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ARTICLE INFO ABSTRACT
Keywords: Objective: Progressive myelopathy causes severe handicap in men with adrenomyeloneuropathy (AMN), an X-
Adrenomyeloneuropathy linked disorder due to ABCD1 pathogenic variants. At present, treatments are symptomatic but disease-modifying
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therapies are under evaluation. Given the small effect size of clinical scales in AMN, biomarkers with higher
effect size are needed. Here we used high-resolution magnetic resonance techniques to identify non-invasive in
vivo biomarkers of the brain and spine with high effect sizes.

Methods: We performed a multiparametric imaging and spectroscopy study in 23 male patients with AMN (age:
44 + 11) and 23 male controls (age: 43 + 11) of similar age and body-mass index. We combined (i) macro-
structural analyses of the spine, using cross-sectional area (CSA) and magnetization transfer ratio (MTR), (ii)
microstructural analyses of the spine and the brain, using diffusion tensor and the newly developed fixel-based
analysis, and (iii) advanced metabolic analyses of the spine using metabolite cycling coupled to a semi-LASER
sequences.

Results: Macrostructural alterations (decrease in CSA and MTR) were observed in patients at all spinal cord levels
studied (C1-T2 for CSA and C1-C5 for MTR) (p < 0.001). Microstructural alterations were observed in the spine
and brain on diffusion tensor and fixel-based metrics though the latter showed higher effect sizes. Metabolic
alterations were observed in patients as a decreased total N-acetylaspartate/myo-inositol ratio (p < 0.001).
Overall, MTR showed the highest effect size.

Conclusion: This cross-sectional study supports the use of multiparametric techniques that elucidate the struc-
tural, microstructural and metabolic alterations in AMN. These outcome measures should be tested longitudi-
nally and in clinical trials.

Abbreviations: AD, axial diffusivity; ALD, adrenoleukodystrophy; AMN, adrenomyeloneuropathy; CSA, cross-sectional area; MTR, magnetization transfer ratio;
tCho, total choline; tCr, total creatine; tNAA, total N-acetylaspartate; myo-Ins, myo-Inositol; CFE, connectivity-based fixel enhancement; CSF, cerebrospinal fluid;
CSD, constrained spherical deconvolution; CST, corticospinal tract; DTI, diffusion tensor imaging; EDSS, expanded disability status scale; FA, fractional anisotropy;
FBA, fixel-based analysis; FC, fiber cross-section; FD, fiber density; FDC, fiber density and cross-section; FOD, fiber orientation distribution; FOV, Field of view;
GRAPPA, generalized autocalibrating partial parallel acquisition; MPRAGE, magnetization-prepared rapid gradient-echo; MRI, magnetic resonance imaging; MRS,
magnetic resonance spectroscopy; OVS, outer volume suppression; RD, radial diffusivity; SARA, scale for the assessment and rating of ataxia; SCA, spinocerebellar
ataxias; SNR, signal-to-noise ratio; SSPROM, Severity Scoring system for Progressive Myelopathy; TBSS, tract-based spatial statistics; TE, echo time; TR, repetition
time; VAPOR, variable pulse power and optimized relaxation delays; VLCFA, very long chain fatty acids.
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1. Introduction

X-linked adrenoleukodystrophy is the most common peroxisomal
disorder caused by mutations in the ABCD1 gene that encodes ALDP, a
peroxisomal membrane transporter. In the brain, ALDP is mainly
expressed in astrocytes, microglia and endothelial cells. Pathogenic
ABCD1 variants impair peroxisomal beta-oxidation and lead to accu-
mulation of very-long chain fatty acids (VLCFA) in various tissues
including the brain, spinal cord, and the adrenal cortex (Aubourg et al.,
1993; Mosser et al., 1993). Clinical phenotype varies according to age of
onset and sex. Patients with adult-onset disease usually develop a clin-
ically disabling myeloneuropathy with adrenal insufficiency (Adreno-
myeloneuropathy: AMN). Male patients are more severely affected
whereas female carriers present with less severe symptoms in adulthood
(Engelen et al., 2014). Importantly, men are at-risk of demyelinating and
inflammatory lesions of the brain. Annual brain imaging is warranted
(or before, if new cerebral symptoms emerge) as disease may be halted
with early hematopoietic stem cell transplantation (Raymond et al.,
2019). While disease-modifying drugs (Marchetti et al., 2018; Casas-
novas et al., 2019) and gene therapy (Eichler et al., 2017) are under
evaluation for the myelopathy, at present symptomatic treatment only
exists. Future disease modifying interventions will require accurate
assessment of disease progression. In this regard, existing clinical scales
are inadequate. A study with 25 AMN male patients demonstrated sig-
nificant deterioration in the Expanded Disability Status Score (EDSS)
and the Severity Scoring system for Progressive Myelopathy (SSPROM)
over two years (Huffnagel et al., 2019a). However, effect sizes were
small (Huffnagel et al., 2019a). This suggests clinical trials require
longer follow-up and a large number of patients. Quantitative imaging
biomarkers have been proposed as more sensitive outcome measures for
assessing disease progression and therapeutic interventions (Castellano
et al., 2016; Huffnagel et al., 2019b; Politi et al., 2019; van de Stadt
et al., 2020).

AMN is principally a disease of the spinal cord (Powers et al., 2000);
however, most imaging studies focus on the brain (Izquierdo et al.,
2000; Dubey et al., 2005a, 2005b; Zackowski et al., 2006; Marino et al.,
2007; Teriitehau et al., 2007; Ratai et al., 2008). To date, few studies
evaluate both brain and spinal cord (Castellano et al., 2016; Huffnagel
et al., 2019b; Politi et al., 2019; van de Stadt et al., 2020). This may be
due to spine-specific imaging challenges such as strong susceptibility
changes, physiological motion, inhomogeneity of the magnetic field and
low signal-to-noise ratio (SNR) (Stroman et al., 2014). Therefore,
improved acquisition techniques and analysis procedures are needed
that overcome these limitations to effectively determine how AMN af-
fects spine structure, microstructure and metabolism.

In this study, we used standardized acquisition techniques to eval-
uate the structural and microstructural alterations in the spine and brain
of patients with AMN. Furthermore, we used advanced diffusion imag-
ing analysis to evaluate the contribution of fiber density and fiber cross-
section to the microstructural alterations. Finally, we used an improved
and advanced magnetic resonance spectroscopy (MRS) techniques to
elucidate the metabolic alterations in the spine of patients with AMN.

2. Methods

The local ethics committee approved the study (EudraCT 2017-
000748-16). All participants were over 18 years and signed a written
informed consent before they participated in the study.

2.1. Study participants

Twenty-three male patients with AMN (mean age: 44 &+ 11) and 23
age- and sex-matched healthy controls (mean age: 43 + 11) with no
history of neurological issues were recruited for this study (Table 1) at
the Brain and Spine Institute, Paris, France. Participants who were not
able to undergo MRI, had inflammatory cerebral lesions or could not
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Table 1
Demographic information on recruited participants.
Controls Patients p value
Number of subjects 23 23 -
Gender Male Male -
Age (years) 43 £11 44 + 11 0.915
[25-60] [23-59]
Body mass index (kg/m?) 23.67 + 2.92 24.97 + 3.96 0.212
[19.24-30.86] [19.44-35.44]
EDSS - 4.59 +1.14 -
[2.5-6.0]
SSPROM - 80.50 + 4.53 -
[71.0-90.5]
Disease duration (years) - 11+7 -
[3-30]

Data are presented as mean =+ standard deviation [range]. EDSS: Expanded
disability status scale. SSPROM: Severity score system for progressive myelop-
athy. P values were calculated with Welch ANOVA.

consent to the study protocol were excluded from the study. Disease
severity in AMN patients was scored using the EDSS and the SSPROM.

2.2. Imaging protocol

MRI and MRS acquisitions were performed on a 3-Tesla Siemens
Prisma fit scanner (Siemens Medical Solutions, Erlangen, Germany)
using a standard Siemens body coil for transmit and a 64-channel head-
neck coil together with a 32-channel spine coil for receive. A pulse ox-
imeter was placed on the index finger for physiological monitoring and
triggering of the spine diffusion sequences.

2.2.1. Spine imaging

We used a standardized consensus acquisition protocol of spinal cord
imaging (Alley et al., 2018) to evaluate macrostructural and micro-
structural alterations in the spine. 3D T2-weighted spine images (Tg =
1500 ms, Tg = 120 ms, flip angle = 120°, voxel size = 0.8 mm isotropic,
field of view (FOV) = 256 x 256 mm?) were acquired for volumetric
assessment. Axial T2* multi-echo gradient-echo images (Tg = 600 ms,
Tg = 14 ms, Combined echoes = 3, flip angle = 30°, voxel size = 0.5 x
0.5 x 5.0 mm, FOV = 224 x 224 mm?) were acquired to segment the
gray and white matter of the spinal cord. Furthermore, axial images
without and with magnetization transfer at (Tg = 35 ms, Tg = 3.13 ms,
flip angle = 9°, voxel size = 0.9 x 0.9 x 5.0 mm, FOV = 230 x 230 mm?)
were acquired at the C1-C5 levels to characterize the local cord envi-
ronment. In addition, diffusion sensitizing encoding gradients were
applied in 30 directions (Tr = 610 ms, Tg = 60 ms, flip angle = 90°,
voxel size = 0.9 x 0.9 x 5.0 mm, FOV = 86 x 32 mm?, b value = 800 s/
mm?), interleaved with 5 non-diffusion-weighted reference images (b0
images, b value = 0 s/mm?). The diffusion acquisition was repeated with
the opposite phase-encode scheme for distortion correction.

MRS was performed at the C3-C4 vertebral level using a modified
version of the validated semi-LASER sequence (Tg = 5000 ms, Tg = 28
ms, averages = 128) (Oz and Tkac, 2011; Deelchand et al., 2015). A 30
ms asymmetric adiabatic radiofrequency pulse (Hwang et al., 1999) was
added just before the semi-LASER sequence to selectively invert me-
tabolites every other shot while the amplitude and phase of water
remained untouched (Hock et al., 2013). Shimming was achieved with
fast automatic shimming technique with echo-planar signal trains uti-
lizing mapping along projections (Gruetter and Tkac, 2000). Unlike
conventional MRS, the variable pulse power and optimized relaxation
delays (VAPOR) water suppression pulses were calibrated to suppress
the water signal only partially, retaining sufficient water peak SNR for
shot-to-shot frequency correction. The power for the 90° asymmetric
radiofrequency pulse as well as the outer volume suppression (OVS)
pulses were calibrated in each subject. As previously described, two
unsuppressed water spectra (2 averages each) were acquired: one for
eddy current correction (the radiofrequency pulses of the VAPOR
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scheme were turned off) and one for use as reference for metabolite
quantification (radiofrequency pulses of both VAPOR and OVS schemes
turned off in order to eliminate magnetization transfer effects) (Ada-
nyeguh et al., 2015; Deelchand et al., 2015).

2.2.2. Brain imaging

A 3D TI-weighted magnetization-prepared rapid gradient-echo
(MPRAGE) volumetric image (Tg = 2300 ms, Tg = 4.18 ms, Ty = 900
ms, flip angle = 9°, voxel size = 1 mm isotropic, FOV = 256 x 240 mm?)
was acquired for localization. An echo-planar spin-echo sequence was
used to acquire diffusion data along 60 directions (Tg = 3500 ms, Ty =
75 ms, voxel size = 1.8 mm isotropic, FOV = 220 x 220 mm?, multiband
acceleration factor = 3, b value = 2000 s/mm?), interleaved with 5 b0
images. The diffusion acquisition was repeated with the opposite phase-
encode scheme for distortion correction. Axial T1-weighted (Tg = 8.6
ms, Tg = 4.0 ms, flip angle = 20°, voxel size = 0.5 x 0.5 x 7.0 mm, FOV
= 250 x 250 mm?) images with gadolinium contrast were acquired to
evaluate the cerebral involvement of patients and their inclusion in the
study.

2.3. Data analysis

2.3.1. Spinal cord morphometry

Quantitative image analysis was performed with the Spinal Cord
Toolbox (SCT, version 4.0.0) (De Leener et al., 2017). The cord was
segmented on the T2-weighted images with a deep learning segmenta-
tion algorithm in SCT. The C2-C3 intervertebral disc was manually
labeled to improve the detection of the vertebral levels. The cord was
straightened by following the automatically detected centerline. A
combination of affine and non-linear symmetric transformations were
used to finely match the PAM50 template (De Leener et al., 2018) to the
T2-weighted image, while preserving the inner geometry of the cord (De
Leener et al., 2017). The cross-sectional area (CSA) was then computed
to cover the C1 to T2 vertebral levels.

Multi-echo T2* images showed distinct gray/white matter contrast
in controls but less so in AMN patients, likely due to neurodegeneration
(Supplementary Fig. 1). Segmentation of the gray matter was therefore
achieved with deep dilatated convolutions on the T2*-weighted images.
This deep learning algorithm improves gray matter segmentation in
images where gray matter appears faint and manual segmentation fails
(Perone et al., 2018).

2.3.2. Spinal cord magnetization transfer ratio (MTR)

Images with and without magnetization transfer contrast were
rigidly co-registered to improve the estimation of MTR. The PAM50
template was registered to these images using the warping fields pre-
viously estimated from the spinal cord CSA analysis. This was achieved
through slice-wise center of mass alignment and non-linear symmetric
normalization regularized with b-splines (De Leener et al., 2017). MTR
was then calculated as:

MTR — 1 — !

SMTO

where Sy is the signal from the image with magnetization transfer
applied, and Syt is the signal from the image without magnetization
transfer.

MTR was estimated for vertebral levels C1-C5 and also specifically
from the gray matter and 3 major white matter regions (dorsal columns,
lateral funiculi and ventral funiculi) using the initial warping fields
estimated from the segmentation of the T2*-weighted images.

2.3.3. Metabolite quantification

Low SNR in spine MRS (due to the small size of the voxel) hinders
shot-to-shot frequency and phase correction before summation. The data
from this study however benefited from the high-water peak that
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allowed shot-to-shot frequency and phase corrections (Supplementary
Fig. 2). By subtracting the alternating shots, the water signal was sub-
tracted while the metabolite peaks added up (Supplementary Fig. 2).
The spectra were corrected for eddy-current distortions using the
unsuppressed water signal. Quantification of the metabolites were per-
formed in the frequency domain using LCModel (Provencher, 1993)
with a stimulated basis-set that was generated based on density matrix
formalism (Deelchand et al., 2012). The concentrations of metabolites
were obtained using water as an internal concentration reference. Only
the four prominent metabolites myo-Ins, total choline (tCho, PCho +
GPQ), total creatine (tCr, Cr + PCr) and total NAA (tNAA, NAA + NAAG)
were reported due to the high variability in the low concentration me-
tabolites evident in the high Cramér-Rao lower bounds (CRLB), esti-
mated errors of metabolite quantification.

2.3.4. Diffusion image analysis

The initial preprocessing of the brain and spine diffusion images
were similar and utilized the MRtrix3 and FSL software packages. The
data were processed to remove noise using principal component analysis
based on the Marchenko-Pastur distribution (Veraart et al., 2016) and
Gibbs-ringing artifacts were based on local sub-voxel shifts (Kellner
et al., 2016). The data were then corrected for eddy currents, motion
artifacts, susceptibility-induced off-resonance field distortions and bias
due to B1 field inhomogeneity.

2.3.4.1. Diffusion tensor imaging (DTI). The corrected diffusion data
were fitted to the diffusion tensor model to extract DTI metrics that
include the fractional anisotropy (FA, describes the diffusion anisot-
ropy), radial diffusivity (RD, describes diffusion perpendicular to the
axons and can signal demyelination), axial diffusivity (AD, represents
the main axis of diffusion) and mean diffusivity (MD, the average
diffusion within a voxel). The PAM50 template was registered to the
corrected spine DTI data using the warping fields that were estimated
previously in order to extract the DTI metrics at the cervical levels C1-C5
and more specifically in the gray matter and the 3 major white matter
regions. Brain DTI metrics were analyzed voxel-wise using Tract-based
spatial statistics (TBSS) with threshold-free cluster enhancement
(Smith et al., 2006).

2.3.4.2. Fiber tracking: Fixel-based analysis (FBA). The limitations
associated with the DTI model inability to differentiate crossing-fibers
(Alexander et al., 2002), and the stochastic and deterministic errors
generated when used for fiber tracking (Jones et al., 2013) suggests the
need for more advanced models that overcome these shortcomings. We
performed FBA that uses probabilistic tractography to properly evaluate
each fiber population (fixel) in a voxel as well as extract biologically
meaningful metrics that can attribute changes to the fiber density (FD,
number of axons), fiber cross-section (FC, total area occupied by axons)
or a combination of fiber density and cross-section (FDC) (Raffelt et al.,
2017).

The gray matter, white matter and cerebrospinal fluid (CSF) response
functions from the bias corrected data were used to estimate the fiber
orientation distribution (FOD) in the spine while only the white matter
and CSF response functions were used to estimate the FOD in the brain
using constrained spherical deconvolution (Dhollander et al., 2016). A
single template FOD was generated from 8 patients and 8 controls to
which each subject’s FOD was registered. The FODs were then
segmented to extract the metrics FD, FC and FDC (Raffelt et al., 2017).

2.4. Statistical analysis

Statistical analyses were performed using the R statistical software
version 3.6.0 and the step-down Holm-Bonferroni correction was used to
correct for multiple comparison. Demographic parameters including age
and body-max index were compared using Welch ANOVA. Structural
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and metabolic parameters from the spine were compared using Analysis
of Covariance with age as a covariate. FSL randomize with 5000 per-
mutations was used for voxel-wise comparisons of DTI metrics between
patients and controls. The connectivity-based fixel enhancement (CFE)
(Raffelt et al., 2015) was used to evaluate the FBA metrics between
patients and controls. The CFE approach identifies fixels that are
structurally connected using a whole-brain template tractogram gener-
ated from the template FOD. In doing so, tract-specific fixels are selected
and analyzed and overcomes the problem of using multiple inclusion
and exclusion masks to identify related tracts. Spearman correlation
coefficients were calculated between imaging metrics and the clinical
measures (EDSS, SSPROM and disease duration).

Furthermore, the effect sizes of metrics extracted from the spine, the
primary site affected in AMN, was calculated in the patients compared to
controls using the Cohen’s d (Cohen, 1988) with the scale 0.2, 0.5, 0.8,
1.2 and 2.0 representing small, medium, large, very large and huge
changes respectively (Cohen, 1988; Sawilowsky, 2009).

3. Results
3.1. Spine macrostructural alterations

Patients with AMN showed an average 20.9% reduction in the spine
CSA compared to controls (p < 0.001). Atrophy was observed at all
vertebral levels examined, C2-T2 (p < 0.001) (Fig. 1A). Though the
absolute difference in CSA between patients and controls was higher in
C1-C3 (17 mm?) compared to T1-T2 (11 mmz), the percent reduction in
the cord CSA was higher in the thoracic levels, T1-T2 (25% reduction).
The gray matter CSA was reduced by 28% (p < 0.001) while the white
matter showed a 2% trend to decrease (Fig. 1B). Correlation was
observed between EDSS and CSA at cervical levels C1_C2 (Spearman’s
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Fig. 1. Cross-sectional area of the spinal cord. Spine CSA was reduced in all
vertebral regions in patients with AMN (A), and the decrease was more evident
in the gray matter (B). (*** p < 0.001).
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rho =-0.506, p = 0.014), C3 (Spearman’s rho = —0.430, p = 0.041), C5
(Spearman’s rho = —0.441, p = 0.035) and C6 (Spearman’s rho =
—0.415, p = 0.049). Furthermore, correlation was observed between
disease duration and CSA at cervical levels C1_C2 (Spearman’s rho =
—0.431, p = 0.045), C5 (Spearman’s rho = —0.557, p = 0.007), C6
(Spearman’s rho = —0.438, p = 0.042), and C8 (Spearman’s rho =
—0.468, p = 0.028).

3.2. Spine metabolic alterations

The partially suppressed water peak allowed reliable shot-to-shot
frequency and phase correction (Supplementary Fig. 2A), preventing
loss of signal and broadening of linewidth during averaging. The four
main peaks of tNAA, myo-Ins, tCr and tCho were readily apparent in the
spine spectra (Supplementary Fig. 2C). Absolute concentrations showed
an increasing trend in myo-Ins of patients relative to controls (p = 0.07)
while tNAA significantly decreased (p < 0.001) (Fig. 2A). The ratio of
tNAA/myo-Ins also significantly decreased in patients (p < 0.001)
(Fig. 2B).

3.3. Spine microstructural alterations

MTR was reduced in cervical vertebrae C1 to C5 by 6.7% in gray
matter and 10.6% in white matter of the spine (p < 0.001). The MTR was
reduced at all cervical vertebral levels examined, C1-C5 (p < 0.001)
(Fig. 3A) and more specifically in the gray matter and the 3 major white
matter regions — dorsal columns, lateral and ventral funiculi (p < 0.001)
(Fig. 3B). FA was significantly reduced in C3-C5 of patients (p < 0.001)
and showed a trend to decrease in C1-C2 (p = 0.160) (Fig. 4A). There
was more variability at C1-C2, likely due to higher By inhomogeneity at
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Fig. 2. Metabolite alterations in the spinal cord. Absolute concentrations
showed a significantly reduced tNAA and a trend to increase in myo-Ins in
patients with AMN (A). The ratio of tNAA/myo-Ins was significantly decreased
in patients compared to controls (B). tNAA, total N-acetylaspartate; tCr, total
creatine; tCho, total choline; myo-Ins, myo-Inositol. (*** p < 0.001).
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the edge of the FOV. More specifically, FA significantly decreased in the
gray matter, dorsal columns, the lateral and ventral funiculi (p < 0.001)
(Fig. 4B). There was an overall 18% decrease in FA in patients with
AMN. RD showed a significant increase only in the ventral funiculi
(0.00060 mm?/s in patients and 0.00047 mm?/s in controls; p < 0.001)
while there was no change in AD and MD. At the vertebral level, RD and
MD showed a trend to increase in C3-C5 while AD showed a trend to
decrease in C1-C5 in patients compared to controls (Supplementary
Fig. 3). FBA on the other hand revealed a significant decrease in the FD,
FC and FDC (p < 0.001) (Fig. 4C). Thus, we observed a 23% decrease in
fiber density (FD), 17% decrease in the fiber bundle cross-section (FC)
that signify atrophy of the fiber bundles and 22% decrease in the com-
bined measure of the FD and FC (FDC) in patients with AMN. FA in the
ventral funiculi correlated with EDSS (Spearman’s rho = -0.434, p =
0.038) and SSPROM (Spearman’s rho = 0.518, p = 0.014). Furthermore,
SSPROM correlated with FA in the lateral funiculi (Spearman’s rho =
0.426, p = 0.048) and cervical level C4 (Spearman’s rho = 0.512, p =
0.015). In addition, FC correlated with SSPROM (Spearman’s rho =
0.425, p = 0.049).

3.4. Effect size of spine imaging metrics

The imaging metrics used to probe the spinal cord in the cohort of
patients with AMN had very large effect size with the exception of RD.
Overall, MTR showed the largest effect size (Fig. 5).

3.5. Brain microstructural alterations

TBSS revealed decreased FA in several brain white matter regions
including the corticospinal tract, internal capsule, external capsule,
corpus callosum, cerebellar peduncles, corona radiata and longitudinal
fasciculus compared to controls (p < 0.05) and this was associated with
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Fig. 4. Alterations in DTI and FBA metrics in the spinal cord. FA was reduced in
C3-C5 in patients (A), and in the gray matter and white mater regions examined
(B). FC, FD and FDC were reduced in the spine of patients compared to controls
(C). FC values have been log normalized for normal distribution and to center
the mean around zero. FC, fiber cross-section; FD, fiber density; FDC, fiber
density and cross-section. (*** p < 0.001).

increased MD, RD and AD (p < 0.05) (Fig. 6A). FBA showed decreased
FD, FC and FDC in the lower corticospinal tract (CST) (p < 0.05). FD and
FDC were also significantly reduced in the corpus callosum, internal
capsule and corona radiata (p < 0.05) (Fig. 6B).

4. Discussion

The novelty from this study lies in its fine characterization of the
structure, microstructure and metabolism of the spine from AMN male
patients compared to controls.

First, our study provides the first characterization of metabolic al-
terations in the spine of men with AMN using spinal cord MRS. Previous
metabolic studies in AMN have been limited to the brain (Izquierdo
et al., 2000; Dubey et al., 2005a; Marino et al., 2007; Teriitehau et al.,
2007; Ratai et al., 2008) due to the challenges associated with spine MRS
— susceptibility induced magnetic field inhomogeneities, low SNR, phase
and frequency fluctuations resulting from physiological motion and
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RD (DTI) FD (FBA)
Gray matter
(FBA)
FA (DTI) tNAA/myo-ins
(MRS)
FC Spinal cord
(FBA) (CSA)

Fig. 5. Effect sizes of spinal cord imaging metrics. The spinal cord imaging
metrics showed very large to huge effect sizes with the exception of RD that
showed a very small effect size. MTR showed the largest effect size among all
the metrics. MTR, magnetization transfer ratio; FD, fiber density; FBA, fixel-
based analysis; CSA, cross-sectional area; tNAA, total N-acetylaspartate; myo-
Ins, myo-Inositol; MRS, magnetic resonance spectroscopy; FC, fiber cross-
section; FA, fractional anisotropy; DTI, diffusion tensor imaging; FDC, fiber
density and cross-section; RD, radial diffusivity.

respiration as well as lipid contamination (Gomez-Anson et al., 2000;
Cooke et al., 2004). Here, we used a validated semi-LASER sequence
with low chemical-shift displacement error (Deelchand et al., 2015), a
pulse-oximeter to limit motion artifacts due to physiological motion,
OVS to reduce lipid contamination, and metabolite-cycling allowing
shot-to-shot frequency and phase correction from the partially sup-
pressed water peak. The absolute concentrations showed high inter-
subject variability, presumably due to variable amounts of CSF in the
voxel; hence, we reported the ratio of two metabolites, myo-Ins (i.e. a
glial marker) and tNAA (i.e. a neuronal marker). Our data suggest a
neuronal-glial impairment in AMN spinal pathology. ALDP is expressed
in microglia cells and histopathological studies have identified activated
microglia in the spine of AMN patients (Powers et al., 2000). Our find-
ings of increased glial marker, myo-Ins, in patients with AMN could
therefore point to a contribution of microglial cells to the pathology. The
large effect size of tNAA/myo-Ins ratio may be particularly suitable as a
surrogate biomarker to evaluate metabolic therapies in AMN.

Second, our findings of decreased spine CSA from C1-T2 agrees with
three previous studies (Castellano et al., 2016; Politi et al., 2019; van de
Stadt et al., 2020). This reduction in spine CSA can be attributed to
spinal tract degeneration in AMN (Powers, 1995). We studied the pro-
portional contribution of gray and white matter and identified signifi-
cant gray matter atrophy in our patient cohort. To further characterize
the cord environment, we reported reduced MTR at all cord levels, as
well as in the gray matter and white mater of patients with AMN.
Magnetization transfer is a technique that preferentially saturates
macromolecule-bound protons and then measures the transfer of
magnetization to the free mobile or liquid protons (Henkelman et al.,
2001). The exchange of magnetization allows the quantification of the
macromolecule-bound protons which otherwise could not be measured
directly due to their very short T2 (Henkelman et al., 2001). Reduced
MTR has been linked to demyelination or reduced myelin content in
multiple sclerosis (Schmierer et al., 2004; McCreary et al., 2009), a
disease associated with axonal demyelination. Powers et al. reported
that axonal loss is equal to or greater than myelin loss in post-mortem
specimen from 5 AMN/ALD patients (Powers et al., 2000). The reduced
MTR in our cohort could therefore be as a result of reduced number and
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size of axons or reduced myelin content in the spine of patients with
AMN. Of all imaging metrics, MTR demonstrated the largest effect size
highlighting its specificity for delineating the cord environment. More-
over, while the gray matter was previously thought to be unremarkable
in 10 post-mortem AMN/ALD patients (Powers et al., 2000), our in vivo
findings in 23 AMN patients suggest gray matter involvement in the
pathology. The increased gray matter atrophy and the reduced gray
matter MTR could point to neuronal loss in the gray matter as well as
decreased myelination in the gray matter. Nonetheless, in order to use
these spinal cord characterization techniques in clinical trials, the
quantification methods must be more robust with negligible experi-
menter bias in their implementation. In a previous study in spinocer-
ebellar ataxia (Adanyeguh et al., 2018) we showed that automated
methods are more sensitive to detect longitudinal changes and less time
consuming compared to methods that relied a lot on manual approaches.
Thus, the combination of these macro- and microstructural metrics with
deep learning approaches (De Leener et al., 2017) may be more suitable
for clinical trials.

Third, our diffusion tensor analysis in the spinal cord revealed
microstructural alterations in the form of reduced FA at C3-C5, in
agreement with previous studies (Castellano et al., 2016; Huffnagel
et al., 2019b; Politi et al., 2019). However, in contrast to these studies,
we observed no significant change in AD and RD at any cervical level,
except for a small increase in RD specifically in the ventral funiculi.
Similar to (Castellano et al., 2016) but unlike (Huffnagel et al., 2019b),
we observed no significant change in MD at any cervical levels. These
differences may result from a lack of effective correction of susceptibility
induced distortions (common in the spinal cord) in previous studies.
Unlike the reversed phase-encode method of distortion correction in this
study, lack of susceptibility distortion correction (Castellano et al.,
2016) and use of susceptibility distortion correction based on anatom-
ical co-registration (Huffnagel et al., 2019b) have been shown to nega-
tively impact DTI metric estimation and fiber tracking in the spine
(Cohen-Adad et al., 2009). Furthermore, the lack of significant increase
in RD, a metric of demyelination, at all cervical levels suggests that
axonal loss may be greater than myelin loss in our cohort. Findings from
a previous study (Huffnagel et al., 2019b) also favors axonal degener-
ation in the spine. While DTI metrics are easy to extract in a clinical
setting, their biological interpretation can sometimes be quite ambig-
uous and non-specific (Jones et al., 2013). Accordingly, we used fiber
tracking to estimate the number of axons and the space they occupy in
order to elucidate the specific spine microstructural changes occurring
in AMN. Likewise, we were able to directly attribute spine microstruc-
tural changes to reduced number of axons (FD), atrophy of the axons
which could result from demyelination or hypomyelination (FC) and a
combination of both metrics (FDC).

In the brain, we observed microstructural alterations in several brain
regions including the corticospinal tract, internal and external capsules,
corpus callosum, longitudinal fasciculus, anterior thalamic radiation,
cingulum and cerebellar peduncles. Similar changes have been reported
(Castellano et al., 2016), although with a very low number of diffusion
directions (6 directions). In the present study, decreased FA was asso-
ciated with increased RD and MD, and AD was also increased in a few
brain white matter regions. These findings suggest possible demyelin-
ation in the brain, with a possible loss of neurons and changes to the
neuronal cytoskeleton and viscosity. However, the DTI assumption that
each voxel contains only one fiber is untrue as it has been shown that as
much as 93% of white matter voxels contain multiple crossing fibers
(Jeurissen et al., 2013). There is thus a need for fiber tracking to define
fiber pathways. Using fiber tracking in the brain of patients with AMN,
reduced neuronal fibers have been reported in the CST (Dubey et al.,
2005b), as well as decreased FA and increased RD and MD in the lower
parts of the CST (Castellano et al., 2016; Huffnagel et al., 2019b). Still,
these studies failed to extract quantitative measures that provide specific
explanations for the observed changes. Furthermore, the use of manual
delineation of regions of interest (Huffnagel et al., 2019b) is prone to
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Fig. 6. Brain microstructural alterations between
patients and controls. DTI metrics showed signifi-
cantly increased FA and reduced MD, RD and AD in
the brain of patients with AMN compared to controls
(A). FBA metrics showed significantly reduced fixel in
the corticospinal tract and corpus callosum of patients
with AMN compared to controls (B). FA, fractional
anisotropy; MD, mean diffusivity; RD, radial diffu-
sivity; AD, axial diffusivity; FD, fiber density; FC, fiber
cross-section; FDC, fiber density and cross-section.

experimenter bias. By incorporating FBA in our study, we removed the
problem of experimenter bias. Considering the overlap in microstruc-
tural changes we observed with DTI and FBA metrics, it seems that both
metrics complement each other. However, the limitations of DTI in
terms of averaging of voxels that contain crossing-fibers constraints their
biological interpretation. Hence, FBA metrics with their anatomical
specificity are more likely to provide meaningful biological interpreta-
tion. FD is proportional to the intra-axonal volume (Raffelt et al., 2017)
and thus a decrease in FD in patients with AMN specifically points to a
decrease in the fiber bundle. FD thus provides us with information

pertaining to the microstructural changes in the neuronal fibers. FC on
the other hand relates to the changes in the size of the fiber bundle cross-
section (Raffelt et al., 2017) and thus reflects the macrostructural
changes due to atrophy, that could result from demyelination or hypo-
myelination. By combining these two metrics, we could identify tracts
that were altered as a result of reduction in the number and cross-
sectional size of the fibers. The ability to attribute changes in FBA
metrics to specific biological alterations make the FBA method espe-
cially suitable for clinical trials.

In conclusion, our study contributes to the accurate delineation of
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the structural, microstructural and metabolic alterations that occur in
the spine and the brain of AMN men. The high effect size of these
quantitative neuroimaging metrics, especially in the spinal cord, makes
them suitable candidates for surrogate outcome measures in AMN, and
possibly other spinal cord disorders. To evaluate their performance over
time, these outcome measures should be tested longitudinally and in
clinical trials.
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