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Abstract
Wilson disease (WD) can manifest with hepatic or neuropsychiatric symptoms. Our understanding of the in vivo brain changes in
WD, particularly in the hepatic phenotype, is limited. Thirty subjects with WD and 30 age- and gender-matched controls
participated. WD group underwent neuropsychiatric assessment. Unified WD Rating Scale neurological exam scores were used
to determine neurological (WDN, score > 0) and hepatic-only (WDH, score 0) subgroups. All subjects underwent 3 Tesla
anatomical and resting-state functional MRI. Diffusion tensor imaging (DTI) and susceptibility-weighted imaging (SWI) were
performed only in the WD group. Volumetric, DTI, and functional connectivity analyses were performed to determine between-
group differences. WDN and WDH groups were matched in demographic and psychiatric profiles. The entire WD group
compared to controls showed significant thinning in the bilateral superior frontal cortex. The WDN group compared to control
andWDHgroups showed prominent structural brain changes including significant striatal and thalamic atrophy, more subcortical
hypointense lesions on SWI, and diminished white matter integrity in the bilateral anterior corona radiata and corpus callosum.
However, the WDH group also showed significant white matter volume loss compared to controls. The functional connectivity
between the frontostriatal nodes was significantly reduced in theWDN group, whereas that of the hippocampus was significantly
increased in the WDH group compared to controls. In summary, structural and functional brain changes were present even in
neurologically non-manifesting WD patients in this cross-sectional study. Longitudinal brain MRI scans may be useful as
biomarkers for prognostication and optimization of treatment strategies in WD.
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Introduction

Wilson disease (WD) is a rare metabolic disorder of autoso-
mal recessive inheritance characterized by ATP7B gene mu-
tations that leads to copper accumulation particularly in the
liver and later in the brain (Bennett and Hahn 2011). Toxic
accumulation of copper causes oxidative stress and eventually
cell death (Członkowska et al. 2018).

Prevalence rates ofWD vary between 1 in 30,000–100,000
and could be even higher (Gao et al. 2019; Schilsky 2017).
WD can manifest with hepatic or neuropsychiatric symptoms,
acutely or chronically. Diagnosing WD can be challenging
due to the diverse nature of its presentation and genetics.
The consequence of a missed or delayed diagnosis and treat-
ment initiation may lead to irreversible morbidity and mortal-
ity (Walshe and Yealland 1993).

WD affects the basal ganglia (Fritzsch et al. 2014; Kozić
et al. 2003; Litwin et al. 2013; Magalhaes et al. 1994;
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Südmeyer et al. 2006; Yang et al. 2015; Zhong et al. 2019;
Zhou et al. 2016; Zou et al. 2019) and other brain regions
(Fritzsch et al. 2014; Litwin et al. 2013; Yang et al. 2015;
Zhong et al. 2019; Zhou et al. 2016). These changes may be
present in neurologically non-manifesting (Favrole et al.
2006; Kozić et al. 2003; Litwin et al. 2013) and presymptom-
atic cases (Litwin et al. 2013), as well as in heterozygous
carriers (Tarnacka et al. 2009). WD also alters the functional
organization of brain networks (Han et al. 2016; Jing et al.
2019). In most brain imaging studies to date, the hepatic and
neurologic phenotypes of WD have been grouped together.
Therefore, our understanding of the in vivo brain changes
specifically in WD patients without neurological manifesta-
tions of the illness is limited. We aimed to fill this knowledge
gap by characterizing the structural and functional brain
changes of WD patients with and without neurological exam
manifestations, and comparing these to matched controls. We
hypothesized that not only the neurologically manifesting, but
also the non-manifesting (i.e., hepatic-only) WD group will
demonstrate atrophy and reduced functional connectivity
(FC), especially in the basal ganglia, compared to controls.
The WD phenotypes usually do not remain discrete and co-
occurrence of hepatic and neurological symptoms would be
expected on the disease continuum. Capturing the brain
changes before the onset of neurological problems would thus
be valuable in prognostication and treatment decisions.

Methods

Participants

The study was approved by the Human Research Protection
Office of the Yale School of Medicine and conducted at the
Yale University Magnetic Resonance Research Center
(MRRC). All participants provided written informed consent
and underwent screening for MRI safety. We included 30 par-
ticipants with WD (19–71 years old) recruited from the WD
clinic at the Yale New Haven Hospital and through advertise-
ments posted by the Wilson Disease Association. Participants
were diagnosed with WD according to the Leipzig criteria, hav-
ing definitive scores >4 (Ferenci et al. 2003). Neuropsychiatric
symptoms due to a process other than WD precluded participa-
tion. Liver cirrhosis was not an exclusion criterion, however,
those with known portal hypertension were excluded to mini-
mize the risk of encephalopathy. Participants were either on che-
lation or zinc treatment for their WD for at least one year.

We selected the age- and gender-matched control partici-
pants (19–58 years old) from a Yale MRRC database.
Participants were recruited from the New Haven area.
Participants were excluded if they had any neurologic or psy-
chiatric illness, any medical condition affecting the central
nervous system, or any major surgery.

Clinical assessment

We divided the WD patients into two groups: Hepatic-only
(WDH) or neurologic (WDN) based on neurologic examination
findings. We assessed the neurologic disease severity using the
UnifiedWDRating Scale (UWDRS) (Członkowska et al. 2007).
The UWDRS part I rates consciousness, UWDRS II is the
patient-assessed disability part, and UWDRS III is rater-
determined by neurologic examination. We assigned all partici-
pants with a UWDRS III score > 0 to the WDN group and those
with a score of 0 to the WDH group.

We used the Diagnostic Statistical Manual 5 Self-Rated
Level 1 Cross-Cutting Symptom Measure (DSM-5 CCM) to
assess the presence and severity of psychiatric symptoms
(Clarke and Kuhl 2014). We used the Repeated Battery for
Assessment of Neuropsychological Status (RBANS) for cog-
nitive testing, which assesses immediate memory, visuospatial
capabilities, language, attention, and delayed memory
(Karantzoulis et al. 2013; Randolph et al. 1998).We evaluated
executive function using the Trail Making Test (TMT) and
Phonemic Fluency (letter F) (Strauss et al. 2006). The TMT
has also been promoted as a bedside assessment of hepatic
encephalopathy (Conn 1977; Torres et al. 2013).

MRI sequences

WD group

All participants underwent scanning in two different 3-Tesla
Siemens Prisma scanners (Siemens Medical Systems,
Erlangen, Germany) using a 64-channel head coil and identi-
cal sequences. After a localizer scan, we acquired a high-
resolution whole-brain T1-weighted MPRAGE scan (TR =
2530 ms, TE =2.44 ms, TI = 900 ms, flip angle = 9°, FoV =
256 mm, voxel size = 1 mm3). We collected four consecutive
T2-weighted resting-state (rs) functional MRI (fMRI) scans
with eyes closed each lasting 6 min (echo-planar pulse se-
quence, TR = 1000 ms, TE = 30 ms, flip angle = 52°, FoV =
216 mm, matrix size = 64 × 64, voxel size = 2.4 mm3, 60
slices). Then, we collected T2-weighted susceptibility weight-
ed imaging (SWI) scans to visualize the subcortical
hypointense regions due to accumulation of paramagnetic
substances (e.g., iron, copper) (TR = 27 ms, TE = 20 ms, flip
angle = 15°, FoV = 220 mm, voxel size = 0.9 × 0.9 × 1.5 mm).
In addition, we collected T2-weighted SPACE scans (TR =
3200ms, TE = 408 ms, FoV 230 mm, voxel size = 0.4 × 0.4 ×
0.9 mm, 192 slices) to evaluate for whole-brain gross struc-
tural abnormalities. Finally, we collected T2-weighted DTI
scans to evaluate the integrity of the white matter tracts
(fat saturated, TR = 4000 ms, TE = 77 ms, flip angle 1 =
90°, flip angle 2 = 180°, FoV = 216 mm, voxel size =
2.4 mm3, maximum B value = 1000 s/mm2, 64 diffusion
gradients, 76 slices).

Brain Imaging and Behavior



Control group

All participants underwent scanning in a 3-Tesla Siemens Tim
Trio scanner (Siemens Medical Systems, Erlangen, Germany)
using a 32-channel head coil. Each scanning session started
with a localizer scan followed by a MPRAGE scan (TR =
2530 ms, TE =2.77 ms, TI = 1100 ms, flip angle = 7°, voxel
size = 1 mm3). We collected six consecutive T2-weighted rs-
fMRI scans with eyes closed each lasting 5 min and 25 s
(echo-planar pulse sequence, TR = 956 ms, TE = 30 ms, flip
angle = 62°, FoV = 220 mm, matrix size = 64 × 64, voxel
size = 2.5 mm3, 51 slices).

Clinical data analysis

We assessed normal distribution of the clinical data using the
Shapiro-Wilk test. We performed independent sample t-tests
for normally distributed continuous variables and Mann
Whitney U tests for non-normally distributed variables. We
used chi-square tests for categorical variables. The statistical
significance threshold was p < 0.05 for all tests. We used the
SPSS 26 for Mac (IBM Corp., Armonk, NY, USA).

Subcortical volume and cortical thickness analysis

We used the standard processing pipeline in FreeSurfer
(https://surfer.nmr.mgh.harvard.edu). Briefly, we used the
subcortical volume-based stream (Fischl et al. 2002) and the
cortical surface-based stream (Dale et al. 1999; Fischl et al.
1999; Fischl and Dale 2000) to obtain the individual subcor-
tical volume and cortical thickness values, respectively. We
inspected the outcomes of the skull-stripping, cortical tessel-
lation, and subcortical segmentation stages for quality control.

Statistical analysis of subcortical volumes

We extracted the estimated total intracranial, total brain, gray
matter, white matter, basal ganglia (caudate, putamen,
pallidum, nucleus accumbens), and thalamus volumes. We
normalized all volumes to the estimated total intracranial vol-
ume. We averaged the basal ganglia and thalamus volumes
across the hemispheres. First, we tested a potential effect of
scanner type and group x scanner type interaction using a
general linear model (GLM) (dependent variable: normalized
volume). There was no effect of scanner type or group x scan-
ner interaction regarding any of the dependent variables. We
used a separate GLM (dependent variable: normalized vol-
ume, fixed factor: group with three levels, covariate: age) to
examine any group difference. For post hoc pairwise compar-
isons, we used the Tukey’s HSD test when error variances
were equal (Levene’s test, p > 0.05) and the Games-Howell
test when they were unequal. We set the statistical signifi-
cance threshold for five pairwise comparisons of the

subcortical structures at p < 0.01 (0.05/5). We performed the
statistical analyses using SPSS 26.

Statistical analysis of cortical surfaces

We assessed the between-group differences in cortical thick-
ness using the mri_glmfit function (with the “different offset
different slope” option) in FreeSurfer. This function allowed a
GLM analysis as described in the previous section. The
smoothed cortical surfaces from both hemispheres using a
Gaussian kernel with full width half maximum of 15 mm of
all participants were the dependent variable and entered into a
GLM first to test a potential effect of scanner type and group x
scanner interaction. There was no effect of scanner type or
group x scanner interaction regarding cortical thickness. We
used a separate GLM (dependent variable: cortical thickness,
fixed factor: group with three levels, covariate: age) to exam-
ine any group difference. We performed correction for multi-
ple comparisons using the mri_glmfit-sim function, which
performs Monte Carlo simulations. We set the significance
threshold at 1.3 corresponding to p < 0.05.

SWI analysis

The SWI scan of each WD participant was inspected for sub-
cortical hypointense lesions by a neurologist (A.V.R.) who
was blinded to the subgroup assignment of the scans. We then
tallied up the number of subjects and of brain structures with
these hypointense lesions per WD subgroup.

DTI analysis

We averaged two separate diffusion image acquisitions and
used the average to compute the diffusion tensors.Wemasked
the individual subject tensors outside the brain and calculated
the mean diffusivity (MD) and fractional anisotropy (FA)
values from the tensor data. We spatially smoothed the FA
maps with a 6-mmGaussian kernel and nonlinearly registered
them to the standard brain template JHU ICBM FA 2 mm
(https://neurovault.org/images/1406/; Hua et al. 2008;
Wakana et al. 2007). We demonstrated previously that
registration using FA maps provides a better fit than does
registration using the raw DTI data (Papademetris et al.
2001). We used two-sample t-tests to compare the differences
in the FA maps between the WDH and WDN groups. We
performed all analyses using the Yale BioImage Suite soft-
ware package (Papademetris et al. 2006) following previously
described techniques (Constable et al. 2008). To correct for
multiple comparisons, we used family-wise error rate (FWE)
correction determined by Monte Carlo simulation using the
AFNI 3dClustSim program (p < 0.02).
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Rs-fMRI analysis

We used the Connectivity toolbox for the rs-fMRI analysis
(Whitfield-Gabrieli and Nieto-Castanon 2012). We concatenated
the consecutive rs-fMRI scans. Preprocessing steps included the
removal of the first four scans,motion correction, outlier detection,
coregistration of functional scans with the anatomical scan, nor-
malization to the standard Montreal Neurological Institute (MNI)
brain template, and smoothingwith an 8-mmkernel to account for
inter-individual anatomical variability. Denoising steps included
correction for physiological and other sources of noise by
regressing out the principal components of the white matter and
cerebrospinal fluid signal using the CompCor method (Chai et al.
2012), regression of motion artifacts and outliers before bandpass-
filtering, and quadratic detrending.Global signalwas not removed.
Finally, we bandpass-filtered (0.008< f < 0.1 Hz) the data to cap-
ture the resting-state fluctuations of the blood oxygenation level-
dependent (BOLD) signal. The voxel-wise global mean correla-
tions after denoising were compared between subjects across
groups and scanners. We excluded subjects with maximum head
motion exceeding the size of one-and-a-half voxels.

We used the functionally defined nodes (n = 268) in the
whole-brain Shen Atlas for the FC analyses (Shen et al., 2013).
For each subject, we extracted the BOLD signal time courses
from these nodes and correlated them with each other using
Pearson correlations. We Fisher z-transformed the correlations
and obtained group-level FC maps for statistical analyses. First,
we performed a one-way ANOVA with three groups to test for
any group difference in FC. We then performed three post hoc
pairwise group comparisons (i.e., WDH vs Control, WDN vs
Control, and WDH vs WDN) using age as a covariate of no
interest. We used the false discovery rate (FDR) method for
correction for multiple comparisons (Genovese et al. 2002).
We set the significance threshold at p< 0.05 for the ANOVA
and at p < 0.0167 (0.05/3) for post hoc tests.

Post hoc correlation analyses

We performed separate correlation analyses between the
UWDRS III scores of the WDN group and 1) normalized
subcortical volumetric and mean FA values in SPSS 26, 2)
cortical thickness values in FreeSurfer using the mri_glmfit
function, and 3) rs-fMRI pairwise connectivity values in
Connectivity toolbox (p < 0.05 for all regression models).

Results

Demographic and clinical data

The mean age ± standard deviation was 37.3 ± 10.1 years for
the control group. Age did not differ significantly between the
control, WDN, and WDH groups (one-way ANOVA, F (2,

57) = 1.205, p = 0.307). All participants were right-handed.
Table 1 summarizes the characteristics of the WDN and
WDH groups. Most common neurological exam findings in
theWDN group were tremor (in 81% of subjects), dystonia (in
81% of subjects), and parkinsonism (in 69% of subjects). The
RBANS, TMT-A/B, and fluency scores of both WDN and
WDH groups were not significantly different from normative
scores (Randolph et al. 1998; Tombaugh 2004; Tombaugh
et al. 1999). Five participants in the WDN and seven in the
WDH group were asymptomatic at the time of diagnosis and
were diagnosed on the basis of abnormal liver function tests or
family screening. Five participants in each group had liver
cirrhosis. All participants in the WD group were on chronic
treatment for at least one year (exact duration was unknown
for one participant in each group). The duration and type of
treatment did not differ between the WDN and WDH groups
and had the following distribution: WDN: penicillamine (n =
1), trientine (n = 3), tetrathiomolybdate (n = 2), zinc (n = 10);
WDH: pen i c i l l am ine ( n = 1 ) , t r i e n t i n e (n = 5 ) ,
tetrathiomolybdate (n = 2), zinc (n = 5), and combination of
trientine and zinc (n = 1).

Imaging data

There was no evidence for brain infarction, intracranial hem-
orrhage, mass effect, or edema on T1- and T2-weighted
images.

Subcortical volumes

Table S1 in SupplementaryMaterial shows the raw segmented
volumes. There was a significant group effect in white matter,
caudate, putamen, and thalamic volumes. There was no
group-by-age interaction in any of the volumes. The subcor-
tical atrophy was driven by the WDN group. Both WDN and
WDH showed significantly reduced white matter volumes
compared to controls (Table 2).

SWI

Fifteen participants in the WDN and four in the WDH group
had hypointense lesions in the basal ganglia and red nucleus
on the SWI scans (p = 0.000) (Supplementary Material
Table S2).

Cortical thickness

The GLM analysis did not reveal a significant WD subgroup
effect. The post hoc analysis using the WD group as a whole
compared to controls showed significant cortical thinning in
bilateral superior frontal cortex (Fig. 1, top panel).
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DTI

We excluded the DTI data of one subject in the WDN group
due to excessive head motion. There was no significant

difference between the WDH and WDN groups in the mean
whole-brain MD and FA values (p = 0.100 and 0.750, respec-
tively. WDH: MD: 1.17 ± 0.09 and FA: 0.22 ± 0.02; WDN:
MD: 1.23 ± 0.12, FA: 0.21 ± 0.02). The WDH group showed

Table 1 Demographics and
neuropsychiatric profiles ofWDN
and WDH subgroups.

WDN (N = 16) WDH (N = 14) p value

Age (years) 43.1 ± 14.7 38.4 ± 12.9 0.553

Gender Male 6 7 0.491
Female 10 7

Ethnicity Caucasian 16 13 0.277
Non-Caucasian 0 1

Education Secondary 2 0 0.121
College 10 6

Graduate/Professional 4 8

Age at diagnosis (years) 22.0 ± 15.5^ 25.1 ± 16.7 0.508

Age at symptom onset (years) 23.5 ± 15.4† 28.3 ± 11.4‡ 0.457

Treatment duration (years) 21.3 ± 16.5 15.4 ± 15.7 0.254

Treatment at enrollment Chelation 6 9 0.143

Zinc 10 6

Kayser-Fleischer rings Present at diagnosis 9 3 0.035

Unknown 1 0

UWDRS II 3.5 ± 5.5 0.6 ± 2.4 0.085

UWDRS III 16.2 ± 17.5 0.0 ± 0.0 0.000

DSM-5 CCM 13.3 ± 13.3 8.1 ± 10.7 0.294

RBANS total 100.9 ± 13.3* 106.1 ± 11.6 0.272

Executive Function TMT-A 32.3 ± 8.2** 28.6 ± 6.9 0.203

TMT-B 63.8 ± 18.3** 56.0 ± 12.1 0.172

Fluency 12.9 ± 2.8* 14.0 ± 3.4 0.336

Mean ± standard deviation. DSM-5 CCM: Diagnostic Statistical Manual 5 Self-Rated Level 1 Cross-Cutting
Symptom Measure, RBANS: Repeated Battery for Assessment of Neuropsychological Status composite score
of all domains converted to an age-corrected standard score (mean = 100; SD = 15), TMT: Trail making test,
UWDRS: Unified Wilson Disease Rating Scale, WDH/N: Wilson disease hepatic/neurologic group

^: Unknown age of diagnosis in one participant. †WDN (N = 11), ‡WDH (N = 7). *WDN (N = 14) and **WDN
(N = 15): Two participants could not complete the RBANS and phonemic fluency test due to severe dysarthria and
difficulty holding a pen. One of these participants was also unable to perform the TMT

DSM-5 CCM, TMT-B, UWDRS III scores, and treatment duration were not normally distributed. The p values
for these variables reflect the results of Mann Whitney U tests

Table 2 WDH (n = 14) vs WDN
(n = 16) vs Control (n = 30)
Volumetric Comparisons

Volume F (2, 56) P value Significant pairwise comparisons (p value)

Total brain 2.042 0.118 –

Total GM 3.991 0.012 –

Cerebral WM 5.448 0.002 WDN vs control (0.004) and WDH vs control (0.009)

Caudate 11.006 0.000 WDN vs control (0.000) and WDN vs WDH (0.000)

Putamen 12.263 0.000 WDN vs control (0.003) and WDN vs WDH (0.004)*

Pallidum 1.502 0.224 –

Accumbens 6.219 0.001 WDN vs control (0.015) and WDN vs WDH (0.031)*^

Thalamus 3.853 0.014 WDN vs control (0.005)

*Levene’s test was significant (p < 0.05) and Games-Howell test was used for post hoc comparisons. ^: This
should be interpreted as trend. GM: Gray matter, WDH/N: Wilson disease hepatic/neurologic group, WM:White
matter
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significantly higher FA compared to the WDN group in the
genu and body of the corpus callosum, and in bilateral anterior
corona radiata bundles (Fig. 1, bottom panel).

Rs-fMRI

We excluded six subjects from theWD (2WDN, 4WDH) and
six from the control group due to excessive head motion.
There was no significant between-group difference in head
motion in the included subjects (Supplementary Material
Table S3). There were no group or scanner differences in
global voxel-wise correlations (Supplementary Material) sug-
gesting that potential scanner effects were removed after

denoising. The ANOVA revealed group differences in the
FC between hundreds of node pairs. In post hoc analyses,
WDH compared to controls showed predominantly increased
FC especially between the left hippocampus and occipito-
temporal nodes and between the right superior frontal sulcus
and fronto-parietal nodes (Fig. 2, Table 3). WDN compared to
controls showed predominantly decreased FC especially be-
tween bilateral caudate and fronto-parietal and cerebellar
nodes (Fig. 2, Table 3). Increased FC specifically between
the left premotor and occipital nodes was common in both
WDH and WDN groups compared to controls. WDH com-
pared to WDN demonstrated increased FC only between the
right supramarginal and temporal pole nodes.

Fig. 1 Top panel: Cortical
thinning in WD compared to
controls in (a) left medial and (b)
left lateral superior frontal cortex
(MNI coordinates: x = −20, y =
32, z = 32, Brodmann area (BA) 8
extending to BA 6, maximum:
−2.96, cluster size = 2403 mm2),
(c) right medial and (d) right lat-
eral superior frontal cortex (MNI
coordinates: x = 37, y = 7, z = 36,
BA 8, extending to BA 9, maxi-
mum: −3.19, cluster size =
6016 mm2). Color bar displays
the Monte Carlo significance
thresholds. Bottom panel: Higher
fractional anisotropy in WDN <
WDH in the genu and body of the
corpus callosum, and in bilateral
anterior corona radiata bundles
(FWE-corrected p = 0.02, t =
2.472, cluster size = 192 voxels)
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Post hoc correlations

We observed no significant correlations between the UWDRS
III scores and any of the structural measures in the WDN
group. The UWDRS III scores showed significant negative
correlations with the FC mainly between the inferior frontal
node and cerebellar and occipital nodes (Supplementary
Material Fig. S1, Table S4).

Discussion

In summary, our results demonstrate the presence of diffuse
white matter atrophy and altered functional brain organization
even in neurologically non-manifesting WD patients. The
structural and functional brain changes are more prominent
in the neurologically manifesting WD patients and strongly
involve the basal ganglia.

Our structural findings are in line with prior reports in the
literature demonstrating volume loss (Sinha et al. 2007; Stezin
et al. 2016; Zou et al. 2019) and MRI signal abnormalities
(Fritzsch et al. 2014; Kozić et al. 2003; Litwin et al. 2013;
Südmeyer et al. 2006; Yang et al. 2015) in the basal ganglia in
patients withWD. Diffuse atrophy in white matter and cortical
gray matter has also been reported in WD (Sinha et al. 2007;

Stezin et al. 2016) and was found to correlate with neurolog-
ical impairment (Smolinski et al. 2019).

We carefully characterized the WDH and WDN pheno-
types based on neurological signs and matched their demo-
graphic, treatment, and psychiatric profiles. As expected,
many of the observed structural brain differences especially
in the subcortical regions were driven mainly by the WDN
group. The WDN group also had significantly more SWI
hypointensities in subcortical structures compared to the
WDH group. Yet, it is important to note that the WDH group
also showed significant white matter volume loss compared to
controls. In the brain, copper toxicity first leads to reactive
astrogliosis, which serves to buffer excess copper, and even-
tually to astrocytic damage, demyelination, and neuronal
death (Członkowska et al. 2018; Pal and Prasad 2014). In a
MRI study, copper overload was found to correlate with lower
total brain, white matter, and gray matter volumes in drug-
naïve patients with WD (Smolinski et al. 2019). Notably, a
number of hepatic diseases with varying etiologies may have
neurological manifestations and corresponding structural
brain changes. For example, primary biliary cholangitis
(PBC), an autoimmune liver disease, may present with neuro-
logical symptoms. Non-cirrhotic patients with PBC compared
to matched controls show reduced thalamic volume (Mosher
et al. 2019). Hepatic encephalopathy is associated with

Fig. 2 Pairwise nodal functional
connectivity differences (cool
colors: decreased, warm colors:
increased) between WDH >
Control and WDN>Control
displayed on the right (R) and left
(L) hemispheres of the MNI tem-
plate. See Table 3 and the inter-
active webpage https://
bioimagesuiteweb.github.io/
webapp/connviewer.html for the
coordinates of the Shen Atlas
nodes
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Table 3 Pairwise nodal functional connectivity differences

WDH>Control

Increased Connectivity

Node Pairs Pair Labels

Numbers Node 1 (BA) Node 2 (BA) T(32) p-FDR

(230)-(190) L hippocampus (BA54) L MTG (BA21) 6.06 0.0003

(204)–(22) L VA (BA19) R IFG (BA44) 5.45 0.0011

(22)–(210) R IFG (BA44) L V2 (BA18) 5.32 0.0011

(204)–(157) L VA (BA19) L PMC (BA6) 4.96 0.0032

(231)–(204) L hippocampus (BA54) L VA (BA19) 4.80 0.0034

(231)–(68) L hippocampus (BA54) R FG (BA37) 4.88 0.0035

(231)–(207) L hippocampus (BA54) L VA (BA19) 4.79 0.0035

(231)–(209) L hippocampus (BA54) L VA (BA19) 4.62 0.0037

(231)–(206) L hippocampus (BA54) L VA (BA19) 4.59 0.0037

(22)–(73) R IFG (BA44) R VA (BA19) 4.77 0.0037

(210)–(157) L V2 (BA18) L PMC (BA6) 4.80 0.0052

(266)–(20) L brainstem R IFG (BA45) 4.99 0.0059

(231)–(68) L hippocampus (BA54) R FG (BA37) 4.88 0.0082

(209)–(196) L VA (BA19) L ITG (BA20) 4.64 0.0086

(230)–(48) L hippocampus (BA54) R AG (BA39) 4.60 0.0091

(209)–(17) L VA (BA19) R IFG (BA47) 4.45 0.0092

(231)–(211) L hippocampus (BA54) L V2 (BA18) 4.08 0.0096

(231)–(200) L hippocampus (BA54) L FG (BA37) 4.05 0.0096

(231)–(210) L hippocampus (BA54) L V2 (BA18) 4.04 0.0096

(157)–(73) L PMC (BA6) R VA (BA19) 4.40 0.0106

(209)–(171) L VA (BA19) L S1 (BA1) 4.29 0.0108

(30)–(61) R SFS (BA8) R STG (BA41) 4.37 0.0123

(30)–(171) R SFS (BA8) L S1 (BA1) 4.03 0.0123

(30)–(89) R SFS (BA8) R PCC (BA31) 4.02 0.0123

(30)–(191) R SFS (BA8) L MTG (BA21) 3.99 0.0123

(30)–(221) R SFS (BA8) L ACC (BA24) 3.99 0.0123

(30)–(32) R SFS (BA8) R PMC (BA6) 3.98 0.0123

(30)–(162) R SFS (BA8) L SMA (BA6) 3.93 0.0123

(30)–(209) R SFS (BA8) L VA (BA19) 3.92 0.0123

(30)–(35) R SFS (BA8) R Insula (BA13) 3.91 0.0123

(30)–(181) R SFS (BA8) L SMG (BA40) 3.86 0.0123

(30)–(218) R SFS (BA8) L PCC (BA31) 3.85 0.0123

(30)–(33) R SFS (BA8) R S1 (BA1) 3.83 0.0123

(30)–(167) R SFS (BA8) L S1 (BA1) 3.79 0.0123

(30)–(179) R SFS (BA8) L SMG (BA40) 3.78 0.0123

(30)–(161) R SFS (BA8) L ACC (BA24) 3.77 0.0123

(231)–(198) L hippocampus (BA54) L FG (BA37) 3.88 0.0125

(231)–(66) L hippocampus (BA54) R FG (BA37) 3.84 0.0126

(86)–(62) R PCC (BA23) R STG (BA41) 4.33 0.0129

(230)–(64) L hippocampus (BA54) R STG (BA22) 4.33 0.0130

(157)–(74) L PMC (BA6) R VA (BA19) 4.21 0.0136

(230)–(3) L hippocampus (BA54) R OFC (BA11) 4.21 0.0137

(150)–(38) L SFG (BA8) R S1 (BA1) 4.48 0.0138

(150)–(266) L SFG (BA8) L brainstem 4.25 0.0138

(150)–(210) L SFG (BA8) L V2 (BA18) 4.20 0.0138

(86)–(191) R PCC (BA23) L MTG (BA21) 4.05 0.0145
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Table 3 (continued)

(86)–(84) R PCC (BA23) R ACC (BA24) 3.99 0.0145
(171)–(49) L S1 (BA1) R AG (BA39) 4.67 0.0149
(30)–(38) R SFS (BA8) R S1 (BA1) 3.65 0.0151
(231)–(72) L hippocampus (BA54) R VA (BA19) 3.74 0.0155
(30)–(109) R SFS (BA8) R cerebellum 3.60 0.0162
Decreased Connectivity
Node Pairs Pair Labels
Numbers Node 1 (BA) Node 2 (BA) T(32) p-FDR
(86)–(253) R PCC (BA23) L cerebellum −5.53 0.0007
(86)–(252) R PCC (BA23) L cerebellum −5.50 0.0007
(131)–(153) R brainstem L IFG (BA47) −5.66 0.0009
(231)–(83) L hippocampus (BA54) R ACC (BA32) −4.51 0.0039
(267)–(1) L brainstem R OFC (BA11) −4.44 0.0142
(267)–(143) L brainstem L FP (BA10) −4.42 0.0142
(267)–(151) L brainstem L IFG (BA47) −4.20 0.0142
(267)–(153) L brainstem L IFG (BA47) −4.19 0.0142
(86)–(247) R PCC (BA23) L cerebellum −4.00 0.0145
(267)–(182) L brainstem L AG (BA39) −4.00 0.0148
(267)–(193) L brainstem L MTG (BA21) −3.99 0.0148
(267)–(142) L brainstem L FP (BA10) −3.98 0.0148
(74)–(245) R VA (BA19) L cerebellum −4.32 0.0150
(30)–(127) R SFS (BA8) R thalamus −3.65 0.0151
(86)–(113) R PCC (BA23) R cerebellum −3.92 0.0151
WDN>Control
Increased Connectivity
Node Pairs Pair Labels
Numbers Node 1 (BA) Node 2 (BA) T(35) p-FDR
(157)–(74) L PMC (BA6) R VA (BA19) 5.75 0.0004
(157)–(73) L PMC (BA6) R VA (BA19) 5.49 0.0005
(157)–(210) L PMC (BA6) L V2 (BA18) 5.30 0.0006
(225)–(220) L PCC (BA31) L ACC (BA24) 5.12 0.0029
(157)–(209) L PMC (BA6) L VA (BA19) 4.63 0.0032
(176)–(72) L precuneus (BA7) R VA (BA19) 5.09 0.0033
(157)–(204) L PMC (BA6) L VA (BA19) 4.37 0.0056
(244)–(129) L cerebellum R brainstem 4.81 0.0077
(266)–(265) L brainstem L brainstem 4.49 0.0080
(266)–(99) L brainstem R hippocampus (BA54) 4.42 0.0080
(266)–(244) L brainstem L cerebellum 4.38 0.0080
(266)–(103) L brainstem R cerebellum 4.33 0.0080
(176)–(68) L precuneus (BA7) R FG (BA37) 4.39 0.0122
(157)–(207) L PMC (BA6) L VA (BA19) 4.03 0.0123
(122)–(230) R caudate L hippocampus (BA54) 4.02 0.0133
(182)–(98) L AG (BA39) R V2 (BA18) 4.37 0.0140
(30)–(172) R SFS (BA8) L S1 (BA1) 4.36 0.0157
(30)–(83) R SFS (BA8) R ACC (BA32) 4.33 0.0157
Decreased Connectivity
Node Pairs Pair Labels
Numbers Node 1 (BA) Node 2 (BA) T(35) p-FDR
(150)–(229) L SFG (BA8) L hippocampus (BA54) −5.02 0.0020
(88)–(212) L PCC (BA23) L V2 (BA18) −4.82 0.0026
(88)–(213) L PCC (BA23) L V2 (BA18) −4.82 0.0026
(88)–(214) L PCC (BA23) L V2 (BA18) −4.81 0.0026
(182)–(17) L AG (BA39) R IFG (BA47) −4.99 0.0044
(260)–(20) L caudate R IFG (BA45) −4.85 0.0068
(131)–(193) R brainstem L MTG (BA21) −4.81 0.0077
(214)–(5) L V2 (BA18) R FP (BA10) −4.54 0.0084
(259)–(169) L caudate L insula (BA13) −4.77 0.0085
(260)–(35) L caudate R Insula (BA13) −4.36 0.0093
(260)–(22) L caudate R IFG (BA44) −4.31 0.0093
(260)–(184) L caudate L AG (BA39) −4.24 0.0093
(260)–(21) L caudate R IFG (BA44) −4.20 0.0093
(260)–(133) L caudate R brainstem −4.05 0.0108
(88)–(6) L PCC (BA23) R FP (BA10) −4.22 0.0111
(157)–(229) L PMC (BA6) L hippocampus (BA54) −3.99 0.0123
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indirect astrocyte degeneration, which is observed as specific
MRI signal abnormalities in the basal ganglia (Hermann
2014). Cirrhotic patients (alcohol and/or viral etiology) show
decreased gray matter volume in the basal ganglia, thalamus,
and cerebellum as well as many cortical regions compared to
matched controls (García-García et al. 2017). These changes
are more prominent in those with minimal hepatic encepha-
lopathy (MHE).

None of our subjects had known portosystemic shunting or
encephalopathy, or a history of alcohol abuse or viral hepatitis
based on history and clinical examination and laboratory test-
ing. Therefore, the most plausible explanation for the insidi-
ous, subclinical white matter damage in the WDH group in
our study is direct copper toxicity. MRI with volumetric anal-
ysis can be helpful in detecting this damage.

Cortical lesions are thought to be rare in treated patients
with WD (Magalhaes et al. 1994; Prashanth et al. 2005).
Interestingly, we found significant regional thinning in the
superior frontal cortex in the WD whole group compared to
controls. All of our subjects were on chronic treatment for
their WD and did not have a history of any other neurological
disease to explain the cortical atrophy. Direct cortical neuronal
damage due to copper toxicity may be one of the reasons

underlying the cortical thinning. Alternatively, white matter
loss may have caused retrograde degeneration in the cortical
neurons. Our DTI findings lend partial support to this hypoth-
esis. Lack of DTI data from the control group precluded a
comparison between the WD and control groups. However,
we did find loss of integrity in specific white matter tracts
including the corpus callosum and bilateral anterior corona
radiata in the WDN compared to the WDH group. The ante-
rior corona radiata carries the white matter bundles that con-
nect the frontal cortex with the thalamus, basal ganglia, and
brainstem. These bundles cross between the two hemispheres
in the genu of the corpus callosum (Bruni and Montemurro
2009). Damage to these tracts would be expected to lead to
regional atrophy in the frontal cortex via retrograde degener-
ation. Regional changes in white matter integrity have also
been reported in the frontal and occipital lobes, bilateral inter-
nal capsule, andmidbrain and pons in drug-naïve patients with
WD (Jadav et al. 2013).

The alterations in the functional brain organization were
also differentially expressed in the WDN and WDH groups
compared to controls. As hypothesized, we found a robust
decrease in the frontal cortex-basal ganglia (caudate) FC, but
only in the WDN group. This is consistent with previous

Table 3 (continued)

(7)–(267) R FP (BA10) L brainstem −4.47 0.0127
(7)–(255) R FP (BA10) L cerebellum −4.28 0.0127
(7)–(116) R FP (BA10) R cerebellum −4.27 0.0127
(122)–(47) R caudate R SMG (BA40) −4.53 0.0133
(122)–(133) R caudate R brainstem −4.38 0.0133
(122)–(22) R caudate R IFG (BA44) −4.20 0.0133
(122)–(256) R caudate L cerebellum −3.94 0.0133
(122)–(44) R caudate R precuneus (BA7) −3.91 0.0133
(122)–(35) R caudate R insula (BA13) −3.90 0.0133
(122)–(253) R caudate L cerebellum −3.87 0.0133
(122)–(91) R caudate R PCC (BA31) −3.83 0.0138
(122)–(240) R caudate L cerebellum −3.77 0.0139
(122)–(11) R caudate R SFG (BA9) −3.76 0.0139
(122)–(31) R caudate R PMC (BA6) −3.70 0.0145
(122)–(184) R caudate L AG (BA39) −3.69 0.0145
(214)–(1) L V2 (BA18) R OFC (BA11) −4.20 0.0156
(267)–(193) L brainstem L MTG (BA21) −4.32 0.0164
(260)–(17) L caudate R IFG (BA47) −3.83 0.0165
(260)–(28) L caudate R SMA (BA6) −3.80 0.0165
WDH>WDN
Increased Connectivity
Node Pairs Pair Labels
Numbers Node 1 (BA) Node 2 (BA) T(21) p-FDR
(47)–(51) R SMG (BA40) R TP (BA38) 5.32 0.0075

The numbers refer to the node numbers in the Shen Atlas. See the interactive webpage https://bioimagesuiteweb.github.io/webapp/connviewer.html for
the coordinates of the nodes. The significance threshold was set at FDR-corrected p < 0.0167

ACC: Anterior cingulate cortex, AG: Angular gyrus, BA: Brodmann area, FG: Fusiform gyrus, FP: Frontal pole, IFG: Inferior frontal gyrus, ITG:
Inferior temporal gyrus, MTG: Middle temporal gyrus, OFC: Orbitofrontal cortex, PCC: Posterior cingulate cortex, PMC: Premotor cortex, S1: Primary
somatosensory cortex, SFG: Superior frontal gyrus, SFS: Superior frontal sulcus, SMA: Supplementary motor area, SMG: Supramarginal gyrus, STG:
Superior temporal gyrus, TP: Temporal pole, V2: Secondary visual area, VA: Visual association area,WDH/N:Wilson disease hepatic/neurologic group

Note: Nodes 131/133/267 and 129/266 correspond to pons and medulla, respectively
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findings (Jing et al. 2019). The caudate also showed reduced
FC with parietal and cerebellar nodes in theWDN group com-
pared to controls. Notably, neurological disease severity neg-
atively correlated with the inferior frontal-cerebellar FC in the
WDN group consistent with previous reports of cerebellar
dysfunction in WD (Hu et al. 2017; Jing et al. 2019).
Tremor and dystonia were also most common neurological
manifestations in our WDN group, both of which are associ-
ated with cerebellar dysfunction (Bareš et al. 2019). The FC
alterations in the WDH group displayed a different pattern.
Specifically, the diffusely increased hippocampal FC in the
WDH compared to the control group was unexpected and its
neurobiological significance is elusive. Reduced hippocampal
FC has been reported in cirrhotic patients with MHE com-
pared to those without MHE and controls (García-García
et al. 2018; Lin et al. 2019). On the other hand, non-cirrhotic
patients with PBC compared to controls were found to have
increased hippocampal FC with the putamen, thalamus, and
frontotemporal regions, which was also associated with treat-
ment response (Mosher et al. 2017). Increased astrocytosis in
the hippocampus has been shown in rodent models of copper
toxicity (Kalita et al. 2018; Terwel et al. 2011). Interestingly,
in a mouse model of WD, despite astrocytosis, hippocampal
synapses were structurally intact, in fact, the level of presyn-
aptic marker synaptophysin was slightly increased, perhaps
reflecting a compensatory mechanism (Terwel et al. 2011).
These findings suggest that copper deposition may impair
synaptic transmission in the hippocampus leading to abnormal
FC. Finally, both WDH and WDN compared to controls
showed increased FC of the premotor/superior frontal nodes.
The location of these nodes overlaps with that of the cortical
thinning suggesting that changes in regional cortical architec-
ture result in aberrant FC.

Our findings may also have prognostic and management
implications. While it is generally accepted that once WD is
diagnosed treatment must be initiated, optimal strategies for
treatment and outcome monitoring are lacking. Though treat-
ment can prevent the progression of neurologic disease, some
individuals with advanced disease may have irreversible
changes. In a longitudinal study, anti-copper treatment was
found to be effective in improving the clinical and radiograph-
ic profile (e.g., atrophy, focal lesions) in 71% of 50 patients
with WD. Patients with extensive white matter involvement
and severe diffuse atrophy demonstrated a poor prognosis
despite treatment (Sinha et al. 2007). Reliable structural im-
aging parameters may better identify those most likely to ben-
efit from treatment. The treatment of WD patients with neu-
rological signs remains a source of uncertainty, as copper
chelation is known to worsen neurological function in some
drug-naïve patients, sometimes irrevocably. Early neurologi-
cal worsening with anti-copper treatment was observed in
11.1% of 143 patients involving only those who had neuro-
logical signs at diagnosis, and was associated with a higher

prevalence of thalamic and brainstem lesions on MRI (Litwin
et al. 2015). A recent study measured the acute toxicity and
chronic damage in the brain in WD patients with WDN and
WDH subgroups at baseline and after two years of anti-copper
treatment using different MRI sequences and a visual MRI
rating scale. A significant correlation was found only between
chronic damage (driven by the brain atrophy scores) and
UWDRS III scores in the WDN subgroup at baseline and
follow-up. Consistent with previous reports, oneWDN patient
whose neurological condition worsened after treatment also
developed extensive white matter lesions (Dusek et al.
2020). All of these reports emphasize the role of brain MRI
assessments in monitoring the treatment response in WD.
Here, we further highlight this role by demonstrating detailed
quantitative assessments of brain atrophy not only in WDN
but also in WDH using readily available and fully automated
segmentation methods.

We think that our findings have critical implications for
clinical trials and therapeutic considerations inWD. Our study
along with others in the literature suggests that perhaps brain
involvement is inevitable and should be expected at any stage
inWD as our observation of white matter atrophy in theWDH
group indicates. Therefore, in addition to the clinical charac-
terization of the hepatic and neurological WD phenotypes, it
may be important to obtain a baseline T1-weighted MRI (e.g.,
MPRAGE) scan of the brain for volumetric analysis before the
initiation of treatment. We would further suggest repeating
these scans and analyses (e.g., annually) along with longitu-
dinal clinical follow-up. These scans could potentially be used
as a biomarker to aid in predicting phenotype conversion and
prognosis for achieving further improvement, and assist with
the monitoring of treatment response. The cross-sectional na-
ture of our study and the relatively small size of our WD
cohort are limitations that prevent us from making longitudi-
nal predictions based on our imaging data. Therefore, further
study of brain imaging in WD at the start of and during the
course of treatment may help determine longitudinal imaging
parameters in this disease, and help establish brain imaging as
a useful biomarker for WD.

Conclusions

Our cross-sectional study shows structural and functional
brain changes even in neurologically non-manifesting WD
patients. These findings imply that longitudinal brain MRI
scans combined with quantitative volumetric analyses may
be valuable for further prognostic assessments and optimiza-
tion of treatment strategies in WD.
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