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Abstract

Introduction To determine whether brain volume was associated with functional and neurological impairments and with copper
overload markers in patients with Wilson’s disease.

Methods In 48 treatment-naive patients, we assessed functional and neurological impairments with the Unified Wilson’s Disease
Rating Scale, measured normalized brain volumes based on magnetic resonance images, and assessed concentration of non-
ceruloplasmin-bound copper. We correlated brain volume measures with functional and neurological impairment scores and
copper overload indices.

Results Functional and neurological impairments correlated with all brain volume measures, including the total brain volume and
the volumes of white matter and gray matter (both peripheral gray matter and deep brain nuclei). Higher non-ceruloplasmin-
bound copper concentrations were associated with greater functional and neurological impairments and lower brain volumes.
Conclusions Our findings provided the first in vivo evidence that the severity of brain atrophy is a correlate of functional and
neurological impairments in patients with Wilson’s disease and that brain volume could serve as a marker of neurodegeneration

induced by copper.

Keywords Wilson’s disease - Unified Wilson’s disease rating scale - Volumetric MRI

Introduction

Wilson’s disease (WD) is an autosomal recessive disorder
caused by mutations in the gene that encodes ATPase 7B
(ATP7B), the membrane-bound copper transporter [1]. This
enzyme, expressed in the liver, plays a central role in copper
trafficking. It delivers copper to apoceruloplasmin and ex-
cretes excess dietary copper into the bile [2]. In WD, dysfunc-
tion of ATP7B leads to hypoceruloplasminemia and
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insufficient copper removal from liver cells, which results in
liver injury; consequently, copper is released into the blood in
the form of non-ceruloplasmin-bound copper (NCC), which
accumulates and causes damage to other tissues, particularly
the brain [2]. Thus, patients with WD present with hepatic
and/or neurological symptoms and may have corneal copper
deposits (Kayser-Fleisher rings) [1, 2].

On brain magnetic resonance images (MRIs) of patients with
WD, bilateral T2-hyperintensities are typically observed in the
deep brain structures [3—5], and widespread brain atrophy is also
commonly observed [5—7]. Compared to healthy controls, brains
of patients with WD display reduced volumes in the caudate
nuclei, globi pallidi, thalami, cerebellum, and cerebral cortex
[8]. Previous research has shown that brain volume correlates
with clinical impairment in different neurological diseases. In
multiple sclerosis, whole brain volume, the volumes of gray
and white matter, and thalamic volume correlate with disease
severity [9]. In Alzheimer’s disease, hippocampal volume is re-
lated to cognitive function [10], and motor impairment is related
to whole brain volume and the volume of gray matter in patients
with progressive supranuclear palsy [11]. In this study, we aimed
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to determine whether a similar relationship is observed in WD.
To that end, we correlated brain volume measures with function-
al and neurological impairments, assessed using the Unified
Wilson’s Disease Rating Scale (UWDRS), [12, 13] in a relative-
ly large group of treatment-naive patients with WD. We also
investigated whether brain atrophy was associated with indices
of copper overload.

Methods
Participants

In this cross-sectional study, we analyzed prospectively col-
lected data of 48 patients with WD. We included consecutive
treatment-naive adult patients diagnosed with WD in our de-
partment, after the introduction of a consistent brain imaging
protocol, between December 2011 and December 2016. WD
was diagnosed and classified into one of three clinical pheno-
types (i.e., presymptomatic, predominantly hepatic, and pre-
dominantly neurological) according to international recom-
mendations [14]. In addition, patients with the neurological
phenotype were further classified based on the predominant
neurological syndrome type based on classifications described
by Marsden [15] and Oder et al. [16], i.e., tremor (including
patients with predominant tremor and ataxia), parkinsonism
(including rigidity, rest tremor and hypokinesia), and dystonia
(including choreoathetosis) [17]. Disease duration was de-
fined as the time from first hepatic or neurological symptoms,
which did not prompt a diagnostic work-up, to the time of
diagnosis. The presence of corneal copper deposits in either
eye (the Kayser-Fleischer ring) was determined by an ophthal-
mologist in a slit-lamp examination. The study was approved
by the Bioethics Committee of the Institute of Psychiatry and
Neurology, Warsaw. We included only data of patients that
provided signed consent to use their clinical and laboratory
data for research purposes.

Rating of neurological and functional impairment

Before treatment initiation, the UWDRS [12, 13] was used to
rate functional impairment (UWDRS_FI, items 2—11; part 2 of
the UWDRS), with respect to activities of daily living, and
neurological impairment (UWDRS NI, items 12-35; part 3 of
the UWDRS). On both subscales, higher scores indicated
greater impairments.

Copper metabolism
Serum concentrations of copper were measured by
atomic absorption spectrophotometry, and serum cerulo-

plasmin concentrations were measured in an enzyme-
based colorimetric assay [18]. The concentration of
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NCC was calculated according to a standard formula:
NCC (pg/dl) =total serum copper (pg/dl) — 3.15 X serum
ceruloplasmin (mg/dl) [1].

Image acquisition and image analysis

All images were acquired according to a consistent proto-
col with a 1.5-T magnetic resonance imaging scanner
(Achieva, Phillips, 8-channel head coil; see Suppl.
Table 1 for sequence parameters). Based on the T1-
weighted axial images, we estimated normalized brain
volume (NBV), white matter (WM), gray matter (GM),
peripheral gray matter (PGM), and ventricular cerebrospi-
nal fluid (vCSF) with the cross-sectional version of
Structural Image Evaluation using Normalization of
Atrophy (SIENAX) provided in the Functional Magnetic
Resonance Imaging of the Brain (FMRIB) software li-
brary [19]. Because some scans did not provide complete
brain coverage, all SIENAX analyses were performed
within a predefined range of standard space-Z coordinates
(MNI space-Z coordinates between —60 mm and 60 mm,;
~95% of brain volume coverage, Suppl. Fig. 1). As MRI
scans were not acquired prospectively with a consistent
positioning protocol, in each case, we manually specified
the center of gravity and used eye removal in the brain
extraction step of SIENAX (options -¢ and -S). For all
analyses, we used volumes that were normalized for head
size by multiplying non-normalized volumes by subject-
specific skull-scaling factors, derived with SIENAX [19,
20]. We calculated the brain parenchymal fraction (BPF)
according to the following formula: BPF = NBV/(NBV +
vCSF volume). The volumes of the thalami, caudate nu-
clei, globi pallidi, and putamina were estimated with
FMRIB’s Integrated Registration and Segmentation Tool
(FIRST) (Suppl. Fig. 1) according to a protocol optimized
for two-dimensional images [21]. The total volume of
these structures was used to estimate the volume of deep
gray matter (DGM). In all cases, the results of brain image
extraction and segmentation were visually inspected for
quality control.

Statistical analysis

Correlations between clinical measures, brain volumes, and
laboratory measures were calculated with the Spearman rank
correlation coefficient, rho; correlations were considered
weak for rho <0.3, moderate for 0.3 <7ho < 0.6, and strong
for rho >0.6. To control for the effects of sex and age at diag-
nosis, we calculated partial Spearman correlation coefficients
(rho,) and performed an analysis of covariance (ANCOVA).
ANCOVAs were used to compare brain measures between
sexes. The significance level was set at p < 0.05 (two-tailed).
All analyses were performed with R (v3.3.2) software.



Neurol Sci (2019) 40:2089-2095

2091

Results
Characteristics of participants

Demographic, clinical, and laboratory characteristics of
participants are presented in Table 1. The mean age was
33.4 years and 54% were males. Approximately half
(48%) of the patients studied had a predominantly neu-
rological WD phenotype, with 6 patients exhibiting no
symptoms. As expected, median serum ceruloplasmin
concentrations were below the normal range, whereas
mean NCC concentrations were above the upper limit
of normal (15 pg/dL).

Relationship between brain volume parameters
and age or sex

Age was significantly associated with decreased brain
volume for NBV, BPF, GM, WM, PGM, and DGM
but not for vCSF volume (Suppl. Table 2). Compared

to women, men had a significantly lower age-adjusted
volume of DGM (p=0.002) and a significantly higher
volume of VvCSF (p=0.044), and showed a trend of
lower BPF values, although the difference was not sta-
tistically significant (p =0.05). The remaining brain pa-
rameters did not differ significantly between sexes.
None of the brain volumes correlated significantly with
disease duration, also when corrected for sex and age
(data not shown).

Relationship between brain volume and functional
and neurological impairments

Neurological impairment, rated on the UWDRS NI scale,
correlated strongly with NBYV, the BPF, and the vCSF
volume (Fig. la—c). There were moderate correlations be-
tween the UWDRS NI scores and the volumes of WM,
GM, PGM, and DGM (Fig. 1g—j). Similarly, functional
impairment, rated on the UWDRS FI scale, correlated
with all the analyzed brain volumes (Table 2).

Table 1 Demographic, clinical,

and laboratory characteristics of Characteristic

Mean =+ SD, unless otherwise stated

48 patients with Wilson’s disease
Mean age, years

Gender, male, N (%)

Mean disease duration, years
Predominantly hepatic
Predominantly neurological

Disease phenotype, N (%)
Presymptomatic
Predominantly hepatic

Predominantly neurological

333741228
26 (54)

3.00+£247
5.33+6.98

6(12)
19 (40)
23 (48)

Predominant neurological form, N (% of patients with neurological symptoms)

Ataxia/tremor
Parkinsonism
Dystonia
Unclassified

Kayser-Fleischer rings,
Presymptomatic, N (%)
Predominantly hepatic, N (%)

Predominantly neurological, N (%)

Median UWDRS NI score (range)
Median UWDRS FI score (range)

Serum ceruloplasmin concentration, mg/dl; normal range: 25-45 mg/dl
Total serum copper concentration, pg/dl; normal range: 70-140 pg/dl

Non-ceruloplasmin-bound copper concentration, pg/dl

Corneal copper deposits, N (%)

10 (43)
8 (35)
4(17)
1)

1(17)
7 (58)
23(100)

5 (0-46)

0 (0-14)
13.6+7.10%
59.57+£21.27
16.05+10.6°
36 (75)

*We excluded data that were not acquired in our laboratory (one patient)

®We excluded data that were not acquired in our laboratory (one patient) and data of one patient with non-
ceruloplasmin-bound copper concentration that was over 5 standard deviations above the mean (73.4 ng/dl)
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Importantly, nearly all correlations between the brain vol-  impairments remained significant after controlling for age

ume measures and scores of neurological and functional and sex (rho, values, Table 3).
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<« Fig. 1 Relationships between brain volume measures, neurological
impairment, and copper metabolism in patients with Wilson’s disease. a—
¢ Representative brain magnetic resonance images of three patients with
Wilson’s disease with different UWDRS NI scores (UWDRS part 3).
Images show that increasing brain atrophy is associated with increasing
neurological impairment (higher UWDRS NI scores). d—j Spearman
rank correlation coefficients are shown for neurological impairment,
based on UWDRS NI scores, plotted against the NBV, BPF, and
volumes of vCSF, WM, GM, PGM, and DGM. k, 1 Spearman rank
correlation coefficients are shown for UWDRS NI scores plotted against
NCC, BPF, and the volume of vCSF. All correlation coefficients are non-
parametric; regression lines indicate the direction of each relationship.
UWDRS_NI Unified Wilson’s Disease Rating Scale—neurological impair-
ment; NBV normalized brain volume; BPF brain parenchymal fraction;
VvCSF ventricular cerebrospinal fluid; GM gray matter; WM white matter;
PGM peripheral gray matter; DGM deep gray matter; » Spearman’s rank
correlation coefficient. In one patient, brain segmentation into total GM and
WM volume was unsatisfactory, possibly due to severe brain atrophy; thus,
this patient’s GM and WM data were excluded from the analysis

Relationship between copper metabolism, functional
and neurological impairments, and brain volume

The NCC concentration was negatively correlated with both
UWDRS FI and UWDRS_ NI scores (rho=—10.295, p=
0.046 and rho=-0.315, p=0.033, respectively; age- and
sex-adjusted rho,=—0.318, p=0.035 and rho,=—0.382,
p=0.011, respectively). We found that the NCC concentration
was significantly associated with the BPF (770 =—0.389, p =
0.008) and the vCSF volume (rho = 0.420, p = 0.004; Fig. 1k
and 1). These correlations remained significant after control-
ling for age and sex (%0, =—0.456, p =0.002 for BPF; rho-
»=0.475, p=0.001 for vCSF). In addition, after controlling
for age and sex, trends indicated that NCC could be associated
with PGM (70, =—0.295, p=0.052). The remaining brain
volume measures were not significantly associated with
NCC (data not shown). We did not find any significant rela-
tionship between the analyzed brain volume measures and
serum concentrations of ceruloplasmin or total copper.

Discussion

This study for the first time investigated the relationship be-
tween brain volumes and disease severity and copper metab-
olism in WD. Our findings showed that the volumes of all the
major brain structures correlated with functional and

neurological impairments in treatment-naive patients with
WD. In addition, brain volume could be viewed as a marker
of copper-induced neurodegeneration due to in WD, because
lower brain volume was observed in patients with higher NCC
concentrations.

Previous studies have attempted to investigate the relation-
ship between neuroimaging results and the degree of neurolog-
ical impairment in WD. However, they did not use validated
tools, and/or they included heterogeneous patient samples (e.g.,
patients treated with different agents) [7, 22, 23]. In particular,
previous studies did not investigate whether the severity of
brain atrophy was related to the functional and neurological
states of patients with WD or to NCC. Moreover, except for
the study by Stezin [8], previous studies assessed brain atrophy
in WD subjectively (presence vs. absence) [6, 7, 23]. We ad-
dressed these issues by evaluating neurological and functional
states with a disease-specific clinical scale (UWDRS) and by
quantitatively measuring brain volumes (with SIENAX and
FIRST tools) in treatment-naive patients with WD.

In our study, the total brain volume and the WM and GM
volumes (both PGM and DGM; Fig. 1d—j) showed comparable
relevance to the functional and neurological states of patients.
This finding was consistent with the diffuse nature of brain
atrophy described in patients with WD [5, 6, 9]. A likely expla-
nation might be that copper accumulates equally in all brain
regions in patients with WD [24], which leads to damage in
both WM and GM; indeed, neuronal loss, axonal disruption,
and multifocal demyelination are potential causes of brain atro-
phy [25, 26]. Moreover, in an earlier study, we found that great-
er neurological impairment severity in WD was associated with
decreased retinal nerve fiber layer thickness [27]. That finding
led us to suspect that, in WD, brain volume might be correlated
with retinal nerve fiber layer thickness, as it is, for instance, in
multiple sclerosis [28]. The strong correlation we found be-
tween brain volume and neurological and functional states sug-
gested that brain volume measures could potentially become
valuable endpoints in clinical trials in WD. This approach could
decrease the sample size needed to demonstrate a treatment
effect. However, measuring the effect would require longitudi-
nal analyses to show that changes in brain volume over time
were correlated with changes in the clinical state.

Similar to earlier studies, we found that age was associ-
ated with decreasing volumes of all the studied brain com-
partments [29, 30]. Also, in our study, male sex was a risk

Table 2 Spearman rank

correlation coefficients for NBV BPF vCSF GM WM PGM DGM
associations between functional

impairment scores and brain UWDRS —0.388 —0.622 0.634 —0.236 -0.399 -0.325 —0.458
volume measures in patients with FI p=0006 p<0.0001 p<0.0001 p=0110 p=0005 p=0024 p=0.001

Wilson’s disease

UWDRS FIUnified Wilson’s Disease Rating Scale—functional impairment, NBV normalized brain volume, BPF
brain parenchymal fraction, vCSF ventricular cerebrospinal fluid, GM gray matter, WM white matter, PGM
peripheral gray matter, DGM deep gray matter
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Table 3 Partial Spearman rank

correlation coefficients (40, for NBV BPF vCSF GM WM PGM DGM

associations between functional

and neurologica] impairrnent UWDRS_FI —0.383 —0.609 0.623 -0.236 -0.390 -0.297 —0.442

scores and brain volume measures p=0.009  p<0.0001 p<0.0001 p=0.118 p=0.008 p=0.045 p=0.002

(corrected for age and sex) UWDRS_~ —0.559 ~0.674 0.677 ~0359  —0.540  —0392  —0.468
NI p<0.0001 p<0.0001 p<0.0001 p=0.015 p<0.001 p=0.007 p=0.001

UWDRS NI Unified Wilson’s Disease Rating Scale—neurological impairment, UWDRS FI Unified Wilson’s
Disease Rating Scale—functional impairment, NBV normalized brain volume, BPF brain parenchymal fraction,
vCSF ventricular cerebrospinal fluid, GM gray matter, WM white matter, PGM peripheral gray matter, DGM deep

gray matter

factor for decreased DGM and increased vCSF volumes.
This added to our previous findings in WD that males, more
frequently than females, showed neuroimaging abnormalities
[6] and had a higher risk of developing neurological symp-
toms [31]. However, in this study, we could not find a fea-
sible explanation for the inter-sex differences regarding the
two brain volumes. First, these differences were not found in
healthy individuals in a previous study that employed a sim-
ilar method [32]. Second, deep brain nuclei were shown to
be affected in WD to the same extent in both sexes [6].
Thus, further research is needed to evaluate deep brain nu-
clei in WD.

Copper toxicity is the key pathogenic mechanism in WD,
and we showed herein that it was also related to brain atrophy
and neurological and functional impairments at diagnosis.
Indicators of total brain volume (i.e., BPF) and vCSF volume
were significantly negatively and positively correlated, re-
spectively, with the NCC concentration, which is typically
elevated in untreated patients with WD. Similarly, PGM vol-
ume tended to be lower in patients with higher NCC
concentrations.

Our study had limitations. First, it was retrospective, which
in principle, can lead to selection bias, data inhomogeneity,
and missing data. However, we collected neuroimaging and
clinical data in our cohort in a prospective manner according
to a standardized protocol. Therefore, we could retrieve data
relevant to this study for all consecutive patients examined
during the studied period. To preserve the homogeneity of
data, we did not include copper metabolism data from patients
treated with anti-copper agents or any data that were not ac-
quired in our center. Second, in statistical terms, the study
sample was small; however, WD is rare, and our sample of
treatment-naive patients was relatively large in comparison to
earlier studies on WD. Third, the measurement of NCC
concentration—one of the serum copper overload indices—
was not standardized, which could lead to different findings
between different laboratories [33]. However, all measure-
ments of ceruloplasmin and copper in our study were consis-
tently conducted in the same laboratory. Lastly, we did not
assess cognitive function, which could be related to brain vol-
ume in WD.
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In conclusion, our findings provided the first in vivo evi-
dence that the severity of brain atrophy is an important correlate
of neurological and functional impairments in patients with
WD. Our findings also suggested that brain volume can serve
as a marker of copper toxicity. In the future, longitudinal studies
should be conducted to determine whether brain volume chang-
es over time correlate with the changes in the clinical state.
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