
Ataxia Rating Scale (FARS),'®!” the modified FARS
(mFARS),"® or the Scale for Assessment and Rating of
Ataxia (SARA)." All diagnoses of FRDA were geneti-
cally confirmed at all sites, but individual-level GAA
repeat information was not consistently available
because of local reporting procedures or data privacy
considerations. To assess the cervical spinal cord, we
used high-resolution T1-weighted MRIs covering the
brain and upper cervical vertebrae acquired on 3-T clini-
cal scanners with spatial resolution not inferior to 1 mm
isotropic (Supporting Information Table S2). Subjects
with FRDA and control subjects from each site under-
went MRI scans using the same scanner and protocol.

This study was approved by the Institutional Review
Board of each site, and all participants provided written
informed consent.

Image Processing

Data processing was undertaken using harmonized pro-
tocols developed by the ENIGMA-Ataxia consortium
(http://enigma.ini.usc.edu/ongoing/enigma-ataxia/), based
on publicly available and well-validated software
toolboxes.””

To measure the cross-sectional area (CSA) and eccen-
tricity, we employed the Spinal Cord Toolbox (SCT) ver-
sion 4.2.2, an open-source software package specifically
designed to process spinal cord multimodal MRI data.*”
In brief, automatic segmentation of the cervical spinal cord
was conducted using a deep learning algorithm,*' and if
deemed necessary after visual inspection, the segmenta-
tions were manually corrected. Next, the C2 and C3 verte-
bral levels were manually marked at the posterior tip of
the vertebral discs, which enabled the registration of sub-
ject images to a standardized template of the spinal cord
and brainstem (the PAMS0 template).”*** Lastly, the
mean CSA and eccentricity were computed at each of the
C1 to C4 vertebrae after correcting for the curvature of
the spine. The CSA is quantified by the number of pixels in
the set of axial slices defining each vertebral level of the
segmented spinal cord, reported in millimeters squared.
Eccentricity is computed by fitting an ellipse to each axial
spinal slice and determining the deviation (ie, flattening) of
the ellipse relative to a perfect circle. Mathematically, such
a measure characterizes the shape of the spinal cord cross-
section defined as the square root of 1 — (d/D),> where
d and D are respectively defined as the smallest and largest
diameter of the ellipse. Values closer to 1 indicate an
anteroposterior flattening of the spinal cord. We assessed
only the upper cervical spinal cord because we used MRIs
centered on the brain with limited spinal cord coverage
(Fig. 1). Because the spinal cord coverage was slightly dif-
ferent across individuals due to head size variability or
field-of-view placement during data acquisition, different
sample sizes were available for each vertebral level we
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Sites
Aachen Campinas Conegliano Essen Melbournel Melbourne2 Minnesota  Tubingen
(N=32) (N=83) (N=46) (N=15) (N=22) (N=14) (N=26) (N=14)

Siemens Prisma Philips Achieva  Philips Achieva Siemens Biograph Siemens Skyra Siemens Biograph Siemens Prisma Siemens Trio

Y

» Pipeline <

ENIGMA sctcul Spinal Cord
- Segmentation

T

ENIGMA

ENIGMA-Ataxia
Cervical Spinal Cord Pipeline

SCT path SCT Path

Spinal Cord
Vertebral Labeling
—

Spinal Cord Registration and
Template Deformation

Quantification per Level

C1=252
C2=252
C3=237
C4=170

FIG. 1. Study design and imaging processing pipeline. For healthy control subject numbers, see Supporting Information Table S S1. N is the number of
patients with Friedreich’s ataxia (FRDA) enrolled by each site, and C1, C2, C3, and C4 are the sample sizes available for each vertebral level assessed.
SCT, Spinal Cord Toolbox. [Color figure can be viewed at wileyonlinelibrary.com]

examined (control subjects: C1 = 223, C2 = 223,
C3 =215, and C4 = 170; patients: C1 = 252, C2 =252,
C3=237,and C4 =170).

Statistical Analysis
Overall FRDA Versus Control Comparison

We compared CSA and eccentricity at each vertebral
level from C1 to C4 in all individuals with FRDA rela-
tive to the age- and sex-matched control cohort using
analyses of covariance with age, sex, and site as
covariates of no interest. There is no systematic rela-
tionship between spinal cord CSA or eccentricity and
brain/head size®’; therefore, brain volume was not
included as a covariate. We corrected for multiple com-
parisons using Bonferroni adjustment of statistical sig-
nificance thresholds. ESs of statistically significant
results were computed as follows (Cohen’s d):

Es—F1"H2 (1)
Spooled

(m —1)si+(m2—1)s3
n+mn—2

Spooled =

where p; and u, are the mean values for the control
and FRDA groups, respectively; spooled is the pooled

standard deviation; 77 and s, are the number of
subjects in each group; and s; and s, are the respective
group standard deviations. We considered ES values of
0.2 as small, 0.5 as moderate, 0.8 as large, and >1.2 as
very large, according to established convention.?®

Clinical Correlation Analyses

To assess correlations between spinal cord morphomet-
ric data (CSA and eccentricity) and clinical parameters
(disease duration and disease severity), we used the Pear-
son correlation coefficient. Before performing the ana-
lyses, we first adjusted the data to account for site, age,
and sex effects using a linear model. Multiple clinical rat-
ing scales were used to assess disease severity across the
sites (FARS, mFARS, and SARA). There was a high corre-
lation between SARA and FARS total neurological scores
(r = 0.860 and P < 0.0001) in our participants for whom
both scales were collected at the same time (Conegliano:
n = 28, age = 23.7 + 11.4 years, 19 males/23 females,
SARA = 17.5 + 8.0, FARS = 57.1 + 20.4; Melbournel:
n = 31, age = 36.6 + 13.0 years, 17 males/14 females,
SARA = 19.3 + 8.6, FARS = 81.1 + 28.4; Minnesota:
n = 11, age = 18.1 & 7.7 years, 6 males/5 females,
SARA = 9.4 + 2.7, FARS = 40.7 £+ 9.7), which is in
agreement with comparable previous work from Birk
et al*’ (r = 0.953, P < 0.0001). To accomplish a direct
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pooled analysis, we therefore created a normalized disease
severity variable by dividing the disease severity scores by
the respective maximum value of the respective scale;
eg, disease severity measures quantified using FARS
were divided by 125 (except by Minnesota site, maxi-
mum score of 117), mFARS scores were divided
by 93, and SARA measures were divided by 40. We
note that these scales likely have slightly different
psychometric properties (eg, differing ceiling and
floor effects)'®?®; thus, although this normalization
approach is strongly supported by the very high inter-
scale correlations, we acknowledge that there is not a
precise 1-to-1 correspondence in their absolute or rel-
ative scores. However, our goal is not to establish
absolute harmonization across scales or investigate
detailed symptom expression and progression, but
rather to test for general trends between overall
ataxia severity and spinal cord structure. To corrobo-
rate the results obtained using this normalization and
data pooling approach, we also performed secondary
correlation analyses separately for subjects only with
FARS and only with SARA.

Clinical Subtype Comparison

We also analyzed spinal cord damage in two subgroups
that merit special attention in FRDA. First, we examined
pediatric patients (age < 18 years; n = 40, mean
age = 13.3 & 2.5 years, 18 males/22 females, mean disease
duration = 4.8 +2.3years, normalized disease
severity = 0.379 + 0.124) relative to an age/sex-matched
control group (n = 26, mean age = 14.0 & 2.4 years,
12 males/14 females; Supporting Information Table S3) and
to a disease duration—matched adult FRDA group (n = 30,
mean age = 26.7 + 9.5 years, 17 males/13 females, mean
disease duration = 5.6 =+ 2.7 years, normalized disease
severity = 0.295 + 0.134). Next, we examined individuals
with LOFA (first onset of symptoms at age > 25 years;
n =45, mean age = 45.6 + 8.8 years, 25 males/20 females,
mean disease duration = 14.6 =+ 8.8 years, normalized
disease severity = 0.394 + 0.189) first relative to an
age/sex-matched control group (n =42, mean age =45.4 +
9.3 years, 22 males/20 females; Supporting Information
Table S3), second to an age/sex-matched classical onset
FRDA group (n = 43, mean age = 39.2 + 9.3 years,
11 males/32 females, mean disease duration = 24.3 =+
9.2 years, normalized disease severity = 0.666 + 0.172),
and finally to a disease duration—matched classical onset
FRDA group (n = 35, mean age = 28.7 + 10.4 years,
15 males/20 females, mean disease duration = 14.2 +
8.9 years, normalized disease severity = 0.546 + 0.215).

In both analyses, between-group comparisons of
spinal cord measures (CSA and eccentricity) and cor-
relations with clinical parameters (disease duration
and severity) were undertaken as described earlier.

8

Disease Staging

To supplement the clinical correlations described ear-
lier, provide a clearer picture of disease staging and
progression, and allow for direct quantitative and qual-
itative comparisons between disease subgroups and
healthy control data, we also undertook a categorical
division of the data. Five subgroups (DD1-DDS) were
defined according to disease duration (time since first
symptom expression) at the time of each participant’s
scan: <5, 5-10, 11-15, 16-20, and >20 years, respec-
tively. Four subgroups (DS1-DS4) were also defined
according to the normalized disease severity at the time
of each participant’s scan: <0.25, 0.26-0.50, 0.51-
0.75, and >0.75, respectively. These divisions do not
represent clinically determined cutoffs but rather pro-
vide an intuitive means of quantitatively assessing and
reporting changes in ESs with disease progression.

Each subgroup was first compared with a non-
ataxic control cohort matched by age, sex, and site.
Subsequently, we compared each subgroup with the
earliest (DD1) or least severe (DS1) subgroup to
assess evidence for progressive degeneration indepen-
dent of early/presymptomatic effects. Similar to the
statistical approach used in the general comparison,
we used analysis of covariance to assess each group’s
differences, using age, sex, and site as covariates, and
used Bonferroni correction to adjust for multiple
comparisons.

Data Sharing

All code and data processing instructions are avail-
able online at: https://github.com/Harding-Lab/enigma-
ataxia.

Results

Overall FRDA Versus Control Comparison

Participants with FRDA relative to control subjects
had significantly reduced CSA at all vertebral levels
(Fig. 2A) with very large ESs (C1 ES = 2.6, C2
ES = 2.6, C3 ES = 2.3, C4 ES = 2.1). Similarly, we
found significantly increased eccentricity at all vertebral
levels (Fig. 2A), also with very large ESs (C1 ES = 1.2,
C2 ES = 1.4, C3 ES = 1.3, C4 ES = 1.4), although sub-
stantially smaller in comparison with CSA. In addition,
the spinal cord growth curve, ie, the plot of spinal cord
CSA versus age, showed distinct patterns in the control
group (C1: » = —0.050, P = 0.999; C2: r = —0.045,
P = 0.999; C3: r =-0.068, P = 0.999; C4:
r = —0.039, P = 0.999) and CSA remains stable over
the entire life span, whereas in individuals with FRDA
(Cl: r =-0.247, P <0.001; C2: r =-0.216,
P = 0.003; C3: r =-0.227, P = 0.002; C4:
r = —0.244, P = 0.006), CSA appears to show a pro-
gressive decline with age (Fig. 3A).
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FIG. 2. Boxplots displaying group differences at each spinal cord segment, C1 to C4, for the total cohort. (A) All patients with Friedreich’s ataxia
(FRDA) versus all matched control subjects. (B) Children (age < 18 years) with FRDA versus matched control subjects. (C) Individuals with late-onset
Friedreich ataxia (LOFA) versus matched control subjects. CSA, cross-sectional area. [Color figure can be viewed at wileyonlinelibrary.com]

In Supporting Information Figure S1, we also present
the site-specific between-group effects, demonstrating
largely consistent results irrespective of scan site and
protocol.

Clinical Correlation Analysis

We found significant correlations between the nor-
malized disease severity or ataxia duration and CSA at
all vertebral levels assessed (C1-C4) (Fig. 3B) after
Bonferroni adjustment for multiple comparisons (nor-
malized disease severity—C1: r = —0.424, P < 0.001;
C2:r=-0.395, P < 0.001; C3: r = —0.399, P < 0.001;
C4: r =—-0.435, P <0.001; ataxia duration—C1:
r =—0.174, P = 0.006; C2: r = —0.146, P = 0.044;

C3: r =-0.164, P = 0.026; C4: r =-0.237,
P = 0.004). In contrast, we did not find any significant
correlations between eccentricity and normalized dis-
ease severity or ataxia duration. Secondary analysis of
clinical correlations separately for subjects with FARS
and again for those subjects with SARA produced com-
parable results (Supporting Information Table S4).

Comparison of Clinical Subtypes

Children with FRDA showed abnormal CSA and
eccentricity when compared with matched nonataxic
control subjects (Fig. 2B) with very large ESs (CSA: C1
ES = 1.7, C2 ES = 2.1, C3 ES = 2.0, C4 ES = 2.1;
eccentricity: C1 ES = 1.3, C2 ES = 1.8, C3 ES = 1.8,
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C4 ES = 1.5). Differences relative to adults with FRDA
(with classical onset age) did not reach statistical signifi-
cance (Supporting Information Table S5). We did not

measures and clinical variables in the pediatric cohort
(Supporting Information Table S6).
Individuals with LOFA also had very large ESs when

find significant correlations between spinal cord compared with matched nonataxic control subjects
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(Fig. 2C) (CSA: C1 ES = 3.0, C2 ES = 2.9, C3
ES = 2.6, C4 ES = 2.3; eccentricity: C1 ES = 1.4, C2
ES = 1.7, C3 ES = 1.4, C4 ES = 1.2). Differences rela-
tive to adults with classical FRDA did not show statisti-
cal significance. Significant correlations were evident
between CSA and normalized disease severity for all
vertebral levels assessed, except for C4, after Bonferroni
correction (Cl: r =-0.385, P <0.010; C2:
r=-0.371, P = 0.026; C3: r = —0.357, P = 0.035).

Disease Staging
Disease Duration

The subgroup analyses based on disease duration
showed that CSA and eccentricity are already abnormal
in the earliest stages of the disease, with significant dif-
ferences relative to controls in all subgroups (Fig. 4,
Supporting Information Table S7). In addition, we found
significantly reduced CSA when DD3 (10-15 years
postsymptom duration), DD4 (15-20 years duration),
and DDS (20+ years duration) were compared with
DD1 (<5 years duration) at all vertebral levels
(Supporting Information Table S8). In contrast,
eccentricity remained stable across the subgroups.

Disease Severity

The subgroup analyses based on disease severity showed
similar results. Abnormalities in CSA and eccentricity are
observable in patients with normalized disease severity
<0.25, with significant effects relative to controls in all
subgroups (Fig. 4, Supporting Information Table S9). We
also found significantly reduced CSA when DS3 (normal-
ized disease severity 0.51-0.75) and DS4 (severity > 0.75)
were compared with DS1 (severity < 0.25) at all vertebral
levels. Meanwhile, DS2 (severity 0.26-0.50) showed
reduced CSA, relative to DS1, for only C1 and C2; eccen-
tricity remained stable across the subgroups (Supporting
Information Table $10).

Discussion

Spinal cord damage has been recognized as a hall-
mark of FRDA since Nikolaus Friedreich’s first reports
and confirmed in more recent histology and neuroimag-
ing studies.”'*'*?? In this study, we performed a har-
monized and reliable retrospective cross-sectional
analysis of cervical spinal cord structure using MRI
data from a large multisite cohort. We report significant
and substantial CSA reduction in individuals with
FRDA at all vertebral levels examined, relative to non-
ataxic individuals, and significant correlations with dis-
ease severity scores. Eccentricity differences were also
pronounced in this cohort relative to controls, but ES
values were smaller than for CSA, and no significant
clinical correlations were observed. Subgroup analyses

8

based on disease duration and severity showed that
CSA and eccentricity are already abnormal in the early
stages of the disease and that CSA likely declines with
disease progression, whereas eccentricity remains stable.
Taken together, CSA emerges as a potential MRI bio-
marker candidate for clinical tracking in FRDA.

Our results are consistent with previous MRI-based
studies that found cervical spinal cord atrophy and
anteroposterior flattening in FRDA.'%'*3% Post mortem
studies indicate that the pathological correlates of these
findings are severe depletion of myelinated fibers in the
dorsal columns, dorsal spinocerebellar, and lateral
corticospinal tracts.”” These findings are also consistent
with a single-site prospective study that showed a
decrease in CSA over time in individuals with FRDA in
an early-stage cohort, with no decrease over time in
eccentricity.'*

Prior studies undertaken in other spinal cord diseases
help us understand the pathological underpinnings of
changes in CSA and eccentricity.>'* Indeed, different
patterns emerge when one compares diseases character-
ized by predominant/exclusive lateral column involve-
ment (eg, amyotrophic lateral sclerosis, pure subtypes
of hereditary spastic paraplegia) versus diseases with
predominant/exclusive dorsal column involvement
(eg, acquired sensory neuronopathies).’!* CSA reduc-
tion is evident in both groups, but eccentricity increase
is reported only in the latter.”’ Therefore, eccentricity
can be considered a surrogate MRI marker for dorsal
column damage, whereas CSA may be related to abnor-
mal integrity in both lateral and dorsal columns. Using
this conceptual framework, relevant insights can be
inferred from our results. The stability of eccentricity
alongside decreasing CSA across FRDA stages (based
on duration or severity) suggests that the corticospinal
tract and dorsal columns follow distinct mechanisms and
time courses of damage in the disease. Corticospinal
tract damage is most consistent with a combination of
abnormal developmental and progressive degenerative
processes, as shown by both early (already seen in the
pediatric subgroup) and progressive CSA abnormalities.
In contrast, dorsal column abnormalities, assessed by
eccentricity, may be related to early maldevelopment but
remain stable along the entire disease course, at least
from the point of first symptom expression. However,
extrapolation of these results beyond the cervical spinal
cord must be approached with caution. Indeed, a whole-
spine study in a small FRDA cohort reported similar
findings in the cervical cord but also observed significant
correlations between disease duration and eccentricity in
thoracic regions."!

Our assumption that dorsal column damage is largely
neurodevelopmental is in line with neuropathological
reports from Koeppen et al.>” These authors suggest
that the developmental failure of the dorsal root ganglia
(DRGs) leads to the secondary hypoplasia of dorsal
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columns, because dorsal root ganglia are the source of
myelinated fibers in the dorsal columns. Indeed, the
autopsy of two young patients with FRDA showed that
the neurons in the dorsal nuclei were severely reduced
or absent, probably because of the lack of innervation
from the dorsal root collaterals that occurs during
the gestational period,** arguing in favor of a devel-
opmental failure. Furthermore, experiments using
animal models provide evidence that frataxin plays a
role in embryonic development.’>*® Our imaging
data suggest that CSA of individuals with FRDA, on
average, reaches its maximum before 10 years of age
and then starts to decrease, whereas healthy control
subjects have higher CSA values relative to patients
with FRDA even at the earliest disease stages and
keep stable over time. A preceding MRI-based study
performed by Rezende and colleagues'? found a very
similar result.

Progressive neurodegeneration in the corticospinal
tract is consistent with the hypothesis that pyramidal
tract damage in FRDA arises from a dying-back pro-
cess. Neuropathological studies have found that the
corticospinal tract is more affected in the spinal cord
than in the brain, with the exception of the lack of Betz
cells in the motor cortex.’’*® Koeppen and
Mazurkiewicz” also showed that spinal cord damage is
more severe in thoracic levels compared with cervical
regions. Previous neuroimaging studies also support
such a concept. Indeed, a diffusion MRI-based study
showed that microstructural abnormalities were more
robust in caudal levels, although clinical correlations
were stronger at the upper levels of the corticospinal
tract."> Rezende and colleagues'? also reported motor
cortex thinning only in adults and not in children with
FRDA, alongside progressive damage in the cerebral
corticospinal tract. This is in agreement with Harding
and colleagues,’”” who proposed a disease staging
schema for brain damage in FRDA. These authors
highlight the progressive pattern of damage in the dis-
ease that begins in infratentorial structures and spreads
to cortical structures in later disease stages.'’

From a clinical perspective, our data indicate that
CSA at C1 level is a potential biomarker candidate
because it showed the highest correlation coefficient
with disease severity and the highest ES compared with
control subjects. CSA at C1 level also had the highest
ES in a recent single-site longitudinal study.'* However,
this may not be the case for all FRDA stages or sub-
phenotypes. For the pediatric cohort (age < 18 years),
we did not find any significant correlations between
CSA and normalized disease severity, whereas such
associations were evident in the adult cohort. Although
this observation may reflect statistical power because
there were fewer pediatric individuals (n = 40) relative
to adults (n = 159), a similar result was previously
reported by Rezende and colleagues.'> This relative

decoupling of structure and function may reflect partial
neural reserve, or the influence of parallel developmen-
tal and degenerative processes obscuring clear clinical
associations in pediatric patients, relative to a pure
degenerative profile in adults. Different neuroimaging
biomarkers may also vary in their sensitivity to change
at different disease stages, similar to what has been
suggested for SCA3.?? This hypothesis is supported by
the proposed mechanism of corticospinal degeneration
in FRDA, which appears to follow a dying-back motor
axonopathy. Lower levels of the spinal cord may there-
fore already be extensively impacted very early in the
disease course and reach an early floor effect. Ongoing
damage to the spinal corticospinal tract may therefore
be more easily captured by MRI metrics at upper levels.
At this point, prospective studies with pediatric and
adult cohorts must be undertaken to confirm such
hypotheses.

Notwithstanding the original contributions of this
study, several limitations must be acknowledged. This
is a cross-sectional study, and many of the findings
presented in this article must be confirmed by prospec-
tive longitudinal neuroimaging studies, particularly
those enriched with a pediatric cohort. Our analyses
were performed using T1-weighted brain MRI, which is
the most common and widely used MRI sequence for
research and clinical practice. However, this confines
our assessment to the upper portions of the cervical spi-
nal cord and prevents investigation of whether different
patterns of degeneration characterize different levels of
the spinal cord. More targeted spinal cord imaging
acquisitions would enable more detailed analyses, such
as tract-specific microstructural evaluation and individ-
ual assessment of white matter and gray matter regions.
The use of different clinical scales across sites and gen-
eral availability of only total scores (instead of individ-
ual subitems) also limit more extensive investigation of
correlations between spinal cord damage and both
overall disease severity and different symptom domains.
In this study, we use a relatively blunt normalization
approach to pool scores across different clinical scales.
Future work modeling the relationship between differ-
ent clinical scales (ie, SARA and FARS) would be bene-
ficial to establish more specific conversion scores.
Lastly, the small sample size of the pediatric and LOFA
cohorts did not allow us to split them into subgroups
to assess their disease evolution. Prospective natural
history imaging studies (eg, TRACK-FA; https://www.
monash.edu/medicine/trackfa) will be key to addressing
many of these limitations.

To conclude, our data support the hypothesis that
damage to the spinal dorsal column and corticospinal
tract follow distinct courses in the disease: developmen-
tal damage likely defines the former, while alterations
in the latter may be both developmental and degenera-
tive in origin. These results provide new insights about
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FRDA pathogenesis and indicate that spinal cord MRI
may be a useful biomarker to track disease progression. @
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