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ABSTRACT: Background: Neuroimaging studies in Wilson’s disease (WD) have identified various alterations in white matter (WM)
microstructural organization. However, it remains unclear whether these alterations are localized to specific regions of fiber tracts, and what
diagnostic value they might have. The purpose of this study is to explore the spatial profile of WM abnormalities along defined fiber tracts in
WD and its clinical relevance. Methods: Ninety-nine patients with WD (62 men and 37 women) and 91 age- and sex-matched controls
(59 men and 32 women) were recruited to take part in experiments of diffusion-weighted imaging with 64 gradient vectors. The data were
calculated by FMRIB Software Library (FSL) software and Automated Fiber Quantification (AFQ) software. After registration, patient groups
and normal groups were compared by Mann-Whitney U test analysis. Results: Compared with the controls, the patients with WD showed
widespread fractional anisotropy reduction and mean diffusivity, radial diffusivity elevation of identified fiber tracts. Significant correlations
between diffusion tensor imaging (DTI) parameters and the neurological Unified Wilson’s Disease Rating Scale (UWDRS-N), serum
ceruloplasmin, and 24-h urinary copper excretion were found. Conclusions: The present study has provided evidence that the metrics of
DTI could be utilized as a potential biomarker of neuropathological symptoms in WD. Damage to the microstructure of callosum forceps
and corticospinal tract may be involved in the pathophysiological process of neurological symptoms in WD patients, such as gait and balance
disturbances, involuntary movements, dysphagia, and autonomic dysfunction.

RESUME : Lésions de la substance blanche dans le cas de la maladie de Wilson et corrélation avec des caractéristiques cliniques. Contexte :
Les études de neuro-imagerie dans le contexte de la maladie de Wilson (MW) ont identifié diverses altérations de I'organisation microstruc-
turale de la substance blanche. Cela dit, il n’est pas clair si ces altérations sont localisées dans des régions spécifiques des faisceaux de fibres
(fiber tracts) et quelle valeur diagnostique elles pourraient avoir. L'objectif de cette étude est donc d’explorer le profil spatial des anomalies de la
substance blanche le long des faisceaux de fibres définis dans la MW ainsi que leur pertinence clinique. Méthodes : Au total, 99 patients atteints
de la MW (62 hommes, 37 femmes) et 91 témoins appariés en fonction de I'4ge et du sexe (59 hommes et 32 femmes) ont été recrutés pour
participer a des expériences d’'imagerie pondérée par diffusion avec 64 vecteurs de gradient. Nos données ont ensuite été calculées au moyen du
logiciel FMRIB Software Library (FSL) et d’'un logiciel de quantification automatique des faisceaux de fibres. Aprés 'enregistrement de ces
données, les patients et les témoins ont été comparés entre eux a 'aide de I'analyse du test U de Mann-Whitney. Résultats : Si on les compare
aux témoins, les patients atteints de la MW ont montré une réduction généralisée de 'anisotropie fractionnelle (AF) ainsi qu'une augmentation
de la diffusivité moyenne (DM) et de la diffusivité radiale (DR) des faisceaux de fibres identifiés. En outre, des corrélations significatives entre
les parameétres d’imagerie du tenseur de diffusion (ITD) et Iéchelle neurologique unifiée d’évaluation de la maladie de Wilson, la
céruloplasmine sérique (SC) et l'excrétion urinaire de cuivre sur 24 heures (EUC sur 24 heures) ont été notées. Conclusions : La
présente étude a donc fourni des preuves que les paramétres d'ITD pouvaient étre utilisés comme biomarqueur potentiel des symptomes
neuro-pathologiques de la MW. Les dommages causés a la microstructure des forceps du corps calleux (CC) et du faisceau pyramidal
(FP) peuvent étre impliqués dans le processus physiopathologique des symptomes neurologiques chez des patients atteints de la MW,
par exemple les troubles de la marche et de I'équilibre, les mouvements involontaires, la dysphagie et le dysfonctionnement autonome.
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Introduction liver.! The clinical phenotype is variable, including movement dis-
orders (ataxia and dystonia),? cognitive impairment,® depression,
and generalized epilepsy.* Pharmacological therapy with anti-cop-
per drugs is currently the main treatment method for patients with

Wilson’s disease (WD) is an inherited autosomal recessive disorder
due to ATP7B gene mutation, resulting in defective copper
metabolism and excessive copper accumulation in the brain and
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Table 1: Clinical and biochemical characteristics of patients with WD

At initial presentation Patients of WD Controls

Patients (NO.) 99 91
Males/females (NO.) 62/37 59/32
Ages (years, mean + SD) 27.48+7.34 26.01 +5.47
UWDRS-N score 9.22 +£12.57 /

24-h urinary excretion of copper (pmmol/L) 855.56 + 592.41 /
Serum ceruloplasmin (g/L) 0.05+0.04 /

WD, and most patients correctly treated respond well.” However,
the neuropathological mechanisms in patients with neurological
manifestations are still unclear, and neurological symptoms persist
or even exacerbate.

Histopathological changes in WD have been described, includ-
ing reactive astrogliosis, demyelination, central pontine myelinol-
ysis, cavitation, and gray matter and white matter (WM) were both
affected.%” As a noninvasive tool, diffusion tensor imaging (DTI)
observes water diffusion properties in the brain to reveal the his-
tological features of WM. The metrics of DTI which reflect the con-
dition of axons and myelin include fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD). Various alterations in WM microstructural organization
have been identified in WD using DTI techniques.®® However, pre-
vious DTI studies have only investigated changes in diffusion mea-
surements of WM, and the categoric location of WM fiber bundle
abnormalities remains unclear. Automated fiber-tract quantifica-
tion (AFQ) can quantify the diffusion characteristics of fiber bun-
dles along with multiple nodes point by point, instead of the
average value of the entire fiber bundle, providing effective evi-
dence for the abnormal position of fiber bundles.!” AFQ has been
used to study microstructural changes in a variety of neurogenic
diseases and shows advantages in processing large amounts of data
efficiently.!"!> Deng and colleagues had introduced the AFQ
method to investigate the impairment and reorganization patterns
and characteristics of language-related WM in AVMs located in
different brain areas.'> AFQ was also used to study the disruption
of WM tracts in a pointwise analysis in patients with trigeminal
neuralgia.l®

In this study, AFQ was applied to assess the reproducibility and
diagnostic value of microstructural WM in WD patients compared
with normal controls. The first goal of our study was to demon-
strate the alterations in WM characteristics and the explicit
location of WM fiber tract abnormalities in patients with WD.
The second goal was to reveal whether abnormal WM integrity
correlates with clinical severity in individuals with neuro-
pathic WD.

Methods
Subjects

From April 2021 until August 2021, 99 patients with WD (62 men,
37 women; age, 27.48 +7.34 years; age range: 17-47 years) and
91 age- and sex-matched controls (59 men, 32 women; age,
26.01 + 5.47 years; age range: 17-45 years) were recruited to par-
ticipate in this study. The diagnosis of WD is based on the clinical
extrapyramidal symptom and behavioral problems, Kayser-
Fleischer ring, low serum copper, decreased level of serum
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ceruloplasmin (SC), and increased 24-h urinary copper (24-h
UC) excretion.!*"!> Participants with WD were censored with
the Unified Wilson’s Disease Rating Scale (UWDRS) score,!®
and the neurological examination (UWDRS-N) score, SC, and
24-h UC excretion were recorded. This study was approved by
the local ethical committee, and informed consent for participation
was signed. All subjects were right-handed. Detailed information
regarding the subjects is presented in Table 1.

Image Acquisition and Image Analysis

All participants were scanned on a clinical 3.0-T MR imaging system
(Discovery MR750, GE Healthcare, Milwaukee, WI, USA) equipped
with an eight-channel high-resolution radiofrequency head matrix
coil. Sequences of imaging included T1-3D BRAVO and DTI. DTI
images were acquired with the parameters as: TR/TE, 4800 ms/
minimum; matrix, 128 X 128; FOV, 256 X 256 mmy; slice thickness,
3mm with no gap; 50 axial slices; 64 directions at a b value of
1000 sec/mm? and 5 non-weighted diffusion images (b=0 sec/
mm?). T1-3D BRAVO images were obtained with: TR/TE, 8.2 ms/
3.2 ms; FA, 12° matrix, 256 X 256; FOV, 256 X 256 mmy; slice thick-
ness, 1 mm with no gap; and 166 slices.

The DTI data preprocessing was performed using Software
Library (FSL version 5.0; HTTPS://www.fmrib.ox.ac.UK/fsl/).
Preprocessing steps for DTI data included image correction for
motion, eddy current deformations, skull stripping, and tensor
fitting with the tool of diffusion toolbox (FDT) and brain extrac-
tion tool (BET). Whole-brain diffusion metrics, including FA, MD,
AD, and RD, were calculated by the DTIFIT program at each voxel.
Dt6 file was obtained by T1 image aligned to raw BO with the
AC-PC plane for further analysis, and images that failed to align
were culled based on the visual evaluation. Then, 20 major
fiber tracts of the whole brain were identified using the AFQ
toolkit (https://github.com/yeatmanlab/AFQ, version 1.2).17 A
brief description of the steps for AFQ is as follows: (1) whole-brain
deterministic tractography with thresholds of turning angle <30°
and FA >0.2; (2) fiber tract segmented using regions of interest
(ROIs); (3) the identified fiber tract refinement based on the fiber
tract probability maps; (4) fiber tract cleaning by an outlier rejec-
tion algorithm; and (5) calculation of the diffusion metrics along
each fiber tract at 100 equidistant nodes. However, some fibers
failed to track because of the data quality and strict criteria for tract
identification. All 20 fiber bundles for each subject could not be
recognized, especially the bilateral cingulum hippocampus.
Thus, subjects with no more than 16 fiber bundles recognized were
culled from the further analysis.

Statistical Analysis

All statistical analyses were conducted with Statistical Package for
Social Science software (SPSS, v20.0, Chicago, IL, USA). T tests and
1 tests were used to investigate the age and sex difference. Mann-
Whitney U test was conducted in group-level pointwise analyses of
the diffusion metrics across 100 points of each fiber tract, and mean
values were plotted. Spearman’s correlation analysis was used to
assess the correlations of diffusion metrics with symptom scores,
including UWDRS-N score, SC, and 24-h UC excretion, with a
0.05 significance level adopted. Square root transformation was
applied to the UWDRS-N score because of its heavy-tailed shape.'®

Results

The demographic and clinical characteristics of the WD patients
and controls are summarized in Table 1. There were no differences
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Figure 1: The pointwise comparison of FA profiles along the 10 fiber tracts among patients with WD and controls. Shaded gray background indicates a tract segment where the
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Figure 2: The pointwise comparison of MD profiles along the 10 fiber tracts among patients with WD and controls. Shaded gray background indicates a tract segment where the
mean diffusion properties of the patients are significantly different with p < 0.05 and p < 0.01.

in age and gender distribution between healthy control and patient
groups.

Diffusion Measures Changes in WD Patients

Compared with the controls, the patients with WD showed wide-
spread FA reduction and MD, and RD elevation of identified fiber
tracts. The details are as follows: (1) patients with WD showed
lower mean FA values in the R-corticospinal tract (R-CST),
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bilateral cingulum cingulate (CC), bilateral inferior fronto-
occipital fasciculus (IFOF) (anterior and middle parts), bilateral
uncinate fasciculus (UF) (posterior part), callosum forceps (CF)
Major (posterior part), CF Minor and high mean FA values in the
L-CST (posterior part), and bilateral IFOF (posterior part)
(Figure 1). (2) Patients with WD showed high mean MD values
in the bilateral CST, bilateral CC, bilateral IFOF, bilateral UF
(posterior part), CF Major (posterior part), and CF Minor
(Figure 2). (3) Patients with WD showed high mean AD values
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Figure 3: The pointwise comparison of AD profiles along the 10 fiber tracts among patients with WD and controls. Shaded gray background indicates a tract segment where the
mean diffusion properties of the patients are significantly different with p < 0.05 and p < 0.01.
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Figure 4: The pointwise comparison of RD profiles along the 10 fiber tracts among patients with WD and controls. Shaded gray background indicates a tract segment where the
mean diffusion properties of the patients are significantly different with p < 0.05 and p < 0.01.

in the L-CST (posterior part), L-IFOF (posterior part), and  Correlation Between the Diffusion Measure and
R-IFOF (posterior part) (Figure 3). (4) Patients with WD showed  Clinical Features

high mean RD values in the R-CST, bilateral CC, bilateral IFOF,
bilateral UF (posterior part), CF Major (posterior part), and CF
Minor (Figure 4). The main changes in the FA, MD, AD, and RD
values of WD patients are summarized in Table 2.

Significant correlations between DTI parameters and the
UWDRS-N score, SC, and 24-h UC excretion were found. The
FA values in the R-CST and L-CC were negatively correlated with
the UWDRS-N score (r=-0.36, p <0.05; r=-0.38, p <0.05)
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Table 2: Lesions of the main fiber

The Canadian Journal of Neurological Sciences

Fascicles FA MD AD RD Impairment or remodeling Location
L-CST (posterior part) ) 1 ) / Remodeling Axon
R-CST | 1 / 1 Impairment Myelin
L -CC 1 1 / 1 Impairment Myelin
R-CC I 1 / 1 Impairment Myelin
L-IFOF (anterior and middle parts) | 1 / 1 Impairment Myelin
L-IFOF (posterior part) 1 1 1 1 Remodeling Axon and Myelin
R-IFOF (anterior and middle parts) ! i) / 1 Impairment Myelin
R-IFOF (posterior part) 1 1 1 1 Remodeling Axon and Myelin
L-UF (posterior part) 1 1 / 1 Impairment Myelin
R-UF (posterior part) 1 1 / 1 Impairment Myelin
CF Major (posterior part) l ) / 1 Impairment Myelin
CF Minor 1 1 / 1 Impairment Myelin
1
UWDRS-N |uwoRrs-N * *
24-h UC 24hUC 08
SC sc 06
L-CST L-cST L »
04
R-CST R-CST " b
—02
L-CC Lcc o
R-CC R-CC e . -0
CF major CFmajor (%%
~-0.2
CF Minor CF Minor
- 04
L-IFOF LIFOF (e
R-IFOF riFoF (% g 0.8
= . *
L-UF L-UF 08
R-UF R-UF
A Figure 5: Correlation analysis between FA
f fiber tracts and clinical features. Results of
O &L A& A O 0 & $ & ¢ % & ©
Q_GJ"\ \\\\3‘ @ gf’ gfo \;C' Q_.O 6{89 “"‘S‘o @0 ,30 \}b Q):’ correlation analysis are presented as a correla-
\x\o ¥ b < & & tion coefficient matrix. Positive correlations are

*p<=0.05 ** p<=0.01 *** p<=0.001

(Figure 5). The MD value in the L-CC was negatively correlated
with the UWDRS-N score (r=0.25, p <0.05) (Figure 6). There
is no significant difference in the correlation between AD values
and symptom scores (Figure 7). The RD values in the CF Major,
CF Minor, L-IFOF, and R-IFOF were positively correlated with
the UWDRS-N score, and RD values in the L-CC and L-UF were
positively correlated with the SC (Figure 8).

Discussion

Most previous studies have focused on gray matter in patients of
WD, atrophy or functional reorganization of the basal ganglia
(caudate, putamen, and globus pallidus), thalamus, and red
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shown in red, and negative correlations are
shown in blue.

nucleus.!*?° The changes in patients with WD in the WM integrity
were confirmed in previous studies.>?! As a new algorithm, AFQ
reconstructs tract profiles of WM automatically and quantifies the
diffusion properties at multiple nodes along the fiber tract point-
wise, improving the detailed level of the analysis.?? Diffusion prop-
erties (FA, MD, AD, and RD) were extracted for 100 anatomically
locations. The characteristics of diffusion properties might be used
as diagnostic biomarkers in these diseases of different pathologies.
FA is a scalar value representing anisotropic water diffusion, which
is associated with the cellular and axonal boundaries that delineate
intact WM fibers; low FA values may indicate loss of WM integrity
and high FA values may reflect fiber bundle plasticity.!> MD rep-
resents the mean water diffusion rate, and high MD values may
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indicate axonal loss and demyelination. AD describes water diffu-
sivity along the axonal fibers, which is related to axon integrity. RD
represents an average of water diffusivities perpendicular to the
axonal fibers and provides information on myelination. A high
RD level is associated with tract demyelination, and a low RD level
may be associated with myelin reorganization.”* To our best
knowledge, this is the first study to explore potential regional
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* p<=0.05 ** p<=0.01 *** p<=0.001

WM fiber alterations and WM microstructural integrity in WD
patients with the AFQ technique.

In this study, MD increased in the bilateral CST, FA, and RD
increased in R-CST, and FA and AD increased in L-CST (pos-
terior part). Besides, FA values in R-CST and L-CC showed a pos-
itive correlation with UWDRS-N score. It was suggested that the
neurological severity grade of WD correlated with urinary Cu.?*


https://doi.org/10.1017/cjn.2022.286

716 The Canadian Journal of Neurological Sciences
1
UWDRS-N |uwors-N & . * **
24-huC 24-hUC 038
sC sc * * 08
L-CST L-CST N * g
- 0.4
R-CST RcsT . .
L-cc Lce * 02
R-CC 0.99 RCC g o
CF major CFmajor (% @ * *
--0.2
CF Minor | 0.75 crmnor (B (8 (= *
- 0.4
L-IFOF LIFOF o ‘\n.:‘
R-IFOF RiFoF | (% 0.6
L-UF 0.58 LU 08
R-UF R-UF .
1 Figure 8: Correlation analysis between RD of
fiber tracts and clinical features. Results of cor-
A A & &
& & & e & P ((6( e(é‘( NI relation analysis are presented as a correlation
Q& b ~ & ~ & & S h; N hd & . . L .
\‘3§3 e & & ~ & coefficient matrix. Positive correlations are

*p<=0.05 ** p<=0.01 *** p<=0.001

As a motor pathway, the CST controls the movements of the
limbs and trunk, originated from the motor regions and somato-
sensory, and terminates at motor neurons and spinal cord inter-
neurons.”” Previous studies about structural brain imaging have
demonstrated that the integrity of the CST relates to residual
motor outcomes.?**” Vuong and colleagues provided preliminary
evidence that there was a sensitive clinical correlate of motor and
whole-brain WM tract (including the CST and CC) impairment
in children with spastic bilateral cerebral palsy, suggesting that
anisotropy and myelination in these regions were associated with
those selective voluntary motor control.”® Most WD patients have
neurological symptoms, including speech disturbances, dyspha-
gia, autonomic dysfunction, involuntary movements, and gait
and balance disturbances. It was reported that associations were
between neurological symptom score and increased MD in the
anterior limb of the internal capsule and between a measure of
disability and increased MD in frontal WM.? Shribman sug-
gested that the association between increasing neurological
severity and decreasing AD seen in chronically treated patients
reflects axonal loss and WM atrophy,’ which is also consistent
with our findings. Our results suggest that the neurological symp-
toms (dysphagia, autonomic dysfunction, involuntary move-
ments, and gait and balance disturbances) of patients with WD
might be caused by demyelination in R-CST and axon involve-
ment in L-CST (posterior part).

The corpus callosum is the largest WM bundle responsible for
brain lateralization and interhemispheric communication, and the
microstructural abnormalities are likely to be associated with
impaired interhemispheric interactions.*® Zhou and colleagues
retrospectively reviewed clinical and biochemical characteristics
and MRI findings of nine WD patients with corpus callosum
abnormalities. Results indicated that lesions of the corpus callosum
are not limited to the posterior (splenium), and that patients with
corpus callosum lesions exhibited a longer course of the disease,
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shown in red, and negative correlations are
shown in blue.

more severe neurological dysfunction, and more extensive brain
lesions compared to WD patients with no corpus callosum
lesions.®! In our study, we found that MD and RD increased in
CF Major (posterior part) and CF Minor, and FA decreased in
the CF Major (posterior part) and CF Minor. Besides, RD values
in CF Major, CF Minor showed positive correlation with
UWDRS-N score. Thus, it can be demonstrated that lesions of
CF are prevalent in patients of WD and correlated with clinical
neurological symptoms.

Besides the regions motor, this study also observed microstruc-
tural alterations in various extra-motor areas such as the frontal
areas (IFOF, CC, and UF). As frontal-temporal association fibers,
previous studies indicated that they may be associated with symp-
toms of cognitive decline.**~** Studies focusing on neuropsycho-
logical impairments in WD have highlighted that patients with
WD showing neurological signs present significant deficits in a
wide range of cognitive domains.*® The UF fiber links the anterior
temporal lobe to the medial and lateral orbitofrontal cortex and
plays a role in episodic memory, language, semantic activities,
and social-emotional processing.*® While IFOF may contribute
to semantic processing. Damage to these fibrous microstructures
may potentially correlate with cognitive impairment in patients
with WD.

Conclusion and Limitations

Some limitations of this study should be noted. First, WD is a dis-
ease with damage to both white and gray matter, while this study
only evaluated lesions in the WM. In future work, we need to com-
prehensively evaluate the physiological mechanisms of WD disease
cases, including white and gray matter, structure, and function.
Because of the shortage of evaluation of cognitive function in
patients with WD, we cannot assess whether lesions with interre-
lated WM are associated with cognitive impairment in patients.
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In summary, the present study has provided evidence that the
metrics of DTI could be utilized as a potential biomarker of neuro-
pathological symptoms in WD. Damage to the microstructure of
CF and CST may be involved in the pathophysiological process of
neurological symptoms in WD patients, such as gait and balance
disturbances, involuntary movements, dysphagia, and autonomic
dysfunction.
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