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Spinal cord magnetic resonance imaging
and spectroscopy detect early-stage alterations
and disease progression in Friedreich ataxia
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Friedreich ataxia is the most common hereditary ataxia. Atrophy of the spinal cord is one of the hallmarks of the disease. MRI and
magnetic resonance spectroscopy are powerful and non-invasive tools to investigate pathological changes in the spinal cord. A handful
of studies have reported cross-sectional alterations in Friedreich ataxia using MRI and diffusion MRI. However, to our knowledge no
longitudinal MRI, diffusion MRI or MRS results have been reported in the spinal cord. Here, we investigated early-stage cross-sec-
tional alterations and longitudinal changes in the cervical spinal cord in Friedreich ataxia, using a multimodal magnetic resonance
protocol comprising morphometric (anatomical MRI), microstructural (diffusion MRI), and neurochemical ('H-MRS)
assessments. We enrolled 28 early-stage individuals with Friedreich ataxia and 20 age- and gender-matched controls (cross-sectional
study). Disease duration at baseline was 5.5 +4.0 years and Friedreich Ataxia Rating Scale total neurological score at baseline was
42.7 +13.6. Twenty-one Friedreich ataxia participants returned for 1-year follow-up, and 19 of those for 2-year follow-up (cohort
study). Each visit consisted in clinical assessments and magnetic resonance scans. Controls were scanned at baseline only. At baseline,
individuals with Friedreich ataxia had significantly lower spinal cord cross-sectional area (=31%, P =8 x 10™"7), higher eccentricity
(+10%, P=5x1077), lower total N-acetyl-aspartate (tNAA) (=36%, P =6 x 10~") and higher myo-inositol (mIns) (+37%, P =2 x
107°) corresponding to a lower ratio tNAA/mIns (-=52%, P=2x 10~"3), lower fractional anisotropy (—24%, P=107"), as well as
higher radial diffusivity (+56%, P=2x1077), mean diffusivity (+35%, P=10"%) and axial diffusivity (+17%, P=4x107") relative
to controls. Longitudinally, spinal cord cross-sectional area decreased by 2.4% per year relative to baseline (P =4 x 10™*), the ratio
tNAA/mlns decreased by 5.8% per year (P =0.03), and fractional anisotropy showed a trend to decrease (—3.2% per year, P =0.08).
Spinal cord cross-sectional area correlated strongly with clinical measures, with the strongest correlation coefficients found between
cross-sectional area and Scale for the Assessment and Rating of Ataxia (R =—0.55, P =7 x 107°) and between cross-sectional area and
Friedreich ataxia Rating Scale total neurological score (R =—0.60, P=4x1077). Less strong but still significant correlations were
found for fractional anisotropy and tNAA/mlIns. We report here the first quantitative longitudinal magnetic resonance results in
the spinal cord in Friedreich ataxia. The largest longitudinal effect size was found for spinal cord cross-sectional area, followed by
tNAA/mlns and fractional anisotropy. Our results provide direct evidence that abnormalities in the spinal cord result not solely
from hypoplasia, but also from neurodegeneration, and show that disease progression can be monitored non-invasively in the spinal
cord.
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9HPT = 9-hole peg test; AD = axial diffusivity; ADL = activities of daily living; BL = baseline; Cr = creatine; CRLB=
Cramer-Rao lower bounds; CSA = cross-sectional area; CSF = cerebrospinal fluid; dMRI = diffusion MRI; EPI = echo-planar imaging;
FA =fractional anisotropy; FARS=Friedreich Ataxia Rating Scale; FRDA =Friedreich ataxia; GPC=glycerophosphocholine;

MD =mean diffusivity; mlns=myo-inositol;

MRS = magnetic resonance

spectroscopy; NAA =N-acetyl-aspartate; NAAG=

N-acetyl-aspartyl-glutamate; PCho = phosphocholine; PCr = phosphocreatine; RD =radial diffusivity; SARA =scale for the assessment
and rating of ataxia; SCT = spinal cord toolbox; SNR = signal-to-noise ratio; SRM = standardized response mean; tCho = total choline;

tCr = total creatine; tNAA = total N-acetyl-aspartate
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Introduction

Friedreich ataxia (FRDA) is the most common inherited atax-
ia, with an incidence ranging from 1:20 000 to 1:250,000, or
less depending on countries."* Genetic transmission is auto-
somal recessive and is caused by mutations in the frataxin
gene (in most cases a GAA repeat expansion in Intron 1) lead-
ing to reduced expression of frataxin.>* Symptoms include
limb and gait ataxia, dysarthria and cardiomyopathy.’
Onset is typically in the second decade of life,® and there is
currently no effective disease-modifying treatment.
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Nikolaus Friedreich recognized spinal cord degeneration
as a hallmark of the disease” and spinal cord atrophy was re-
ported in early MRI studies.®'* In the pathogenesis of
FRDA, substantial demyelination and gliosis of the posterior
and lateral columns of the spinal cord occur prior to cerebel-
lar pathology.’ In particular, dorsal root ganglia, posterior
roots and posterior columns of the spinal cord show signifi-
cant pathological alterations.'*™® Recent cross-sectional
MRI studies showed that spinal cord cross-sectional area
(CSA) is significantly smaller in FRDA than in controls and
correlates negatively with disease severity.'>~'” However,


mailto:henry@cmrr.umn.edu

Spinal cord MRI and MRS in Friedreich ataxia

longitudinal MR data documenting disease progression in
the spinal cord are still lacking. With many clinical trials on-
going or on the horizon, including gene therapy trials, MR
could play a key role in assessing disease progression and
the effect of prospective treatments. Consequently, ‘natural
history’ longitudinal MR data documenting disease progres-
sion in the spinal cord are urgently needed.

Beyond anatomical imaging, advanced MR modalities,
such as diffusion MRI (d{MRI) and magnetic resonance spec-
troscopy (MRS) have the potential to respectively reveal
microstructural and neurochemical alterations not visible
in conventional anatomical images.

Diffusion MRI'® relies on the anisotropic diffusion of
water in organized tissues, such as the brain white matter
or spinal cord, to recover microstructural and connectivity
information through local biophysical modelling and tracto-
graphy.'” Axonal membranes hinder the diffusion of water
molecules, a phenomenon that can be quantified through
MRI by taking measurements along multiple orientations.
Diffusion tensor imaging (DTI) models diffusion MRI data
by assuming Gaussian diffusion at each location of the im-
aged tissue. Diffusion MRI of the spinal cord is challenging
and has only recently received growing attention and seen
new developments in the neuroimaging community,*’~>¢
with applications in disorders such as degenerative cord
compression,”’ multiple sclerosis,”® amyotrophic lateral
sclerosis*® and traumatic spinal cord injury.”” To the best
of our knowledge, only one study has reported cross-
sectional data using dMRI in the spinal cord in FRDA,*°
and no longitudinal dMRI data have been published.

Proton magnetic resonance spectroscopy (‘H-MRS) al-
lows non-invasive measurement of the concentration of mul-
tiple metabolites in multiple organs, including the spinal
cord. Although challenging to implement, 'H-MRS in the
spinal cord has been shown to be feasible.”’* A number
of studies have reported neurochemical alterations in the
spinal cord in neurodegenerative diseases,” ™’ and changes
in N-acetyl-aspartate (NAA) concentrations in a longitudin-
al assessment of lesions of the spinal cord in multiple scler-
osis.”® However, no data have been reported using MRS in
the spinal cord in FRDA.

The objective of the present study was to study pathologic-
al alterations and longitudinal changes in the cervical spinal
cord in an early-stage cohort of individuals with FRDA,
using an advanced multimodal MR protocol (MRI, dMRI
and MRS). We hypothesized that FRDA participants would
show significant alterations in morphometry, microstructure
and neurochemistry relative to controls, even at early-stage,
and that FRDA participants would show changes over time.

Materials and methods

All procedures were conducted in accordance with the
Declaration of Helsinki and were approved by the
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University of Minnesota Institutional Review Board. All par-
ticipants provided informed consent (adults) or, for minors,
informed assent with their parents providing informed
consent.

Twenty-eight individuals with FRDA (mean age: 19.0 + 7.3
years, range: 11-35, 14 M/14F) and 20 age- and gender-
matched control individuals (20.4 + 7.1 years, range: 10-35,
11 M/9F) were recruited for this study (Table 1). The FRDA
group was at an early stage of the disease (time from diagnosis:
2.3 + 2.6 years; disease duration: 5.5 + 4.0 years). With ‘early-
stage’ defined as functional staging < 3 (corresponding to am-
bulatory, i.e. walking with or without assistance), 26 of 28
FRDA participants were at early-stage at baseline, with a ma-
jority (n=22) at Stage 2 or below. FRDA participants were re-
cruited through the University of Minnesota Ataxia Research
Center and the Friedreich’s Ataxia Research Alliance.
Control participants were recruited through the local CMRR
volunteer list and word of mouth. Eligibility criteria for
FRDA participants were: confirmed FRDA diagnosis.
Exclusion criteria for all participants were: neurological disease
(other than FRDA), contraindication for MR scan, pregnancy,
claustrophobia, restless leg syndrome (difficult to stay still in
the scanner) as well diabetes, smoking and history of alcohol-
ism due to their potential confounding effect on metabolite con-
centrations with MRS. For the same reason, all subjects were
asked to withhold antioxidants such as multivitamins for 3
weeks prior to scanning. All subjects were also asked to with-
hold benzodiazepine or any medication specific to ataxia symp-
toms for 36 h prior to scanning.

Twenty-one participants with FRDA returned for follow-
up (referred to as the ‘longitudinal cohort’) approximately 1
year later (time between baseline and 1-year follow-up =
13.7 +2.2 months), and 19 participants also returned for a
2-year follow-up (time between baseline and 2-year follow-
up=26.8+3.4 months). In the following, we refer to
“1-year’ and ‘2-year’ follow-ups for brevity. Controls were
scanned only at baseline. Reasons for not returning for
1-year and 2-year follow-up included: too progressed (n =
1), rod placement (n = 2), brain arteriovenous anomaly
(n = 1), claustrophobia (7 = 1) and no longer interested or
too busy (n = 4).

Study visits took place at the Center for Magnetic
Resonance Research, University of Minnesota from late
2013 to 2018. Each visit included three ~1 hr scanning ses-
sions at 3 Tesla over 1-2 days: One for brain anatomical
and diffusion MRI, one for spinal cord dMRI, and one for
spinal cord MRS. Because of the large amount of data, we fo-
cus in this paper on the spinal cord findings, with the brain
anatomical MRI used only for cervical spinal cord
morphometry.

In addition to MR scans, all patients were assessed with
the original Friedreich Ataxia Rating Scale (FARS),?” which
includes total neurological score (FARS total neuro, range 0—
117), activities of daily living (ADL, range: 0-36), functional
staging (range: 0-6), timed 9-hole peg test (9HPT) with dom-
inant and non-dominant hand and timed 25 ft walk test. In
addition, Scale for the Assessment and Rating of Ataxia
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Table | Cohort demographic and clinical characteristics at baseline

Cross-sectional cohort

Longitudinal cohort (FRDA only)

CTRL FRDA Baseline | year follow-up 2 year follow-up

Number of subjects 20 (1 IM/9F) 28 (14M/14F) 21 (I0M/11F) 21 (IOM/11F) 19 (9M/10F)
Age (years) 20.4 (7.1) 19.0 (7.3) 19.0 (7.7) 20.1 (7.7) 21.5 (8.0)
Age of onset (years) - 134 (5.2) 13.8 (5.8) 13.8 (5.8) 14.1 (6.0)
Disease duration (years) - 5.5 (4.0) 5.1 (3.9) 6.3 (3.9 74 (42)
Time from diagnosis (years) - 2.3 (2.6) 2.1 (2.9) 3.2 (29) 42 (3.0
GAA repeats (shorter)” - 597 (179) 598 (191) 598 (191) 596 (200)
GAA repeats (longer) - 959 (205) 987 (221) 987 (221) 960 (197)
SARA (0-40)° 0 (0) 8.9 (2.8) 9.6 (2.8) I1.6 (4.5) 13.8 (5.2)
FARS score neuro (0—117) 0 (0) 42.7 (13.6) 42.6 (11.8) 48.7 (13.3) 53.9 (14.5)
Functional Staging (0—6) 0(0) 2.0 (1.0) 1.9 (1.0) 2.5 (1.1) 2.8 (1.0)
ADL (0-36) 0 (0) 5.8 (3.5 5.4 (2.9) 8.0 (3.6) 9.9 (4.0)
9HPT dominant (s) 19.2 (2.8) 40.4 (12.0) 38.8 (9.8) 41.0 (11.2) 41.5 (10.7)
9HPT non-dominant (s) 19.2 (24) 434 (13.0) 43.1 (11.2) 47.8 (13.0) 50.2 (10.7)
Timed walk (s)° 4.3 (0.6) 9.4 (19.1) 5.8 (0.9) 5.8 (1.4) 6.0 (1.5)
Time from baseline visit (months) 0 0 0 13.7 (2.2) 26.8 (3.4)

Aside from numbers of subjects, values shown are mean (standard deviation).

?One participant had a point mutation in one of the alleles. The shorter GAA value was left blank.
®15 of 28 FRDA participants in the cross-sectional cohort, including 10 of 21 in the longitudinal cohort, have no SARA score at baseline because SARA was added to the protocol after

they were recruited.

“One participant was unable to walk (no value), and another completed the walk in 105 s (outlier excluded).

(SARA) scores (range: 0-40) were collected except for 15
FRDA participants at baseline.

An ataxia neurologist (K.O.B.) reviewed spinal cord T,
images acquired prior to DTI (which were not suitable for
spine morphometry due to the large slice thickness but suit-
able for visual inspection of the spinal cord in the sagittal
plane). There was no central canal narrowing, cord contact
or cord compression in any of the subjects. Mild multilevel
disc bulging and disc desiccation was seen in 6 patients and
8 controls. However, these signs are common even in young-
er individuals and are not indicative of spinal cord pathology
in the absence of other findings.

Measurements were initially performed on a 3 Tesla Siemens
MAGNETOM Trio scanner (Siemens, Erlangen, Germany)
with Syngo software version VD13D. The Trio scanner
was upgraded to a MAGNETOM Prisma®™ scanner with
Syngo software version VE11C during the study. The poten-
tial impact of this upgrade was carefully investigated and
additional scans and analyses were performed to ensure
that the upgrade did not bias our results (see ‘Scanner up-
grade’ section below).

On both scanners, the body transmit RF coil was used. On
Trio, a 32-channel receive head coil was used for brain acqui-
sitions, and a 20-channel receive head-neck coil was used for
spine acquisitions. On Prisma, a 64-channel receive head-
neck coil was used for all acquisitions.

Brain coronal T-weighted 3D MPRAGE images (Fig. 1)
were obtained with the following parameters: voxel size
1 mm isotropic, TR/TE=2530/3.65 ms, TI=1100 ms, flip

angle= 7", 224 slices, field of view=256x176 mm?,
phase-encode in R-L direction, 2 x GRAPPA.

Sagittal T,-weighted 2D TSE images with low resolution in the
slice direction were acquired for positioning the dMRI volume
of interest and for identification of cervical levels, with the fol-
lowing parameters: field of view 260 x 260 mm?, matrix 384 x
384, 13 slices, 3 mm slice thickness, 0.7 x 0.7 mm? in-plane
resolution, TR/TE =3500/112 ms, flip angle 160deg.

The cervical spine was scanned axially, covering levels C2
to C7, with 1.12 x 1.12 mm? (field of view 118 X 62 mm?) in-
plane resolution and 3.3 mm slice thickness (30 slices), as il-
lustrated in Fig. 2. A segmented-readout EPI sequence
(RESOLVE)*® was used in combination with parallel im-
aging to reduce artefacts due to susceptibility changes at tis-
sue interfaces around the spine, as previously reported. A
finger pulse oximeter was used for cardiac triggering. The fol-
lowing parameters were used: TR/TE =4500/66 ms, in-plane
acceleration (iPAT)=2, 30 directions, b-value 650 s/mm?,
six b=0 volumes. Data were collected with reversed
phase-encode blips (AP and PA), resulting in pairs of images
with distortions going in opposite directions. From these
pairs, the susceptibility-induced off-resonance field was esti-
mated and corrected using a method similar to that described
in a study by Andersson et al.*' Subject motion and eddy
current-induced distortions were corrected*? as previously
reported.”?

Sagittal T,-weighted images similar to those acquired before
spinal cord diffusion were used to position an 8 x 6 x 30 mm?
(1.44 ml) voxel in the spine, centred on the C4-C5 interverte-
bral disc. By shimming was performed using Siemens image-
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Figure | Spinal cord morphometry. (A) Brain T, images showing automated segmentation of the upper cervical spinal cord using SCT. (B)
Left: Cross-sectional comparison of CSA at C2—C3 in FRDA versus Control at baseline. Right: Longitudinal change in cross-sectional area at C2—
C3 in FRDA. (C) Left: Cross-sectional comparison of eccentricity at C2—-C3 in FRDA versus Control at baseline. Right: Longitudinal change in
eccentricity at C2—-C3 in FRDA. * FRDA significantly different from CTRL, P < 0.05, two-tailed two-sample unpaired t-test. # Slope significantly

lower than zero, P < 0.05, one-tailed one-sample t-test.

based shimming with a reduced field of view. Average water
linewidth in the voxel was 13.0 + 3.4 Hz after shimming,.

MR spectra were acquired using an optimized
semi-LASER sequence with TE=28 ms, TR=35s, and 2 x
128 averages. A detailed description of the sequence, includ-
ing outer-volume suppression and VAPOR water suppres-
sion can be found in a study by Oz et al..*? Individual
shots were saved separately. A finger pulse oximeter was
used for cardiac triggering. Unsuppressed water reference
signals (NT =4) were collected for eddy current correction
and to serve as an internal concentration reference for quan-
tification. Water signal was also measured at different TEs
(28, 35, 50, 70, 100, 200, 300, 500, 800, 1000, 1500,
3000 and 4000 ms) with one average per TE and TR =
15 s. The resulting T, curve was fit with a bi-exponential
function to determine the fraction of CSF and tissue in the
voxel, assuming a T value of 740 ms for CSF.** The entire
procedure was repeated twice, yielding two spectra with
128 transients each, for a total of 256 transients.

Both individual shots and accumulating spectrum were
monitored in real time for spectral quality by the operator.
In case of movement (resulting in degraded water suppres-
sion, degraded water linewidth and/or lipid signal visible in
single shots or in accumulated spectrum), the spectral acqui-
sition was stopped (keeping the shots already acquired).
Spine T,-weighted images were reacquired to reposition
the voxel, adjust By shim again if necessary, and acquire
the remaining shots.

In all, there were 88 visits (20 controls at baseline, 28 FRDA
at baseline, 21 FRDA at 1 year, 19 FRDA at 2 years), and 3
data sets were acquired at each visit: Brain anatomical MRI
(used for upper cervical spine morphometry), spinal cord
dMRI and spinal cord MRS. Of those 264 data sets, 12
data sets (<5%) could not be used primarily because of
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Figure 2 Spinal cord diffusion. (A) Diffusion images from a control participant (left), and FRDA participant (right) showing the raw image, the
RD image and the ROI segmentation for each participant. (B) Left: Cross-sectional comparison of FA at C2—C3 in FRDA versus Control at
baseline. Right: Longitudinal change in FA at C2—-C3 over time in FRDA. (C) Left: Cross-sectional comparison of RD at C2—-C3 in FRDA versus
Control at baseline. Right: Longitudinal change in RD at C2—C3 over time in FRDA. * FRDA significantly different from CTRL, P < 0.05, two-tailed
two-sample unpaired t-test. # Trend for slope significantly lower than zero, raw P=0.02, adjusted P=0.08, one-tailed one-sample t-test.

excessive motion artefacts but also artefacts due to braces, or
missing data due to subject discomfort or anxiety. The final
number of data sets used for the analysis was as follows:
Baseline controls: 20 MRI, 18 dMRI, 19 MRS; Baseline
FRDA: 26 MR, 27 dMRI, 26 MRS; 1-year follow-up
FRDA: 20 MR, 20 dMRI, 20 MRS; 2-year follow-up
FRDA: 19 MRI, 19 dMRI, 18 MRS.

Brain T;-weighted images were analyzed using the Spinal
Cord Toolbox (SCT)* version 4.0 to extract spinal cord
CSA and eccentricity at C1, C2 and C3 levels. The C2-C3
intervertebral disc was manually delineated to initialize the
automatic labelling of vertebrae, after which deep learning

algorithms in the SCT toolbox were used to segment the
cord.

The diffusion images were preprocessed to remove noise*®

and Gibbs-ringing artefacts.*” The images were then cor-
rected for motion, as well as geometric and eddy current dis-
tortions using FSL (topup and eddy)** and bias-field
corrected. Subsequently, diffusion tensor fitting using robust
estimation of tensors by outliers rejection*® was performed
to estimate fractional anisotropy (FA), mean diffusivity
(MD), radial diffusivity (RD) and axial diffusivity (AD).*’
The mean b =0 image was segmented to aid with the regis-
tration of the PAMS50 template®” into the native diffusion
space of each participant. This registration step was
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initialized using the non-linear deformation fields generated
from the registration of the spine T,-weighted image to the
PAMS0 template during the segmentation of the spine
T,-weighted image. Since it is difficult to identify the verte-
bral levels in the axially acquired diffusion image, the warp-
ing fields between the high-contrast spine T,-weighted image
and the template were used to match vertebrae and thus in-
directly and automatically label the vertebral levels in the dif-
fusion image. Values for FA, MD, RD and AD at each spinal
cord level were extracted using the sct_extract_metric com-
mand of SCT, using combined label 51 for whole-cord white
matter (sum of labels 0:29), combined label 53 for dorsal col-
umns (sum of labels 0:3) and labels 4:5 for cortico-spinal
tract.

Individual shots in the first NT =128 acquisitions were in-
spected visually and any shot that had severely degraded
water suppression, or showed lipid contamination, was re-
moved. In most cases, SNR of metabolites on single shots
was not sufficient for shot-to-shot frequency correction,
therefore shots were averaged in blocks of 4 or 8 (depending
on SNR), then frequency-aligned before summation. The
procedure was repeated for the second NT = 128 acquisition.
The two resulting summed spectra were frequency-aligned
and summed to yield a final single spectrum (NT =256). In
some participants, one of the two spectra was either not ac-
quired due to time constraints or not usable due to spectral
quality, and only one NT = 128 spectrum was used in the ana-
lysis instead of NT =256. Spectra were rejected if: (i) LW >
0.2ppm (25 Hz) or (ii) SNR <2 or (iii) height of lipid peak
greater than 50% of tNAA. LW and SNR values were those
estimated by LCModel.

Spectra were quantified using LCModel 6.3H.>" The basis set
comprised 18 metabolites: alanine, ascorbate, creatine (Cr),
GABA, glucose, glutamine, glutamate, glycerophosphocholine
(GPC), glutathione, myo-inositol (mlns), scyllo-inositol, lac-
tate, phosphocreatine (PCr), phosphocholine (PCho), pheny-
lethanolamine, NAA, N-acetyl-aspartyl-glutamate (NAAG),
taurine, as well as an experimentally measured metabolite-
nulled macromolecule spectrum. Metabolites that cannot be
distinguished at 3 Tesla are reported as a sum: total
N-acetyl-aspartate (tNAA)=NAA + NAAG, total creatine
(tCr) =Cr +PCr, total choline (tCho)=PCho+ GPC. Based
on Cramer-Rao Lower Bounds (CRLB), only 4 metabolites
were quantified reliably in the spine (CRLB < 20%): tNAA,
tCho, tCr and mlns.

The Trio scanner was upgraded to Prisma in the middle of
the study. Of 21 participants who returned for follow-up,
nine participants were scanned on Trio at baseline and
1-year follow-up, and on Prisma at 2-year follow-up (noted
‘TTP’), two participants were only scanned on Trio (‘TT’)
(no 2-year follow-up), seven participants were scanned on
Trio at baseline and Prisma thereafter (“‘TPP’) and three
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participants were scanned only on Prisma (‘PPP’). Scanning
parameters were matched as closely as possible on Trio
and Prisma.

To measure any potential bias due to this scanner upgrade,
we scanned five additional subjects (not part of the =20
control participants) on Trio before the upgrade and on
Prisma after the upgrade (see Supplementary Table 1). All
measured parameters remained stable before and after the
upgrade, with one exception: all diffusivity metrics (AD,
RD and MD) were on average 25% higher on Prisma than
on Trio. Therefore, in order to mitigate this effect, all under-
estimated values obtained on Trio were corrected (multi-
plied) by a factor of 1.25. The reason for this difference
was traced to a single mismatched parameter (coil combin-
ation mode) set to ‘Sum of Squares’ on Trio, and ‘Adaptive
Combine’ on Prisma (‘Adaptative Combine’ did not exist
in VD13D). This resulted in different noise distributions on
the two systems” and affected diffusivity estimates (but
not FA). Briefly, the Trio’s ‘Sum of Squares’ method leads
to a diffusion signal that follows a non-central-y* distribu-
tion with an elevated noise floor which artificially increase
the diffusion signal, thereby underestimating diffusivity mea-
sures. Since we did not keep the raw per-coil data (so-called
‘TWIX’ data), we were unable to reconstruct the Trio data
with the ‘Adaptive Combine’ method.

Following this correction of diffusivity values, we per-
formed two analyses of the longitudinal data (which would
be the most sensitive to any effect of the scanner upgrade)
to rule out any remaining bias: One with all the data, and
a second one with ‘same scanner only’ data: For each partici-
pant, we kept only time points from the same scanner, i.e. for
“TTP’ we kept only ‘TT’, for “TPP’ we kept only ‘PP’ and for
‘PPP’ we kept ‘PPP’. The ‘same scanner only’ longitudinal re-
sults were then compared to those obtained with all data (see
Supplementary Table 2). We found that longitudinal results
were consistent between the two analyses, confirming that
longitudinal results from all data were not significantly af-
fected by the scanner upgrade.

Missing data were left blank. To reduce the extent of mul-
tiple testing adjustment, the following metrics were chosen
a priori (outcome measures):

Morphometry: CSA and eccentricity of whole cord at C2-
C3 obtained from SCT. The average of C2—-C3 was chosen to
allow comparison with manual segmentation performed at
C2-C3 (Supplementary Figure 1). Cross-sectional results
also include separate CSA for grey matter and white matter.

Diffusion: FA, MD, AD, RD averaged over C3-Cé6 (C2
and C7 were excluded because of inconsistent B0 shimming
and image quality at the edge of the field of view).

Spectroscopy: Water-referenced concentrations in tNAA,
mlns, tCr, tCho, and ratio tNAA/mlns. The ratio tNAA/mIns
was chosen because it combines the changes in tINAA (decrease)
and mlns (increase) that is observed in many neurodegenerative
diseases, maximizing the effect size. For longitudinal slopes and
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associations between clinical metrics and MR metrics, only the
ratio tNAA/mlns was chosen due to higher variability observed
in water-referenced concentrations.

Clinical metrics: FARS total neuro, SARA, ADL,
Functional staging, 9HPT non-dominant.

MR metrics in patient and control groups were compared
at baseline using linear models with group as the primary
variable of interest, and age and sex as covariates.

Among FRDA participants only, associations of clinical
metrics (response variables) with MR metrics (predictor vari-
ables), using data from all three visits, were estimated using
linear mixed models, with subjects as random effects.

For each MR metric and each clinical metric, within-
participant longitudinal slopes across all visits were esti-
mated using linear regressions. These slopes were tested
using one-sided one-sample #-tests. For each variable, we hy-
pothesized that longitudinal changes would go in the same
direction as cross-sectional differences at baseline. For ex-
ample, if CSA was lower in FRDA participants than in con-
trols at baseline, we hypothesized that CSA in FRDA
participants would continue to decrease over time (slope <
0). The sample size of the longitudinal cohort (7=21) was
sufficient to detect slopes > 0 (or < 0) with an effect size of
0.5 (or —0.5) or better, with 0. =0.05 and B=0.7.

For analyses that were repeated for multiple metrics, re-
ported P-values were corrected for Type 1 error inflation
due to multiple testing using the Holm-Bonferroni procedure
across metrics within each MR modality (morphometry:
four metrics at baseline, two metrics longitudinally; diffu-
sion: four metrics; spectroscopy: five metrics at baseline,
one metric longitudinally; clinical: five metrics).

Data availability

The data that support the findings of this study are available
from the corresponding author upon request. The data are
not publicly available due to their containing information
that could compromise the privacy of research participants.
Because FRDA is a rare disease, there is a risk that even
de-identified data, which contain information such as age,
age of onset, GAA repeat length, or clinical scale scores,
could be used to identify individual FRDA participants.
Especially with children, we are erring on the side of caution
and making data available on request, rather than publicly
available.

Results

Spinal cord CSA at C2-C3 was 31% lower (P=8x10""7)
and eccentricity was 10% higher (P<5x1077) in FRDA
participants relative to controls (Fig. 1 and Table 2). There
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was no overlap in CSA values between the FRDA and control
groups. Most (90%) of the decrease in CSA in FRDA was
due to a decrease in white matter (—34%, P=1071°), al-
though grey matter was also lower in patients (—15%, P=
4x10713) (Table 2).

FA was 24% lower (P=10"") in FRDA participants relative
to controls (Fig. 3). All three diffusivity values were higher in
FRDA participants, with RD 56% higher (P =2 x 10~"), MD
35% higher (P=107%) and AD 17% higher (P=4x107%)
than in controls (Table 2).

In spite of the small volume, the main resonances (tCho, tCr,
tNAA, mlns) were clearly visible in MR spectra (Fig. 3). The
average water linewidth was 13.0 + 3.4 Hz, average metab-
olite linewidth returned by LCModel was 15.4+3.8 Hz
and average signal-to-noise ratio (SNR, with noise defined
as 2*RMS, i) returned by LCModel was 5.0+1.6.
Examples of spectra with varying spectral quality are pro-
vided in Supplementary Figure 2.

The spectral pattern was markedly different in the FRDA
participants relative to controls, with a lower tNAA peak at
2.01 ppm and a higher mIns peak at 3.55 ppm (Fig. 3). The
concentration of tNAA was 36% lower (P=6x10"") and
the concentration of mIns was 37% higher (P=2x107°)
in FRDA participants than in controls (Table 2). As a result,
the ratio tNAA/mIns was 52% lower in FRDA participants
compared with controls (P=2x107"3). There was almost
no overlap in tNAA/mlIns values between the two groups.
All patients had a tNAA/mlIns ratio below 0.85, while all
controls had a tNAA/mIns ratio higher than 0.85, with one
exception: a 10 y.o. control participant had a tNAA/mlns ra-
tio of 0.6.

All cross-sectional results, as well as cross-sectional effect
sizes (Cohen’s d), are summarized in Table 2.

Annual rates of change (slopes) for each MR metric and each
clinical metric are summarized in Table 3. Effect size is re-
ported as standardized response mean (SRM) defined as
mean(slope)/SD(slope).

Spinal cord morphometry at C2-C3 using SCT showed a
mean rate of atrophy of —2.4% per year (SRM =-0.95),
with no significant change in eccentricity (Fig. 1). These find-
ings were broadly consistent across individual vertebral le-
vels C1, C2 and C3, with the largest effect size (—1.23) for
the average C1-C2 (Supplementary Table 3). The effect
size was smaller for C3 (=0.78) than for C1 or C2 (-1.13
and —1.07, respectively) due to higher standard deviation
at C3, possibly reflecting the decreasing coil sensitivity and
lower SNR at the edge of brain T, images. Longitudinal at-
rophy was observed only in white matter. There was no
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Table 2 Cross-sectional differences in the main morphometry, diffusion and spectroscopy parameters at baseline

Modality CTRL mean (sd) FRDA mean (sd) Cohen’s d Difference (%)  RawP  Corrected P

CSA (mm?) (C2-C3) Morphometry 63.2 (4.2) 43.7 (5.5) -39 -31% 2x 1077 gx107'7 e
Eccentricity (C2-C3) Morphometry ~ 0.75 (0.05) 0.83 (0.04) 1.7 10% 5x 1077 5x1077 ke
CSA WM (mm?) (C2-C3) Morphometry 50.6 (3.8) 332 (5.1) 42 —-34% 4% 1077 10716 ek
CSA GM (mm?) (C2-C3) Morphometry 12.4 (0.5) 10.6 (0.7) -3.0 —-15% 2x 107" 4%107"3 ok
FA (C3-C6) Diffusion 0.53 (0.06) 0.40 (0.05) -25 —24% 3x107'° 1077 e
MD (C3-C6) (10> mm?s)  Diffusion 1.17 (0.18) 1.58 (0.20) 2.1 35% 7x107° 1078 e
RD (C3-C6) (1073 mm?%s)  Diffusion 0.79 (0.15) 1.24 (0.21) 2.3 56% 6x107"° 2x107% e
AD (C3-C6) (107> mm?%s)  Diffusion 1.93 (0.28) 2.26 (0.19) 1.4 17% 4x107° 4x107° Reee
tNAA/mIns (C4-C5) Spectroscopy 1.16 (0.23) 0.56 (0.12) 34 -52% 4% 107" 2x107"3 ook
tNAA (C4-C5) (mM) Spectroscopy 8.6 (1.6) 5.5 (1.0) -24 —-36% 10~° 6x107% e
mlns (C4-C5) (mM) Spectroscopy 7.6 (1.4) 10.4 (1.8) 1.7 37% 8x 1077 2x 1076wk
tCr (C4-C5) (mM) Spectroscopy 4.9 (1.0) 5.1 (1.4) 0.2 5% 0.49 0.98 ns
tCho (C4-C5) (mM) Spectroscopy 2.4 (0.5) 2.3 (0.6) -0.2 -5% 0.53 098 ns

sd = standard deviation. *** P < 0.0005.

significant  longitudinal ~change in grey matter tNAA/tCr decreased and the ratio mlns/tCr increased,

(Supplementary Table 3).

In a separate analysis, spinal cord area and eccentricity
were also obtained through manual segmentation of the
spinal cord at C2—-C3 using SpineSeg’> by three independent
raters in a blind fashion (see Supplementary Figure 1). The
rate of atrophy from the average CSA across the three raters
(=2.9%) was slightly higher than the one found using the
automated method SCT (-2.4%) and had slightly lower
SRM (-0.87 versus —0.95). All three individual raters found
a decrease in CSA over time, but with lower SRM (ranging
from —0.62 to —0.79), suggesting that manual segmentation
introduces more variability than SCT (Supplementary
Figure 1).

FA averaged across C3-C6 showed a trend (raw P <0.02,
corrected P<0.08) in yearly decrease of —3.2% with a
Cohen’s d of —0.50. There was no significant change for
any of the diffusivity metrics (MD, RD, AD) averaged across
C3-Cé6. In post hoc analyses (Supplementary Table 4), FA
values appeared to be most reliable (lower standard devi-
ation and greater effect size) at the centre of the imaging vol-
ume (C4-CS5) were By shimming is optimal and image quality
is higher. FA values averaged between C4 and C5 confirmed
the trend in yearly decrease with a change of —=5.6% (raw P =
0.0002) and Cohen’s d of —1.0.

tNAA/mlIns showed a significant (P =0.03) yearly decrease
of —5.8% with a SRM of —0.51. Because individual metab-
olite concentrations had higher variability than the ratio
tNAA/mlns, slopes for individual metabolites were not in-
cluded in the main analysis but are provided in
Supplementary Table 5 for information. While none of the
individual metabolites showed a statistically significant
change over time, numerical results suggest that the longitu-
dinal decrease in tNAA/mIns may be driven both by a de-
crease in tNAA (—3.9%/year) and an increase in mlns
(+0.7%l/year). This is supported by the fact that the ratio

whereas tCr was relatively stable (Supplementary Table 5).

For comparison, clinical assessments showed an average
increase of 2.0 points/year in SARA score (SRM=1.89),
5.3 points/year in FARS total neurological subscale
(SRM =1.44), 2.0 points/year in ADL (SRM =1.4) and 0.4
point/year in functional staging (SRM =1.49). The 9-hole
peg test (non-dominant hand) showed an average increase
of 3.4 s per year with an SRM of 0.86.

Many of the measured MR parameters correlated with clin-
ical parameters (Table 4). The strongest effects were ob-
served for the spinal cord CSA, followed by FA and tNAA/
mlns. CSA correlated negatively with all clinical parameters:
FARS, SARA, ADL, functional staging and 9HPT. For ex-
ample, CSA correlated negatively with FARS total neuro
withR =-0.60and P=4 x 1077 (Fig. 4). FA correlated nega-
tively with FARS total neuro, functional staging and ADL,
whereas tNAA/mlns negatively correlated with functional
staging, ADL and 9HPT non-dominant. There was no sig-
nificant correlation between any of the MR metrics and
GAA1 (shorter GAA repeat), GAA2 (longer GAA repeat)
or age at onset.

Discussion

To our knowledge, these are the first quantitative longitudin-
al MR results ever reported in the spinal cord in FRDA. Our
data demonstrate the ability to monitor disease progression
non-invasively in the spinal cord in FRDA, which is critical
to assess how potential treatments affect the nervous system
in upcoming clinical trials.

In addition, while a handful of studies have reported cross-
sectional results in the spinal cord in FRDA with morphom-
etry, and one recent study with DTI but none with MRS, our
study provides unique multimodal cross-sectional data. The


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac246#supplementary-data
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Figure 3 Spinal cord spectroscopy. (A) MR spectra from a control participant (left), and FRDA participant (right) clearly showing a lower
tNAA peak and a higher mins peak in FRDA. The inset shows the 8 X 6 X 30mm voxel at C4—C5 on a T2 image. (B) Cross-sectional comparison of
the concentration of the four main metabolites (mins, tNAA, tCr and tCho) in FRDA versus Control at baseline. (C) Left: Cross-sectional

comparison of the ratio tNAA/mins at C4—C5 in FRDA versus Control at baseline. Right: Longitudinal change in tNAA/mIns at C4—C5 over time in
FRDA. * FRDA significantly different from CTRL, P < 0.05, two-tailed two-sample unpaired t-test. # Slope significantly lower than zero, P < 0.05,

one-tailed one-sample t-test.

Table 3 Longitudinal annual change (slope) in the main MR and clinical parameters

Annual slope

Modality N mean (sd)
CSA (C2-C3) (mm?) Morphometry 20 —1.03 (1.09)
Eccentricity (C2-C3) Morphometry 20 0.0013 (0.0061)
tNAA/mins Spectroscopy 20 —0.032 (0.062)
FA (C3-Cé6) Diffusion 20  —0.013 (0.026)
MD (C3-C6) (102 mm?/s) Diffusion 20 0.015 (0.085)
RD (C3-C6) (10~ mm?/s) Diffusion 20 0.023 (0.091)
AD (C3-C6) (1073 mm?/s) Diffusion 20  —0.007 (0.103)
SARA Clinical 19 2.0 (I.1)
FARS total neuro Clinical 21 533.7)
Functional staging Clinical 21 0.4 (0.3)
ADL Clinical 21 2.0 (1.4)
9HPT (non dom.) Clinical 21 3.4 (4.0

Annual % change

SRM from baseline Raw P Corrected P

—-0.95 —2.4% 2x107* 4% 107" ook
0.21 0.2% 0.18 0.18 ns

—0.51 —5.8% 0.02 0.03 *

—0.50 —32% 0.02 0.08 trend
0.18 1.0% 0.22 0.44 ns
0.25 1.9% 0.14 0.42 ns

—0.06 —0.3% 0.39 0.44 ns
1.89 8x 1078 4%x1077 ok
.44 10-¢ 3% 107 ok
1.49 6x1077 3x107¢ ok
1.39 2% 1078 3% 107 ok
0.86 4%x107* 4%x107* ok

sd = standard deviation. SRM = standardized response mean. * P <0.05, ** P< 0.01, *** P < 0.001.

multimodal approach allowed assessment of anatomy, micro-
structure and neurochemistry in the same subjects, providing
different and complementary measures of neurodegeneration.

Finally, use of an early-stage cohort (as we did here, with
only 5.5 years from onset and 2.3 years from diagnosis) will
be crucial for planning of treatment development and testing
going forward because efficacy of potential treatments

would presumably be maximal if administered in the early
stage of the disease, and because the faster disease progres-
sion at early stage would make it easier to detect an effect
of potential treatments.

All three MR modalities (anatomical MRI, dMRI and
MRS) showed large cross-sectional alterations in FRDA par-
ticipants relative to controls, even at such an early stage. In
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Table 4 Regression coefficients between clinical parameters and MR parameters

SARA

CSA (C2-C3)

FARS total neuro

Functional staging ADL

9HPT (non dom.)

Eccentricity (C2-C3) -0.18 ns -0.25 ns -0.05 ns -0.19 ns -0.14 ns
tNAA/mIns (C4-C5) -0.16 ns 0.02 ns -0.17 * -0.31 ** -0.16 **
FA (C3-Cé) -0.26 ns -0.30 #* -0.19 * -0.22 ns
MD (C3-Cé6) 0.17 ns 0.22 ns 0.12 ns 0.19 ns 0.16 ns
RD (C3-Cé) 0.04 ns 0.09 ns 0.00 ns -0.05 ns 0.06 ns
AD (C3-Cé) 0.21 ns 0.26 ns 0.17 ns 029 ns 0.19 ns

Regressions were performed using data from all three time points. Numbers indicate the R coefficient between the corresponding clinical metric (response
variable) and MR metric (predictor variable). Blue colour indicates negative correlation and red colour indicates positive correlation. Higher colour intensity
indicates higher absolute correlation coefficient. Values are in mm? for CSA, 10" mm?/s for MD, RD, AD, and unitless for eccentricity and tNAA/mIns. * P < 0.05,

** P<0.005, *** P <0.0005.
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Figure 4 Correlation between FARS total neuro

and cross-sectional area. Correlation was determined using
cross-sectional area as predictor variable and FARS total neuro as
response variable. Data from all three visits were used. R =—0.60,
P<7-107¢

addition, several MR metrics showed sensitivity to disease
progression over time, with spinal cord CSA showing the lar-
gest longitudinal effect size among all MR metrics.

The smaller spinal cord area and higher eccentricity in FRDA
compared with controls is consistent with previously re-
ported results using MRL,'"'%15717 45 well as post-mortem
pathology results.** While these cohorts are not directly
comparable, results are remarkably consistent between stud-
ies, and show that the upper cervical spinal cord is generally
~30-40% smaller in FRDA relative to controls, and eccen-
tricity is ~10% higher.

Our dMRI cross-sectional findings are consistent with a re-
cent study that reported lower FA and higher diffusivity in
total white matter and in specific white matter tracts in
FRDA.?° Both studies found that FA in total white matter
across C3-C6 (C2-C5 in®°) was about 25% lower in
FRDA participants compared with controls, albeit
Hernandez et al.>® reported a smaller cross-sectional effect

size (Cohen’s d) of about —0.85 (compared with —2.5
here), which could be due to the larger range of disease sever-
ity in their cohort (IQR for FARS total neuro =41 versus
14.8 in the present study) and therefore larger SD, or due
to differences in MR acquisition parameters affecting the
SNR of images.

Both studies also found that RD in total white matter was
much higher in FRDA than in controls (+56% in our study,
about +160% in®?), while the increase in AD was smaller
(+17% in our study, +6% in’°)

The lower FA and higher diffusivity observed in the spinal
cord are similar to those observed in the CNS in many neurode-
generative diseases and are consistent with neurodegeneration.

Higher tNAA and lower mIns have been observed in numer-
ous neurodegenerative disorders and are not specific to
FRDA. However, alterations observed in the spinal cord in
the present study were surprisingly large and much larger
than those observed in the brain in FRDA.>® In fact, the dif-
ferences are so pronounced that disease status can practically
be determined from visual inspection of the spectra alone.

Myo-inositol is often associated with glia and myelin-
ation, while tNAA, synthesized only in neurons, is consid-
ered a neuronal marker. Therefore, our findings suggest
both neuronal loss and abnormal myelination.

Among MR metrics, the largest longitudinal effect size
(SRM) was found for CSA, with an effect size of —0.95 at
C2-C3. Post hoc analyses showed that SRM was even higher
for CSA at C1-C2 (—1.23) (Supplementary Table 3). The
lower effect size at C3 (—0.78) could be due to lower SNR
at the edge of the field of view in the brain T-weighted im-
age. Studies with larger spinal cord coverage would be
needed to investigate longitudinal changes in lower cervical
and thoracic areas. However, we hypothesize that C1-C2
will provide close to maximum SRM because that region
contains the highest number of ascending axons, and there-
fore would presumably undergo the largest absolute decrease
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in volume from neurodegeneration. This hypothesis is sup-
ported by cross-sectional data from Dogan et al.:'” with
the largest relative difference in FRDA versus controls in
the upper thoracic spine, but the largest absolute difference
in the upper cervical spine.

The longitudinal decrease in FA averaged over C3-Cé6
was borderline significant after correction for multiple test-
ing, but post hoc analysis suggests that FA averaged over
C4-CS5 could be more precise. Indeed, when looking at in-
dividual levels (Supplementary Table 4), the measurement
noise (SD of annual slope) was highest at the edges of
the DTI FOV (C2 and C7) and lowest at the centre of
the FOV (C4-CS5), implying that the measurement was
most precise at C4-C35. Differences in the values of annual
slopes between individual spinal cord levels were well
within the noise of the measurement and were not statistic-
ally significant.

Note that the SD on the slope for the average over C3-C6
(which we chose a priori as outcome measure for statistical
analysis) was nearly the same as for the average over C4—
CS5, and was less than or equal to the SD on the slope at
C4 or CS taken individually (showing that averaging across
cervical levels does improve precision). Therefore, while tak-
ing the average over C4—CS5 may have been slightly more pre-
cise in retrospect, results averaged over C3—-C6 still provided
close to optimal precision.

A tract-specific analysis using SCT, similar to what was re-
cently reported in®’, did not reveal improved longitudinal ef-
fect size (SRM) in the dorsal columns and cortico-spinal tract
(Supplementary Table 6).

For MRS, the ratio tNAA/mlIns was by far the most sensi-
tive longitudinal metric as expected. Other ratios such as
tNAA/tCr and mlns/tCr were less sensitive to disease pro-
gression, but suggest that both a decrease in tNAA and an in-
crease in mlns contribute to the longitudinal decrease in
tNAA/mlIns (Supplementary Table 5).

Overall, MR metrics had lower effect sizes than clinical
metrics, with spinal cord CSA coming the closest.
However, now knowing where to look, we expect that
MR acquisition can be further optimized to improve the ef-
fect size of MR metrics. For example, spinal cord CSA was
determined here using brain Ty images with 1 mm isotropic
resolution and suboptimal SNR below C3 cervical level.
Future studies could easily use 0.8 mm isotropic and im-
proved coverage of the cervical cord by activating corre-
sponding coil elements in the 64-channel spine+neck
receive coil.

We also noted that SRMs for clinical metrics in the present
study appear higher than those reported in literature.’® For
example, one study reported an increase in FARS total neuro
of 4.1+ 7.84 (Table 10 in a study by Patel et al.>®) in a young
cohort (BL age < 16) after 1 year, corresponding to an SRM
of 0.52. In the present study, the annual increase in FARS to-
tal neuro (from 1-year data only) was 5.2 + 4.5 correspond-
ing to an SRM of 1.14 (Supplementary Table 7), even though
the cohort was older (BL age = 19). It appears that the higher
SRM in our study is primarily due to lower SD (4.5 versus
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7.84), which could be explained by the fact that all our clin-
ical assessments were performed by a single rater (no inter-
rater variability).

Effect sizes (SRMs) reported in Table 3 are for annual slopes
obtained from 2-year data (i.e. three time points per partici-
pant). To plan clinical trials, it would also be useful to know
the ‘true’ annual SRM, namely SRM size obtained from
1-year data only (i.e. two time points per participant).
These SRMs are reported in Supplementary Table 7. As ex-
pected, true annual SRMs were lower than annual SRMs ob-
tained from 2-year data. For example, the effect size for CSA
at C2-C3 was —0.95 for annual slope from 2-year data, and
—0.71 for annual slopes from 1-year data only.

The large differences observed in FRDA participants relative
to controls (for example, —52% lower tNAA/mlIns) suggest
that alterations may already be present well before onset.
This is consistent with the hypothesis that alterations in the
spinal cord are largely due to hypoplasia rather than neuro-
degeneration.>* While previously reported correlations be-
tween CSA and measures of disease severity at baseline
suggested that neurodegeneration was also present in
FRDA," our longitudinal data provides direct evidence
and quantifies this neurodegeneration, with a rate of atrophy
of —2.4% per year in our early-stage cohort.

While CSA was the MR metric with the strongest longitudin-
al effect size in our cohort, other MR metrics could also play
a key role, especially during the pre-manifest phase. For ex-
ample, it is possible that neurochemical (MRS) and micro-
structural (DTI) alterations occur earlier during
development than alterations in CSA (morphometry).
While identification of pre-manifest individuals with FRDA
is currently rare, perinatal genetic testing will likely become
more widespread in the near future once the first effective
treatments become available. MR modalities capable of de-
tecting changes during the pre-manifest phase could there-
fore play a crucial role in assessing treatment efficacy
during that phase, and in determining how early to start
treatment.

With results now providing a better picture of the expected
cross-sectional alterations and longitudinal changes in the
spinal cord in FRDA, the MR protocol could be streamlined
and shortened substantially, benefitting from recent ad-
vances in hardware and pulse sequences. For example, while
spine dMRI acquisition lasted about 40 min in the present
study, it can be reduced to ~4 min.?" Similarly, the length
of spinal cord MRS was about 40 min (including all adjust-
ments and shimming). Shorter TR, fewer shots (due to im-
proved SNR with available 64-channel head-neck coils),
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faster shimming using FASTMAP, and improved workflow
through automation of adjustment steps now allow acquisi-
tion of similar data in about 10 min. Therefore, data for all
three modalities investigated here (morphometry, DTI,
MRS) can be acquired in <30 min of scan time in future stud-
ies (not counting subject installation and clean-up), even if
the MRS needs to be interrupted and repeated due to motion.
This scan duration is comparable to that of the generic spinal
cord protocol,”! with the magnetization transfer acquisitions
replaced by MRS.

Our study has a number of limitations. First, follow-up scans
were only performed in FRDA participants, and not in con-
trols. Therefore, slopes of change over time in FRDA were
tested compared to zero, assuming that control values re-
main stable during the follow-up period. Indeed, published
studies suggest that longitudinal changes in control partici-
pants are unlikely to explain the changes observed in our
FRDA participants (average age: 19-20 years, range: 10—
35 years). For example, large cross-sectional studies in
healthy participants across age have shown that CSA in-
creases from age 10 to early-mid-twenties and remains stable
from 20 s to 30 5.°”*® Therefore, we would not expect to see
a decrease in CSA in controls in our cohort. For spine MRS,
concentrations reported in healthy controls show less than
1% decrease in tNAA and no change in mlns across ages
in the 20-70 age range.”” For dMRI, FA and MD have
been shown to be fairly stable, with less than 0.2% change
per year in the 10-40 age range.®° Therefore, it seems unlike-
ly that the observed decrease in CSA, tNAA/mIns and DTI
metrics in the present study would be due to normal aging.

Another limitation is that the scanner was upgraded midway
through the study. However, the test-retest data obtained be-
fore and after upgrade, and the fact that we find similar results
with ‘same scanner’ data and with ‘all data’ gives us high con-
fidence that the longitudinal changes reported here were not
substantially affected by the scanner upgrade.

Finally, while our single-site study provides the first quanti-
tative longitudinal results in the spinal cord in FRDA, they
were obtained in an early-stage cohort and cannot be gener-
alized to later disease stages. Natural history studies of clin-
ical scales have shown that disease progression in FRDA is
faster at early stage,’® as well in younger patients and in clas-
sical onset FRDA as opposed to late onset.®! Our cohort in
the present study included only classical onset FRDA partici-
pants, most of whom were young and early-stage. The aver-
age annual increase (slopes from 2-year data) was 5.3+ 3.7
for FARS total neuro, 2.0 + 1.1 for SARA and 2.0 + 1.4 for
ADL (Table 3). Based on natural studies of clinical scales,
changes in MR metrics are likely slower in older cohorts,
late onset cohorts and/or non-ambulatory cohorts.

Larger multi-site studies are needed to cover the entire range
of disease severity and duration and gain a fuller picture of dis-
ease progression in the spinal cord in FRDA. A new multi-site
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longitudinal neuroimaging study (TRACK-FA®%) has now
started and aims to scan 200 patients and >100 controls at
three time points over 24 months.®? This international effort,
involving seven sites on four continents, will use an improved
and streamlined neuroimaging protocol that includes the
modalities presented in this paper.
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