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Regional atrophy and metal deposition are typical manifestations in Wilson’s disease, but their relationship has not been systematically
investigated. We aim to investigate the association of regional brain atrophy and metal deposition in the deep gray matter nucleus at
MRI in Wilson’s disease. We acquired the structural and susceptibility mapping and performed a cross-sectional comparison of volume
and susceptibility in deep gray matter nucleus. The most extensive and severe atrophy was detected in brain regions in neuro-Wilson'’s
disease, as well as the most widespread and heaviest metal deposits. Metal deposits were significantly negatively correlated with
volume in the bilateral thalamus, caudate, and putamen. None of correlation was found between the clinical score with volume or
susceptibility in the focused regions. In the 1-year follow-up analysis, the volume of right thalamus, globus pallidus, and brainstem and
the susceptibility of the left caudate have decreased significantly as the symptom improvement. In Wilson’s disease, phenotypes have
varied scope and extend of volumetric atrophy and metal deposits. This study is expected to take the lead in revealing that in neuro-
Wilson’s disease, greater regional atrophy associated with heavier metal deposits in Wilson'’s disease. Moreover, after 1-year treatment,

the imaging data have changed as the patient’s condition improvement.
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Introduction

Wilson's disease (WD) is an autosomal recessive disorder caused
by mutated ATP7B gene, which encodes the enzyme ATPase 2, a
transport protein that eliminates coper from the liver via bile and
plasma. The disturbed copper metabolism results in toxic effects
on the hepatocytes and increasing copper in the circulation which
leads to metal accumulation in the liver, central nervous system,
cornea, and other organs (Ala et al. 2007; EASL Clinical Practice
Guidelines. 2012; Cztonkowska et al. 2018). WD has a wide spec-
trum of clinical presentations: hepatic, neurological, ophthalmic,
and psychiatric dysfunction. When copper is primary deposited
in the liver, this stage is referred to as the hepatic form of WD
(hep-WD). In later stages of the disease, metal accumulating in
the central nervous system results in a neurological form of WD
(neuro-WD) manifesting in neurologic and psychiatric symptoms
(Ferenci et al. 2003).

Recently, MRI serves as an indispensable tool to provide nonin-
vasive evaluation of brain abnormalities in WD. Excess metal can
cause toxicity, which brings damage to neurons and astrocytes
and activates macrophages, resulting in myelin degeneration,
gliosis, and profound neuronal loss (Dusek et al. 2017). The lentic-
ular nuclei, caudate, and thalamus were the most prominent
regions to be affected, followed by brainstem (Sinha et al. 2006;
Prashanth et al. 2010; Smolinski et al. 2019). A great number
of morphometric studies (Stezin et al. 2016; Zou et al. 2019;

Dusek et al. 2021; Song et al. 2021) revealed global and local brain
atrophy, white matter changes and tissue sponginess in subcor-
tical gray matter (caudate, putamen, globus pallidus, thalamus,
amygdala, red nucleus, substantial nigra, brainstem), and cortical
structures (left precentral gyrus, left insula, bilateral primary
motor, premotor and visual cortices) in WD patients. In phenotype
comparison, patients with neurologic presentations had lower
gray matter volumes than that patient with hepatic presentations
including bilateral caudate, putamen, and nucleus accumbens by
morphometric analysis (Shribman et al. 2022; Tinaz et al. 2021;
Viveiros et al. 2021). However, our previous morphometric studies
(Zou et al. 2019; Song et al. 2021) have not contained the hep-WD
subgroup. Given that the extent and severity of atrophy varies
in phenotypes, our present cohorts were further enlarged and
subdivided into neuro-WD, presenting neurological and psychi-
atric symptoms, and hep-WD, presenting altered liver function
but absent neuropsychiatric manifestations.

We have detected and quantified regional morphometric
abnormalities, in term of both volume and shape (Zou et
al. 2019; Song et al. 2021). However, metal accumulation in
brain structures has not been focused. Higher susceptibility
in deep gray matter (DGM) nucleus in WD patients compared
with controls has been reported in previous in-vitro studies
utilizing quantitative susceptibility mapping (QSM) and R2*
relaxometry (Li et al. 2020; Fritzsch et al. 2014; Dusek et al. 2018;
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Dezortova et al. 2020; Saracoglu et al. 2018), suggestive of
increased metal deposits and confirmed at autopsy (Litwin et al.
2013; Dusek et al. 2017). Whole-brain QSM (Shribman et al.
2022) detected that neuro-WD had increased susceptibility in
the bilateral putamen, cingulate, and medial frontal cortices
compared with hep-WD. But what kind of metal deposits causing
the aberrant structural brain changes remains unclear (Litwin et
al. 2013; Fritzsch et al. 2014; Dusek et al. 2017, 2018; Saracoglu et
al. 2018; Dezortova et al. 2020; Li et al. 2020). Given that this
disorder is caused by unbalanced copper metabolism, metal
overload and its toxic effect built WD pathological and clinical
basis. We hypothesize that there are disparate levels of metal
accumulation in brain within phenotypes and excess metal
deposits could cause the morphometric alternation.

The aim of this study was to quantitatively examine volume
and susceptibility in DGM nucleus in WD phenotypes and to
explore their relationship. The association between image data
with the Unified Wilson’s Disease Rating Scale (UWDRS) was also
explored. Moreover, we also analyzed the longitudinal metal and
morphometric change in the patients after treatment.

Materials and methods
Study participants

The study was approved by the local committee of the First
Affiliated Hospital of Sun Yat-Sen University ([2020]056). Only
data of patients that provided signed consent to use their clinical
and imaging data for research purpose were enrolled.

We included consecutive treatment-naive adult patients diag-
nosed with WD in our department, according to Leipzig criteri*
and confirmed by genetic testing between November 2020 and
May 2021. The patient cohort was classified into 2 clinical phe-
notypes (i.e. predominantly neurological and predominantly hep-
atic). The presence of cornea copper deposits in either eye (the
Kayser-Fleischer ring) was determined by an ophthalmologist in a
slip-lamp examination. Exclusion criteria for all participants con-
sisted of a history of neurological or psychiatric diseases (except
secondary symptoms induced by WD) or contraindications for
MRI. Disease duration was defined as the time from first hepatic
or neurological symptoms, which did prompt a diagnostic work-
up, to the time of this MR scan. Besides 4 patients are newly
diagnosed, the rest have undergone anti-copper treatment since
the definite diagnosis for ranging from 0.2 to 39 years.

In this study, we retrospectively analyzed data of 75 patients
with WD on chronic anti-copper treatment (41 with neuro-WD:
29 M/12F, median age 26.0 [21.0-32.5] years; 34 with hep-WD:
20 M/14F, median age 24.0 [17.8-26.0] years); and 34 healthy
controls (16 M/18F, median age 25.0 [23.0-28.0] years). All partici-
pants are right-handed. All subjects underwent 3.0 T and only 33
neuro-WD patients have undergone UWDRS assessment. Higher
scores indicate greater impairment (Cztonkowska et al. 2007).
In addition, volume and susceptibility were remeasured in 15
posttreatment patients, with an average of a 12-month interval.
Table 1 summarizes the clinical and demographic characteristics
of all subjects enrolled in this study.

MRI data acquisition

MRI was performed with a 3.0-T scanner (Prisma; Siemens) with a
64-channel birdcage head coil. The MRI protocol included sagittal
structural T1-weighted 3D magnetization-prepared rapid acquisi-
tion with gradient echo and the following parameters: repetition
time msec/echo time msec/inversion time msec, 2,000/2.32/900;
flip angle, 8°; field of view, 256 x 256 mm?; slices, 192; voxel
resolution, 0.9 x0.9x 0.9 mm?; bandwidth, 200 Hz per pixel,

and generalized auto-calibrating parallel acquisition acceleration
factor, 2; scan time, 4 min and 6 s. For QSM, an axial multi-echo
gradient-recalled echo pulse sequence was included, and the
parameters were as follows: repetition time 35 msec; 4 equidistant
echo time between 7.50 and 28.26 msec; flip angle, 20°; field of
view, 220 x 220 mm?3; slices, 64; voxel resolution, 0.5 x 0.5 x 2 mm?3;
bandwidth, 260 Hz per pixel; scan time, 8 min and 56 s.

Subcortical nucleus volumetric segmentation

For subcortical nucleus volumetric analysis, all data were pro-
cessed using the FreeSurfer software (version 6.0.0). the pre-
processing stream comprise in the FreeSurfer analysis pipeline
includes some preliminary steps as follows (Desikan et al. 2006;
Fischl et al. 2004): motion correction, affine registration to Talari-
ach atlas, intensity normalization, skull stripping, automatic sub-
cortical segmentation including neck removal, segmentation of
WM and GM structures (https://surfermnr.mgh harvard.edu), and
so on. After that, the midbrain is cut from the cerebrum in
step Cut/Fill. The software was used to segment T1-weighted
images into a total of 45 subcortical anatomical ROIs. Estimated
subcortical nucleus volume was, respectively, extracted from the
aseg.stats, which is part of the results produced from the “recon-
all” batch command. It should be noted that no manual correction
was made to any of the FreeSurfer results to ensure a valid
analysis. However, a visual inspection was conducted to check
the quality of the FreeSurfer results. According to our previous
studies (Zou et al. 2019; Song et al. 2021), we decide to pick the
following subcortical nucleus as ROIs:bilateral thalamus, caudate,
putamen, globus pallidus, brainstem, hippocampus, amygdala,
and accumbens. To normalize the estimated total intracranial
volumes (eTIV), we defined atrophy degree as volume of DGM
nuclei/eTIV and compared atrophy degree for detecting subtypes
atrophy patterns. Additionally, atrophy rate of the neuro-WD
subgroup was also calculated: atrophy rate=|mean volume of
patients-mean volume of controls|/mean volume of controls.

QSM and data processing

The morphology-enabled dipole inversion (MEDI) toolbox is a
collection of MATLAB routines for reconstructing whole-brain
QSM (http://pre.weill.cornell.edu/mri/pages/qsm.html). In short,
the pipeline consisted of the following (de Rochefort et al. 2010; Liu
et al. 2012): (i) continuous Laplacian-based phase unwrapping, (ii)
variable, spherical mean value property-based background field
removal using a 10 mm starting kernel radius, and (iii) nonlinear
MEDI with A =1,000.

The significant altered DGM structures were chosen as the tar-
get labels. Then the target labels were extracted from FreeSurfer
for brain binary mask individually. After this, the brain binary
mask would have the same space coordinates as the whole-
brain QSM map, individually. The whole-brain QSM map was set
as background image. As regions of interest, including bilateral
thalamus, caudate, putamen, and globus pallidus, brain binary
masks were automatically drawn to cover their own susceptibility
map by MRIcronGL software (http://www.mccauslandcenter.sc.
edu/mricrongl/). Subsequently, mean susceptibility values of the
target labels were calculated. The flow chart was shown in Fig. 1.

Statistical analysis

Statistical analyses were performed with SPSS (Version 16.0; IBM,
Armonk, NY, United States). A possible influence of sex between
groups was evaluated using a chi-square test and the influence
of age was tested by 1-way ANOVA. The difference of disease
duration between phenotypes was analyzed using Mann-Whitney
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Table 1. Clinical and demographic characteristics of study participants.

Demographic neuro-WD hep-WD (n=34) Controls (n=34) P-value
(n=41)

Gender, Male/female 29/12 20/14 16/18 0.114
Median age [IQR], year 26.0 [21.0-32.5] 24.0 [17.8-26.0] 25.0 [23.0-28.0] 0.050
Median disease duration [IQR], year 8.0 [2.0-14.0] 9.0 [1.4-13.3] 0.848
Treatment mode

D-PEN 2 0

Zinc salts 1 7

Combination of D-PEN and zinc 26 19

Combination of DMPS and zinc 4 2

Combination of D-PEN, zinc, and DPMS 9 6
Median UWDRS score [IQR]? 21.0 [14.0-33.3]

Note. Except where indicated, data are numbers of the whole study participants. D-PEN, D-penicillamine; DMPS, sodium dimercaptosulphonate; UWDRS,
Unified Wilson’s Disease Rating Scale. Data are numbers of neuro-WD enabled to finish the UWDRS assessments (n = 33).

FreeSurfer

MPRAGE

GRE phase

Fig. 1. The flow chart of combining FreeSurfer and MEDI toolbox.

U-test. Normality testing was performed before statistical com-
parison using the Shapiro-Wilk test. Volumetry and mean sus-
ceptibility between groups were tested using Kruskal-Wallis H-
test. Spearman correlation coefficient analysis was used to assess
the correlation between each subcortical nucleus volume with
susceptibility value and between imaging data with the total
UWDRS score. Longitudinal analysis of multiple measures used
the paired samples t-test. P-value < 0.05 was considered statistical
significance.

Results

Participant characteristics

All participants, namely 41 neuro-WD, 34 hep-WD, and 34 healthy
controls, were eligible for MRI. There were no significant differ-
ences within 3 subgroups with respect to sex (X?=4.340,P=0.114)
or age (P=0.050). The disease duration in neuro-WD and hep-
WD is 8.00 [2.00-14.00] and 9.00 [1.40-13.30], respectively. There is
no significant difference of disease duration between phenotypes
(P=0.848). The clinical and demographic characteristics for all the
subjects are listed in Table 1.

Region of interest-based volumetric pairwise
comparison

After being adjusted according to eTIV, the most extensive
and severe atrophied DGM was observed in neuro-WD. In
neuro-WD, bilateral thalamus, caudate, putamen, globus pallidus,

quantitative susceptibility map

target labels

ROI-based susceptibility map

accumbens, and brainstem all atrophied relative to controls;
except the right thalamus, the rest nucleus also atrophied
relative to hep-WD. Only bilateral thalamus atrophied in hep-
WD compared with controls and the most atrophied volume in
neuro-WD, followed by hep-WD and the controls exhibited the
largest volume. No significant difference of volume was found
in bilateral hippocampus and amygdala between subgroups. In
neuro-WD, the highest atrophy rate is putamen (left: 49.91%,
right: 48.30%). The volume maps of 3 subgroups of sample were
exhibited in Fig. 2A. The details are shown in Table 2 and Fig. 2.

Region of interest-based susceptibility pairwise
comparison

The most extensive and excess metal deposits was also observed
in neuro-WD. In neuro-WD patients, bilateral thalamus, caudate,
putamen, and globus pallidus demonstrated higher susceptibility
than that in the hep-WD or controls. Bilateral thalamus and
globus pallidus showed higher susceptibility in hep-WD relative
to controls. The susceptibility exhibited highest in neuro-WD,
followed by hep-WD, and the controls had the minimum value.
The susceptibility maps of 3 subgroups of sample were exhibited
in Fig. 3A. The details are shown in Table 3 and Fig. 3.

Relationship between morphometry and
susceptibility

Surprisingly, in 75 patient cohort, we found significant negative
correlation between volume and susceptibility in the following
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B o
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Fig. 2. The volume maps of 3 subgroups of sample were exhibited A). Comparison of atrophy degree in DGM nucleus between subgroups. The volume
of brain regions atrophied most severe in the neuro-WD, followed by the hep-WD in the thalamus B). *P < 0.05.
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Fig. 3. The susceptibility maps of 3 subgroups of sample were exhibited A). Comparison of susceptibility in DGM nucleus between subgroups. The
susceptibility of neuro-WD was the highest, followed by hep-WD, and the controls had the minimal value in the thalamus and globus pallidus B).
*P <0.05.
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Table 2. Comparison of volume in DGM nucleus of study participants.
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1.52
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left
right
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right
left
right
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thalamus
caudate
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am:

acc

0.001, < 0.001, > 0.050
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13.39 [12.18-14.79]

11.87 [10.75-12.81]

21.09%

21.01 [20.04-22.67]
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Note: All data were presented as median [IQR]. All the between-group comparisons were tested with Kruskal-Wallis H-test. 2The atrophy rate was calculated in the neuro-WD subgroup. GP

hippo

brainstem
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DGM nucleus, including bilateral thalamus (left, r=-0.458,
P=0.003; right, r=-0.398, P=0.010), caudate (left, r=-0.560,
P <0.001; right, r=-0.548, P <0.001), putamen (left, r=-0.490,
P=0.01; right, r=-0.513, P=0.001). No such correlations were
found in the bilateral globus pallidus (left, P=0,228; right,
P=0.236). Summaries are shown in Fig. 4.

Associations between neuroimaging data and
clinical score

Only 33 neuro-WD patients have finished UWDRS assessment.
In the region of interest-based volume and susceptibility analy-
sis, none of correlations was found between imaging data with
UWDRS total score. The disease duration has negatively cor-
related with the volume of bilateral putamen (left, r=-0.356,
P=0.023; right, r=—0.320, P=0.041). No significant correlation was
found between disease duration and susceptibility in the DGM
nucleus.

Volume and susceptibility have changed as the
symptom improvement

Repeated clinical assessment and MR scan were available for 15
neuro-WD patients, whose median treatment duration was 1 year.
The visible difference was obvious in the conventional images.
(One case was shown in Fig. 5A). In the follow-up, these patients
have improved in symptoms or remained stable, reflecting the
decreased UWDRS scores (Fig. 5B). None of them have aggravated
after treatment. Additionally, the volume of right thalamus, global
pallidus, and brainstem has decreased in the follow-up analysis.
The susceptibility of left caudate has declined after 1-year treat-
ment (details are shown in Table 4 and Fig. 5).

Discussion

We applied quantitative MR methods to determine volumetric
and susceptibility alternations in patients with neurological
and hepatic forms of WD on long-term anti-copper treatment,
aiming at exploring the nature of the residual brain tissue
pathology and disease progression. We found extensive and
severe atrophy and metal deposits most pronounced in neuro-WD
patients. In the focused nucleus, the more severe brain atrophy
is associated with the greater metal deposition. After treatment,
neuro-WD patients exhibited declined metal deposits in the left
caudate with the symptom improvement. The susceptibility is
expected to be an imaging biomarker for monitoring therapeutic
effect.

We found widespread brain atrophy in DGM nucleus in neuro-
WD after adjusting according to individual eTIV, including bilat-
eral thalamus, caudate, putamen, globus pallidus, accumbens,
and brainstem, mostly agreeing with our previous study (Zou et
al. 2019; Song et al. 2021) and other researches (Stezin et al. 2016;
Dusek et al. 2021). Inconsistent with previous studies including
ours, they have not detected abnormality in accumbens, but
we did find when comparing neuro-WD with controls. Nucleus
accumbens, as an important component of the ventral striatum,
play important roles in emotion processes, including anxiety-like
behaviors and depression (Bewernick et al. 2001; Shirayama and
Chaki 2006). This suggests that accumbens atrophy is closely
linked with personality and mood disorders.

Besides extensive atrophied lesions, the extent of atrophy
varies in both phenotypes. Our previous studies (Zou et al. 2019;
Song et al. 2021) have not subcategorized patients and compared
their underlying differences. In the present study, the DGM
nucleus atrophied greatest in bilateral thalamus in neuro-WD,
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Table 3. Comparison of susceptibility in DGM nucleus of study participants.

Susceptibility (ppb)
Region of interest neuro-WD hep-WD Controls P-value
thalamus left 17.60 [9.01-29.59] 9.50 [2.96-13.57] —4.69 [—10.98 to —0.70] =0.031, <0.001, <0.001
right 18.19 [9.22-31.89] 7.51[3.08-13.99] —6.80 [-11.19 to —0.01] =0.018, <0.001, <0.001
caudate left 96.40 [74.04-126.22] 40.57 [28.28-49.44] 36.18 [29.08-41.99] <0.001, <0.001, 1.000
right 84.94 [65.26-111.74] 37.17 [26.09-45.60] 34.68 [24.36-40.26] <0.001, <0.001, 1.000
putamen left 113.93 [83.67-155.42] 21.01 [6.77-36.44] 11.37 [2.47-27.83] <0.001, <0.001, 0.379
right 122.80 [81.77-154.31] 21.45 [8.65-34.90] 15.51 [1.49-27.15] <0.001, <0.001, 1.000
GP left 186.13 [139.82-242.48] 119.20 [91.33-138.93] 89.67 [77.21-102.37] <0.001, <0.001, 0.031
right 176.12 [143.70-225.10] 120.44 [91.40-137.09] 91.78 [75.99-104.47] <0.001, <0.001, 0.024

Note: All data were presented as median [IQR]. All the between-group comparisons were tested with Kruskal-Wallis H-test.
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Fig.4.In 75 patient cohort, we found significant negative correlation between volume and susceptibility in the following DGM nucleus, including bilateral
thalamus, caudate, putamen, except bilateral globus pallidus.

followed by hep-WD, and the controls had the largest volume. As signal could most frequently have been detected in putamen
expected, the putamen had the greatest atrophy rate, reflecting in WD (Sinha et al. 2006; Smolinski et al. 2019). Additionally,
the most vulnerable region and explaining why the abnormal our volumetric analysis demonstrated that bilateral thalamus
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Fig. 5. The case is neuro-WD, F/23, duration: 0.5 years. The visible difference was obvious in the conventional images A). In the 1-year follow-up, the
total UWDRS scores have decreased and the patients have improved in symptoms or remained stable B). The volume of right thalamus, globus pallidus,
and brainstem has decreased and the susceptibility of left caudate had declined after 1-year anti-copper agent therapy C).

deteriorated further in neuro-WD than that in hep-WD, which
partly agreed with the result of VBM-based study reported by
Shribman et al. (2022) and Viveiros et al. (2021). We hypothesized
that abnormal morphometric findings were mostly initiated
in thalamus. This scope and extent of brain atrophy could be
compensated in hep-WD patients. As the disease progresses,
volumetric atrophy extends diffusely to more brain regions.
Further longitudinal studies are needed to prove this inference.
To date, this is the largest sample size of QSM-based study
in WD patients. We found neuro-WD had the largest amount
of metal deposits in the focused DGM nucleus. Our result of
pairwise comparison revealed that bilateral thalamus and global
pallidus showed the highest susceptibility in the neuro-WD, fol-
lowed by hep-WD, and the controls had the minimum value. It is
believed that increased magnetic susceptibility in DGM nuclei is
likely caused predominantly by an accumulation of paramagnetic
metal species, not only copper but also iron (Dusek et al. 2017).

The ceruloplasmin, as a ferroxidase enzyme, whose reduction can
cause disruptions in iron metabolism. Excess metal causes toxic-
ity, which results in some inflammatory reaction that activated
macrophages will swallow the foreigner. Regardless of absent
neuropsychiatric symptoms, the elevated metal has deposited
in the brain regions in hep-WD patients. Shribman et al. (2022)
reported that patients with neurological presentations had higher
susceptibility in the bilateral putamen, cingulate, and medial
frontal cortices compared with patients with hepatic presenta-
tions based on the whole-brain QSM analysis. Fritzsch et al. (2014)
found no different susceptibility between neuro-WD with hep-
WD, and Dezortova et al. (2020) reported a trend of more metal
accumulation in putamen in neuro-WD than that in hep-WD. In
early stage, the brain has capability to regulate to compensate
the change. If not controlling copper imbalance, the sequential
distributed metal metabolism will spread wider, leading to further
neuron destruction and eventually clinical disability.
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Table 4. The UWDRS and imaging data changes in the 1-year follow-up analysis.

Case Disease duration (years) Treatmentmode UWDRS Volume (cm?) Susceptibility (ppb)
Total score R_thalamus R_pallidus Brainstem L-caudate
(first/second) (first/second) (first/second) (first/second) (first/second)
No.1 2 2 34/13 6.07/5.33 1.65/1.66 16.58/15.23 131.09/115.60
No.2 0.5 1 20/1 5.53/5.57 1.92/1.67 18.77/17.53 106.59/88.68
No.3 9 1 7/3 6.66/6.77 2.01/1.90 16.49/16.88 90.82/69.46
No.4 11 1 14/9 5.76/5.41 1.50/1.64 17.17/16.90 127.48/148.95
No.5 17 1 23/3 5.15/5.00 1.08/1.18 14.87/15.69 98.15/100.05
No.6 0 1 5/1 7.67/6.69 0.93/1.04 16.40/16.78 102.59/92.77
No.7 8 2 14/12 6.44/6.53 2.11/2.13 17.80/17.57 99.94/65.55
No.8 0 2 16/12 5.58/5.61 1.22/1.28 17.24/17 .44 60.93/57.42
No.9 35 2 34/10 7.62/6.98 1.28/1.03 17.83/15.41 147.82/112.88
No.10 17 2 NA 5.55/5.38 2.13/1.62 13.93/13.97 77.49/46.47
No.11 21 1 NA 7.00/6.58 2.31/1.62 18.56/17.48 124.96/115.72
No.12 3 1 NA 9.39/7.44 1.57/1.45 19.16/16.24 52.84/57.32
No.13 1 1 NA 6.88/7.78 2.13/1.84 16.27/15.50 85.02/76.67
No.14 10 1 NA 7.49/5.65 1.42/1.32 15.32/13.56 76.63/80.45
No.15 6 2 NA 7.62/6.22 1.51/1.22 17.98/15.86 66.38/67.32

Treatment mode 1: combination of D-penicillamine and zinc salts; 2: sodium dimercaptosulphonate.

The relationship between volumetric alternation and metal
accumulation has not been reported so far. This is the first time
that reports a significant negative correlation between volume
and susceptibility in DGM nucleus, including bilateral thalamus,
caudate, and putamen, except the globus pallidus. We believed
that metal deposition was the most conspicuous pathogenesis of
regional brain atrophy. Heavier metal deposits, greater damage to
the neurons. A series of pathological changes initiated by metal
toxicity occurred in brain tissue, such as edema, demyelination,
necrosis of neuros, which eventually lead to region atrophy and
clinical incapacity. But it is noted that the decomposition of
necrotic cells could release trace elements, which attract more
inflammatory cells to damage the brain. It is a pity that our cross-
sectional study could not give the causal relationship.

Paradoxically, the structural alternation initiated in the tha-
lamus whether with volume or susceptibility in hep-WD, but
the most atrophied region is the putamen in neuro-WD. It is
possible that the scope and extent of volume atrophy and metal
accumulation could be compensated by hep-WD patients. When
the metabolic incapability extent to putamen or more regions
and reached to the irreversible period, it is hard to alleviate the
progression even treated with anti-copper agents. This partly
suggested that the exacerbation of clinical symptoms was most
correlated with the putamen suffering. This has been confirmed
in the postmortem study (Dusek et al. 2017), which reported that
the most severe pathologic alternation in the putamen and R2*
was most strongly correlated with the iron concentration in the
putamen.

WD-related morphometric abnormalities were reported in
some studies (Stezin et al. 2016; Zou et al. 2019; Dusek et al.
2021; Shribman et al. 2022; Song et al. 2021). Dusek et al. (2021)
considered putaminal volume as the only stable factor associated
with clinical severity, enabling better prediction of UWDRS than
semiquantitative MRI scores (Dusek et al. 2020). Our previous
morphometric analysis (Zou et al. 2019) demonstrated that the
modified Young Scale negatively correlated with the bilateral
putamen and globus pallidus. Another VBM study (Song et al.
2021) reflected that the volume of the right globus pallidus,
bilateral putamen was negatively correlated with the Global
Assessment Scale score. Li et al. (2020) first demonstrated that

susceptibility values were positively correlated with UWDRS
score in the caudate, putamen, and red nucleus in WD patients.
However, we could not detect any relationship between imaging
data with clinical scores in the DGM nucleus. The following
reasons are contributed to the disparity: (i) this is the different
sample from the former studies: the clinical symptoms of the
present study are much slighter and more stable under the
effective anti-copper treatment, needless of hospitalization.
Contrarily, the neuro-WD patients in the former study presented
severe neurologic impairment and psychiatric anomaly, some
even deteriorated regardless of intravenous sodium dimercap-
tosulphonate treatment. (i) Besides anti-copper agents, some
symptomatic treatment would influence the clinical assessment,
because of some false improvement. (iii) The study chose the
UWDRS total score and has not analyzed the symptom sub-scores.

In our follow-up analysis, the volume of right thalamus, globus
pallidus, and brainstem has decreased than before. This is mostly
because that cerebral edema has receded after anti-copper ther-
apy, which was shown obviously in the conventional T2WI and
T2-FLAIR imaging. Additionally, we did detect that the suscep-
tibility of left caudate has declined after treatment, reflecting
the declined cerebral metal deposition. But few structures have
changed in susceptibility. Whether susceptibility serve as a valid
imaging biomarker for treatment of WD still requires further
exploration with larger samples.

In sum, combining QSM with volumetry has a greater evalua-
tion efficacy on brain damage rather than analyze either of them
individually. We hypothesized that when a certain amount of
metal accumulation but relative slight morphometric alternation
was detected, it is a sign of acute toxicity and brain tissue injury
stage, which could be controlled by treatment. While extensive
and heavy metal accumulation and atrophy have occurred in
the DGM nucleus, it is a sign of brain damage deterioration that
the disease progresses to an irreversible stage. In this period,
the clinical assessment may be associated with volumetry. We
hold that the volumetric alternation is a relatively more long-
term and irreversible process than metal accumulation. Taken
together, combining QSM and morphometry performed well in
distinguishing different stages in WD patients, which provide aux-
iliary information for WD treatment and progression monitoring.
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Our study had several limitations. (i) According to prior knowl-
edge, we focused on the most pronounced affected DGM nucleus.
A limited number of regions of interest analyzed in QSM prevent
evaluating other areas such as substantial nigra, red nucleus,
dentate nucleus, and other essential functional cerebral cortex.
Therefore, the automatic whole-brain QSM comparison needs
further investigation. (i) The total UWDRS represent the clinical
severity, lacking detailed analysis of each item. (iii) This study
lacks the follow-up analysis of patients with exacerbation after
treatment.

Conclusion

The present study has demonstrated the most extensive and
severe volumetric atrophy and heaviest metal deposits in neuro-
WD, followed by hep-WD. Metal accumulation was associated
with regional brain atrophy, which was suggestive of better per-
formance of combining both neuroimaging data than either one
in diagnosing disease stage and predicting process. Moreover,
whether volumetry and susceptibility could synchronize with
treatment outcome requires further exploration with larger sam-
ples, especially the deteriorating cohort even given the therapy.
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