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Abstract
Background and Objectives
Noninvasive and accurate biomarkers of neurologic Wilson disease (NWD), a rare inherited
disorder, could reduce diagnostic error or delay. Excessive subcortical metal deposition seen on
susceptibility imaging has suggested a characteristic pattern in NWD. With submillimeter
spatial resolution and increased contrast, 7T susceptibility-weighted imaging (SWI)may enable
better visualization of metal deposition in NWD. In this study, we sought to identify a dis-
tinctive metal deposition pattern in NWDusing 7T SWI and investigate its diagnostic value and
underlying pathophysiologic mechanism.

Methods
Patients with WD, healthy participants with monoallelic ATP7B variant(s) on a single
chromosome, and health controls (HCs) were recruited. NWD and non-NWD (nNWD)
were defined according to the presence or absence of neurologic symptoms during in-
vestigation. Patients with other diseases with comparable clinical or imaging manifesta-
tions, including early-onset Parkinson disease (EOPD), multiple system atrophy (MSA),
progressive supranuclear palsy (PSP), and neurodegeneration with brain iron accumulation
(NBIA), were additionally recruited and assessed for exploratory comparative analysis. All
participants underwent 7T T1, T2, and high-resolution SWI scanning. Quantitative sus-
ceptibility mapping and principal component analysis were performed to illustrate metal
distribution.

Results
We identified a linear signal intensity change consisting of a hyperintense strip at the lateral
border of the globus pallidus in patients with NWD. We termed this feature “hyperintense
globus pallidus rim sign.” This feature was detected in 38 of 41 patients with NWD and was
negative in all 31 nNWD patients, 15 patients with EOPD, 30 patients with MSA, 15 patients
with PSP, and 12 patients with NBIA; 22 monoallelic ATP7B variant carriers; and 41 HC. Its
sensitivity to differentiate betweenNWD andHCwas 92.7%, and specificity was 100%. Severity
of the hyperintense globus pallidus rim sign measured by a semiquantitative scale was positively
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correlated with neurologic severity (ρ = 0.682, 95% CI 0.467–0.821, p < 0.001). Patients with NWD showed increased
susceptibility in the lenticular nucleus with high regional weights in the lateral globus pallidus and medial putamen.

Discussion
The hyperintense globus pallidus rim sign showed high sensitivity and excellent specificity for diagnosis and differential
diagnosis of NWD. It is related to a special metal deposition pattern in the lenticular nucleus in NWD and can be considered as a
novel neuroimaging biomarker of NWD.

Classification of Evidence
The study provides Class II evidence that the hyperintense globus pallidus rim sign on 7T SWI MRI can accurately diagnose
neurologic WD.

Introduction
Wilson disease (WD), also known as hepatolenticular de-
generation, is a rare inherited autosomal recessive disorder
caused by variants in ATP7B, leading to pathologic copper
accumulation mainly in the liver and brain.1 WD patients with
neurologic manifestations such as parkinsonism, dysarthria,
and postural tremor are classified as neurologic WD (NWD).2-
4 Early diagnosis of NWD is crucial because early treatment can
prevent irreversible neurologic sequelae. However, delayed
diagnosis of NWD is common5,6 because its phenotypic
manifestations often overlap with other neurologic disorders.

Although brain MRI is routinely included in the diagnostic
approach of WD,7 we still lack a neuroimaging feature with
high sensitivity and specificity. Most patients with NWD show
T2 hyperintensities in the basal ganglia, thalamus, and/or
brainstem because both lenticular nucleus and tectal plate
signal changes have been reported to be present in approxi-
mately 75% of patients with NWD.8,9 Another recognized
feature, “face of the giant panda” sign, was only observed in
14.3%–27.3% of patients with NWD.9,10 These signal
changes, however, have been reported in other metabolic
diseases and infectious diseases.11,12 Although WD is pri-
marily characterized by an abnormal copper metabolism,
postmortem studies have found excessive accumulation of
both copper and iron in the putamen, caudate nucleus, and
dentate nucleus.13,14 MRI studies using susceptibility-
weighted imaging (SWI), quantitative susceptibility map-
ping (QSM), and T2* sequences have also reported excessive
metal deposition in the globus pallidus and putamen.15-19

Nevertheless, clinical application of these quantitative se-
quences is currently limited by the lack of standardized
scanning processes and quantitative parameters. Although
pathologic studies have revealed different microscopic pat-
terns of iron deposition in WD and other neurologic disor-
ders,20 it remains unclear as to whether the macroscopic metal
deposition pattern of NWD, especially in the basal ganglia, is
distinct from that observed in other diseases with brain metal
accumulation.

With submillimeter spatial resolution and increased tissue
contrast, susceptibility imaging in ultra-high-field 7T MRI is
superior to 3 T MRI.21,22 7T MRI has proven to be a feasible
tool in the visualization of the nigrosome 123 and the central
vein sign,24 both of which are useful in guiding disease di-
agnosis. Taken together, 7T SWI may be used to identify a
distinctive pattern of metal deposition in NWD, which could
increase the accuracy of NWD diagnosis. No such study has
been conducted to date.

Using 7T MRI, we conducted a cross-sectional diagnostic
study including patients with NWD, non-NWD (nNWD)
patients, monoallelic ATP7B variant carriers, and healthy
controls (HCs). We aim to identify a novel imaging feature,
which related to the distinctive pattern of metal deposition of
NWD, to accurately diagnose NWD. On successful identifi-
cation, we investigated its diagnostic value and correlation
with neurologic severity of NWD. In addition, we performed a
preliminary exploratory analysis in patients with comparable
clinical or imaging manifestations, including early-onset Par-
kinson disease (EOPD), multiple system atrophy (MSA),

Glossary
AIC = Akaike information criterion; EOPD = early-onset Parkinson disease; GAS = Global Assessment Scale; HC = healthy
control;MPAN = mitochondrial membrane protein-associated neurodegeneration;MSA = multiple system atrophy;MSA-C =
MSA-cerebellar type; MSA-P = MSA-parkinsonian type; NBIA = neurodegeneration with brain iron accumulation; NWD =
neurologic WD; nNWD = non-NWD; PCA = principal component analysis; PKAN = pantothenate kinase-associated
neurodegeneration; PLAN = phospholipase A2-associated neurodegeneration; PSP = progressive supranuclear palsy; QSM =
quantitative susceptibility mapping; SWI = susceptibility-weighted imaging; UWDRS = Unified Wilson’s Disease Rating Scale;
WD = Wilson disease.
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progressive supranuclear palsy (PSP), and neurodegeneration
with brain iron accumulation (NBIA),25-27 to examine the
specificity of this pattern of metal deposition. QSM and
principal component analysis (PCA) were performed to il-
lustrate the underlying pathophysiologic mechanism.

Methods
Participants
This study was conducted between May 2021 and June 2023.
Participants were recruited from 2 movement disorder cen-
ters and 2 hepatology centers in China, with all assessments
and scanning procedures being performed at Beijing Tiantan
Hospital.

The inclusion criteria were (1) patients withWD: patients with
diagnosis ofWD according to the European Association for the
Study of the Liver guidelines7 with Leipzig score ≥4, genetic
analysis showed at least 1 disease-causing ATP7B variant; (2)
monoallelic ATP7B variant carriers: first-degree relatives
(parents, siblings, and children) ofWD patients with 1 or more
disease-causing ATP7B variants on a single chromosome, and
without hepatic, neurologic, or psychiatric disorders that may
lead to the diagnosis of WD; (3) HC: healthy individuals
verified by routine physical examination, age-matched and sex-
matched with patients with WD; (4) other disease groups:
patients with diagnosis of EOPD (age at onset before 4025),
MSA, and PSP according to their respective clinical diagnostic
criteria,28-30 and patients with clinical evidence for NBIA and
verified by genetic testing.27 Details of the inclusion and ex-
clusion criteria are presented in the eMethods.

Patients with WDwere divided into 2 groups, the NWD group
and the nNWD group, according to the presence or absence of
neurologic dysfunction at the time of investigation.2,3 Patients
with NWD were further classified into different subgroups
based on their clinical (active or stable) and treatment (drug-
naive, non–drug-naive) status. According to a previous study
active NWD was defined as the onset of neurologic symp-
tom(s) or neurologic deterioration in the preceding 6 months,
whereas drug-naive patients with NWD were defined as pa-
tients who had never been treated with chelating agents and
zinc salts.31

All patients with WD and their first-degree relatives underwent
laboratory and ophthalmic examinations, structured rating scales
including the Global Assessment Scale (GAS) for WD32 and the
UnifiedWilson’s Disease Rating Scale (UWDRS),33 and ATP7B
variant analysis. Details of the clinical evaluation and ATP7B
variant analysis can be found in the eMethods.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved and supervised by the Institutional
Review Board of Beijing Tiantan Hospital, Capital Medical
University and was conducted in accordance with the

Declaration of Helsinki. All participants and/or their guard-
ians provided written informed consent.

MRI Data Acquisition
All participants underwent 7T with high-resolution SWI
scanned with the following parameters: transverse scan, ac-
quisition voxel = 0.3 × 0.3 × 1.2 mm3, 104 slices, time to echo
= 12 milliseconds, repetition time = 19 milliseconds, flip angle
= 14°, acceleration factor = 3, and scan time = 6:47. The raw
MRI k-space data of SWI were saved for quantitative analysis
(details in the Image Postprocessing section). Other MRI
scans included T1-weighted and T2-weighted imaging (de-
tails in the eMethods).

Image Evaluation
Following the neuroimaging evaluation of patients with WD,
monoallelic ATP7B variant carriers, and HC, we identified a
linear hyperintensity strip at the lateral border of the globus
pallidus and a hypointense signal of the globus pallidus and
putamen in patients with NWD on the SWI images. We
termed this feature “hyperintense globus pallidus rim sign”
(Figure 1A).

The presence of the hyperintense globus pallidus rim sign was
defined as a linear pseudohyperintense signal at the lateral
border of the globus pallidus due to the hypointense signal of
the globus pallidus and putamen, observed in more than 50%
of the length of the lateral border of the globus pallidus on at
least 3 serial planes of axial SWI images, starting from the
thalamus level above the red nucleus, substantia nigra, and
subthalamic nucleus and moving rostrally.

The hyperintense globus pallidus rim sign was rated on both
sides according to the following criteria: a score of 0 when
hyperintensity of the lateral border of the globus pallidus is
invisible; a score of 1 when hyperintensity of the lateral border
of the globus pallidus is visible, along with an unclear or
discontinuous boundary and a mild increase in the signal of
the lateral border of the globus pallidus and internal border of
the putamen; a score of 2 when the hyperintensity of the
lateral border of the globus pallidus is visible, with a clear and
continuous boundary and a profound increase in the signal of
the lateral border of the globus pallidus and internal border of
the putamen (Figure 1B). The hyperintense globus pallidus
rim sign was considered positive with a score of 1 or above on
either side of the basal ganglia.

We additionally evaluated the presence of T2/SWI hypo-
intensity34 to assess the metal deposition in the NWD,
nNWD, monoallelic ATP7B variant carriers, EOPD, MSA,
PSP, NBIA, and HC groups. Full evaluation criteria are in-
cluded in the eMethods.

Two neurologists, both with more than 5 years of experience
in brain MRI, independently determined the presence of the
imaging features and the rating of the hyperintense globus
pallidus rim sign. The targeted images were entered into a
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database and presented in anonymized and randomized
manners, thereby ensuring that the 2 raters were blinded to
the clinical diagnosis. For cases with inconsistent ratings,
consensus decisions were achieved after discussion.

Image Postprocessing
As degeneration in the basal ganglia can lead to overlapping
parkinsonian symptoms among patients with NWD, EOPD,
MSA, and PSP, and increased susceptibility in the basal gan-
glia has been reported in these diseases,25,26 we performed
QSM analysis in the NWD, nNWD, EOPD, MSA, PSP, and
HC groups.

QSM was reconstructed using the multiscale dipole inversion
method from the single-echo gradient-echo data35 in

MATLAB (version R2020b; MathWorks, Natick, MA). The
quantitative magnetic susceptibility (with the unit of parts per
million) was extracted in the regions of interest including the
globus pallidus and putamen. Voxel-wise PCA was performed
on MNI-space QSM data. The comparisons were made be-
tween various disease groups (NWD, nNWD, EOPD, MSA,
and PSP) and HC group, as well as between NWD group and
MSA and PSP groups, respectively. Details of the QSM and
PCA are shown in the eMethods.

Full image assessment procedures are presented in Figure 2.

Statistical Analysis
Statistical analysis was performed using SPSS (version 26.0;
IBM, Chicago, IL). First, the Shapiro-Wilk test was used to

Figure 1 Diagram and Scoring Criteria of the Hyperintense Globus Pallidus Rim Sign

(A) A diagram of the hyperintense globus pallidus rim sign
with a linear hyperintensity (arrow) at the lateral border of
the globus pallidus and a hypointense signal of the globus
pallidus and putamen on the axial SWI image of the basal
ganglia. (B) Scoring criteria of the hyperintense globus pal-
lidus rimsign showNWDpatientswith a scoreof 2 (B.a.) and a
score of 1 (B.b.) on both sides, andHC (B.c.) and EOPDpatient
(B.d.) with a score of 0 on both sides. EOPD = early-onset
Parkinson disease; HC = healthy control; NWD = neurologic
Wilson disease; SWI = susceptibility-weighted imaging.

4 Neurology | Volume 102, Number 12 | June 25, 2024 Neurology.org/N
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assess the normality of the continuous variables. Given the
nonnormal distribution of the continuous variables, they are
reported as median (interquartile range). The Mann-Whitney
U test and Kruskal-Wallis test with Bonferroni correction for
multiple comparisons were used for the 2-group analysis and
the multigroup analysis, respectively. Categorical variables are
presented as frequencies and percentages and were compared
using the χ2 test. Interobserver reliability was calculated using
the Cohen κ coefficient and Kendall τ correlation coefficient
for the identification of the imaging features (hyperintense
globus pallidus rim sign and T2/SWI hypointensity) and the
hyperintense globus pallidus rim sign scoring criteria, re-
spectively. Diagnostic sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value were calculated
according to the fourfold table. Correlation between the
UWDRS scores and hyperintense globus pallidus rim sign
scores was assessed using Spearman correlation. Owing to
age-related increase36 and treatment-related decrease15 of
iron deposition, age, disease duration, and treatment duration
were then regressed out from the hyperintense globus pallidus
rim sign scores, and the correlation between the residuals and
UWDRS scores was further tested. The false discovery rate
was used for multiple comparison correction. p < 0.05 was
considered significant.

Data Availability
Anonymized data supporting the findings of this study are
available from the corresponding author on reasonable
request.

Results
Demographic and Clinical Characteristics
A total of 211 participants underwent MRI, with 2 patients
with NWD, 1 monoallelic ATP7B variant carrier, and 1 HC
excluded because of incomplete SWI acquisitions. A total of
207 participants, including 72 patients with WD (41 NWD
patients, 31 nNWD patients), 22 monoallelic ATP7B variant
carriers, 15 patients with EOPD, 30 patients with MSA (15
MSA-parkinsonian type [MSA-P], 15 MSA-cerebellar type
[MSA-C]), 15 patients with PSP, 12 patients with NBIA, and
41 HC were included in the final analysis (eFigure 1).

The demographic and clinical measures of patients with WD
and HC are presented in Table 1. No significant differences in
age (p = 0.533) and sex (p = 0.054) were found among
patients with NWD, nNWD patients, and HC. Patients with
NWD had significantly lower Mini-Mental State Examination

Figure 2 Flowchart of the Image Assessment Procedures

First, all participants underwent 7TMRI scanning including high-resolution SWI, T1, and T2 sequences. Second, a novel imaging feature, termed “hyperintense
globus pallidus rim sign,”was identified based on images obtained from patients with NWD, nNWD patients, monoallelic ATP7B variant carriers, and HC. This
novel imaging feature was subsequently evaluated in other diseases, including EOPD, MSA, PSP, and NBIA. T2/SWI hypointensity was also assessed in the
NWD, nNWD, monoallelic ATP7B variant carrier, HC, EOPD, MSA, PSP, and NBIA groups. Meanwhile, a semiquantitative scale was developed based on the
severity of the hyperintense globus pallidus rim sign for correlation analysis. Finally, quantitative susceptibility mapping and principal component analysis of
the putamen and globus pallidus were performed. EOPD = early-onset Parkinson disease; HC = healthy control; MSA = multiple system atrophy; NBIA =
neurodegeneration with brain iron accumulation; NWD = neurologic Wilson disease; nNWD = nonneurologic Wilson disease; PSP = progressive supranuclear
palsy; SWI = susceptibility-weighted imaging.
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scores compared with nNWD patients (p = 0.02) and HC (p
< 0.001), with no significant difference between the NWD
and nNWD groups (p = 0.121). Both NWD and nNWD
groups had no significant differences in disease and anti-
copper treatment duration (p = 0.918, p = 0.968). The de-
mographic and clinical features of all participants are
presented in eTables 1 and 2.

A total of 63 different ATP7B variants were detected in the 72
patients with WD and 22 monoallelic ATP7B variant carriers.
The top 3 most common variants were c.2333G>T (27.9%),
c.2975C>T (11.6%), and c.2621C>T (5.8%) in the NWD
group, and c.2333G>T (21.0%), c.2621C>T (11.3%),
c.2975C>T (6.5%), and c.3316G>A (6.5%) in the nNWD
group. Frequencies of all identified ATP7B variants are listed
in eTable 3.

Diagnostic Sensitivity and Specificity of the
Hyperintense Globus Pallidus Rim Sign
The interrater reliability between observers was excellent for
the identification of the hyperintense globus pallidus rim
sign in the NWD, nNWD, monoallelic ATP7B variant car-
rier, EOPD, MSA-P, MSA-C, PSP, NBIA, and HC groups (κ
= 0.920). The hyperintense globus pallidus rim sign was
detected in 38 of the 41 patients with NWD and was absent
in all the nNWD, EOPD, MSA-P, MSA-C, PSP, and NBIA
patients; monoallelic ATP7B variant carriers; and HC
(Figures 3 and 4). Detailed information of the 3 NWD pa-
tients with negative hyperintense globus pallidus rim sign is
presented in eTable 4. The diagnostic sensitivity, specificity,
accuracy, positive predictive value, and negative predictive

value between patients with NWD and HC were 92.7%,
100.0%, 96.3%, 100%, and 93.2%, respectively. T2/SWI
hypointensity was observed in 97.6% of patients with NWD,
19.4% of nNWD patients, 31.8% of monoallelic ATP7B
variant carriers, 40% of patients with EOPD, 100% of pa-
tients with MSA-P, 93.3% of patients with MSA-C, 100% of
patients with PSP, 91.7% of patients with NBIA and was
absent in all HC (κ = 0.919). The differential diagnostic
sensitivity of T2/SWI hypointensity between patients with
NWD and EOPD was 97.6%, and the differential diagnostic
specificity was 60%.

Analysis of Active vs Stable and Drug-Naive vs
Non–Drug-Naive NWD Subgroups
Demographic, clinical, and imaging measures of NWDpatient
subgroups are presented in Table 2. The active NWD (n =
22) and drug-naive NWD (n = 10) groups had significantly
shorter disease and treatment duration as well as significantly
higher GAS forWD andUWDRS scores when compared with
the stable NWD (n = 19) and non–drug-naive NWD groups
(n = 31), respectively. The hyperintense globus pallidus
rim sign was detected in all active patients with NWD and
drug-naive patients with NWD, with diagnostic sensitivity,
specificity, accuracy, positive predictive value, and negative
predictive value all of 100%.

Scoring of the Hyperintense Globus Pallidus
Rim Sign and Correlation Analysis in Patients
With NWD
Scoring of the hyperintense globus pallidus rim sign showed
high interrater reliability (Kendall τ b = 0.876). eTable 5

Table 1 Demographic and Clinical Features of Patients With NWD, nNWD Patients, and HC

NWD nNWD HC p Value

n 41 31 41 —

Age, y 27.0 (21.0–34.0) 30.0 (22.0–37.0) 27.0 (24.0–36.5) 0.533a

Sex, male/female 30/11 14/17 24/17 0.054b

MMSE 29.0 (28.0–30.0) 30.0 (29.0–30.0) 30.0 (30.0–30.0) <0.001a

Disease duration, y 3.0 (1.2–11.0) 3.0 (1.8–7.0) — 0.918c

Treatment duration of chelating agents and/or zinc salts, y 1.2 (0.1–8.5) 1.5 (0.5–7.0) — 0.968c

Treatment

Chelating agents (D-penicillamine, dimercaptosuccinic acid) 27 (68.3) 21 (67.7) — 0.866b

Zinc salts 26 (65.9) 19 (61.3) — 0.854b

GAS for WD 13.0 (9.5–20.0) 4.0 (2.0–5.0) — <0.001c

UWDRS 16.0 (9.0–41.5) 0.0 (0.0–0.0) — <0.001c

Kayser-Fleischer ring 36 (87.8) 17 (54.8) — 0.002b

Abbreviations: GAS for WD = Global Assessment Scale for Wilson disease; HC = healthy control; MMSE = Mini-Mental State Examination; NWD = neurologic
Wilson disease; nNWD = nonneurologic Wilson disease; UWDRS = Unified Wilson’s Disease Rating Scale.
a Kruskal-Wallis test.
b χ2 test.
c Mann-Whitney U test.
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presents the distribution of the hyperintense globus pallidus
rim sign score in patients with NWD. We established positive
correlations between the hyperintense globus pallidus rim
sign scores and the UWDRS scores in the NWD group (ρ =
0.682, 95% CI 0.467–0.821, p < 0.001) and in the NWD
subgroups (ρ = 0.556, 95% CI 0.177–0.802, p = 0.006 in the
active NWD group; ρ = 0.563, 95% CI 0.132–0.815, p = 0.012
in the stable NWD group; ρ = 0.756, 95% CI 0.221–0.941, p =
0.011 in the drug-naive NWD group; ρ = 0.639, 95% CI
0.358–0.814, p < 0.001 in the non–drug-naive NWD group).

Following regression of age, disease duration, and treatment
duration, positive correlations were found between the hy-
perintense globus pallidus rim sign scores and the UWDRS
scores in the NWD group (ρ = 0.874, 95% CI 0.770–0.932,
p < 0.001) and in the NWD subgroups (ρ = 0.918, 95% CI
0.804–0.967, p < 0.001 in the active NWD group; ρ = 0.635,
95% CI 0.240–0.849, p = 0.004 in the stable NWD group; ρ =
0.964, 95% CI 0.843–0.992 p < 0.001 in the drug-naive NWD
group; ρ = 0.803, 95% CI 0.621–0.903, p < 0.001 in the
non–drug-naive NWD group) (eFigure 2).

Figure 3 SWI Images of the Basal Ganglia in the NWD, nNWD, and HC Groups

Axial 7T SWI images of the basal ganglia in typical
patients with NWD (A.a.-A.f.), age-matched HC
(B.a.-B.f.) and nNWD patients (C.a.-C.f.). The hy-
perintense globus pallidus rim sign is only ob-
served in patients with NWD. HC = healthy
control; NWD = neurologic Wilson disease; nNWD
= nonneurologic Wilson disease; SWI = suscepti-
bility-weighted imaging.
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Quantitative Susceptibility Mapping Analysis
in the NWD, nNWD, EOPD, MSA-P, MSA-C, PSP,
and HC Groups
We compared the QSM values of the globus pallidus and
putamen between all patient groups and HC, and between the
NWD group and nNWD, EOPD, MSA-P, MSA-C, and PSP
groups (Figure 5A, eTable 6). Patients with NWD showed in-
creased susceptibility in the bilateral globus pallidus and putamen
compared with nNWD patients, patients with EOPD, and HC,
whereas no significant differences in susceptibility in the globus
pallidus and putamen were found between nNWD patients and
HC. Patients with MSA-P and PSP demonstrated significantly
higher susceptibility in the globus pallidus and putamen com-
pared with HC, whereas no significant difference was found
among patients with NWD, MSA-P, MSA-C, and PSP.

Principal Component Analysis of QSM in
Lenticular Nucleus
In the comparison between patients with NWD and HC,
according to the Akaike information criterion (AIC)model, the
PC 1 accounted for 64.7% of the variance, which effectively
separated between the NWD and HC participants’ pattern
subject scores, with NWD participants consistently displaying
higher subject scores than their HC counterparts (p < 0.00001)
(eFigure 3A). Patients with NWD demonstrated higher QSM
values in the medial putamen and lateral globus pallidus
compared with HC. In the comparison between patients with
MSA-P and HC, based on the AIC model, the PC 1 accounted
for 68.7% of the variance and showed a clear separation be-
tween MSA-P and HC participants’ pattern subject scores.
MSA-P participants consistently had higher subject scores
compared with HC participants (p < 0.00001) (eFigure 3B).
Patients with MSA-P showed higher QSM values in the lateral
and caudal putamen compared with HC. In the comparison
between patients with MSA-C and HC, based on the AIC
model, the PC 1 accounted for 69.5% of the variance, which
effectively distinguished between MSA-C and HC participants’
pattern subject scores, with MSA-C participants consistently
showing higher scores than HC counterparts (p = 0.00001)
(eFigure 3C). MSA-C participants exhibited higher QSM val-
ues in the caudal putamen compared with HC. In the com-
parison between patients with PSP and HC, according to the
AIC model, the PC 1 accounted for 75.8% of the variance,
which effectively distinguished between PSP and HC partici-
pants’ pattern subject scores, with PSP participants consistently
showing higher scores than HC counterparts (p < 0.00001)
(eFigure 3D). PSP participants exhibited higher QSM in the
medial and caudal putamen compared with HC. We found no
significant differences of pattern scores between nNWD pa-
tients and HC and between patients with EOPD and HC (p =
0.60395 and p = 0.75838, respectively). Of note, the PC 1
varied across different group comparisons, indicating distinct
PCs. Voxel-based PCA of QSM values in patients with NWD,
MSA-P, MSA-C, and PSP compared with HC, respectively, are
shown in Figure 5B. Additional analyses of comparisons

Figure 4 SWI Images of the Basal Ganglia in theMonoallelic
ATP7B Variant Carriers, EOPD, MSA-P, MSA-C, PSP,
and NBIA Groups

Axial 7T SWI images of the basal ganglia show negative hyperintense globus
pallidus rim sign in monoallelic ATP7B variant carriers (A.a.-A.c.), EOPD pa-
tients (B.a.-B.c.), MSA-P patients (C.a.-C.c.), MSA-C patients (D.a.-D.c.), PSP
patients (E.a.-E.c.), and NBIA patients (F.a.-H.c.). EOPD = early-onset Par-
kinson disease; MSA-C = multiple system atrophy-cerebellar type; MSA-P =
multiple systematrophy-parkinsonian type; NBIA = neurodegenerationwith
brain iron accumulation; PSP = progressive supranuclear palsy; SWI = sus-
ceptibility-weighted imaging.
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between patients with NWD and patients with MSA-P, MSA-
C, and PSP can be found in eAppendix 1.

Classification of Evidence
The study provides Class II evidence that the hyperintense
globus pallidus rim sign on 7T SWI MRI can accurately di-
agnose neurologic WD.

Discussion
In this cross-sectional diagnostic study, we identified a dis-
tinctive pattern of metal deposition in NWD using 7T SWI,
termed “hyperintense globus pallidus rim sign,” which dem-
onstrated excellent diagnostic performance. It was observed in
38 of the 41 patients with NWD and was absent in all patients
with nNWD, EOPD, MSA, PSP, and NBIA, as well as mon-
oallelic ATP7B variant carriers and HC in our study. More-
over, the scoring criteria of the hyperintense globus pallidus
rim sign proved useful in monitoring neurologic severity of
NWD. QSM and PCA showed excessive metal deposition in
the lenticular nucleus with high regional weights in the lateral
globus pallidus and medial putamen in patients with NWD,
implying a special metal deposition pattern of NWD.

The hyperintense globus pallidus rim sign demonstrated ex-
cellent diagnostic sensitivity and specificity (92.7% and 100%,

respectively). Although efforts have been made to identify
specific imaging characteristics of WD, such as the “face of the
giant panda,” “miniature panda,” “split thalamus,” “bright
claustrum,” and “whorl” signs, these features have been as-
sociated with edema, demyelination, gliosis, and brain atro-
phy, all of which are common among neurodegenerative or
metabolic diseases.8-10 T2/SWI hypointensity was also
detected in nNWD, EOPD, MSA, PSP, and NBIA patients,
indicating its low diagnostic specificity compared with the
hyperintense globus pallidus rim sign. In addition, we found
high prevalence of the hyperintense globus pallidus rim sign in
drug-naive NWD subgroups, reflecting its high diagnostic
efficacy. As brainMRI is used in the current diagnostic process
of NWD,7 the novel hyperintense globus pallidus rim sign can
improve the diagnostic accuracy of NWD.

Although WD is inherited in an autosomal recessive manner,
between 1% and 39.9% of patients were found with only 1
pathogenicATP7B variant,37,38 andmany novel variants are yet
to be discovered.37 In our study, the hyperintense globus pal-
lidus rim sign was positive in the only 1 NWD patient with
monoallelic ATP7B variants and was negative in all 22 mono-
allelic ATP7B variant carriers. For individuals with monoallelic
ATP7B variants, the genetic test alone may be insufficient to
make a definitive diagnosis. The hyperintense globus pallidus
rim sign can thus assist in the diagnosis of these cases.

Table 2 Demographic, Clinical, and Imaging Features of the NWD Subgroups

Active NWD Stable NWD p Value Drug-naive NWD Non–drug-naive NWD p Value

n 22 19 — 10 31 —

Age, y 25.0 (20.8–29.0) 31.0 (21.0–37.0) 0.091a 23.0 (19.8–28.8) 29.0 (24.0–36.0) 0.066a

Sex, male/female 19/3 11/8 0.04b 7/3 23/8 0.795b

MMSE 29.0 (28.0–30.0) 29.0 (28.0–30.0) 0.863a 29.0 (28.0–30.0) 29.0 (28.0–30.0) 0.589a

Disease duration, y 1.4 (0.9–3.0) 10.0 (4.0–15.0) <0.001a 1.3 (0.9–3.0) 5.0 (2.0–13.0) 0.009a

Treatment duration of chelating agents
and/or zinc salts, y

0.2 (0.0–0.7) 6.0 (3.0–15.0) <0.001a 0.0 (0.0–0.0) 3.0 (0.7–13.0) <0.001a

Treatment

Chelating agents (D-penicillamine,
dimercaptosuccinic acid)

10 (45.5) 17 (89.5) 0.003b 0 (0.0) 27 (87.1) <0.001b

Zinc salts 11 (50.0) 15 (78.9) 0.055b 0 (0.0) 26 (83.9) <0.001b

GAS for WD 18.0 (13.0–26.0) 11.0 (9.0–13.0) <0.001a 18.5 (14.5–26.8) 12.0 (9.0–17.0) 0.028a

UWDRS 36.0 (15.5–46.5) 10.0 (5.0–15.0) <0.001a 33.0 (18.5–50.0) 14.0 (8.0–36.0) 0.031a

Kayser-Fleischer ring 21 (95.5) 15 (78.9) 0.107b 9 (90.0) 27 (87.1) 0.807b

Serum ceruloplasmin, mg/L 32.0 (22.9–48.6) 36.1 (25.9–63.2) 0.553a 31.2 (20.5–39.8) 36.0 (26.5–64.9) 0.325a

Hyperintense globus pallidus rim sign 22 (100.0) 16 (84.2) 0.053b 10 (100.0) 28 (90.3) 0.307b

T2/SWI hypointensity 22 (100.0) 18 (94.7) 0.276b 10 (100.0) 30 (96.8) 0.565b

Abbreviations: GAS for WD = Global Assessment Scale for Wilson disease; MMSE = Mini-Mental State Examination; NWD = neurologic Wilson disease; SWI =
susceptibility-weighted imaging; UWDRS = Unified Wilson’s Disease Rating Scale.
a Mann-Whitney U test.
b χ2 test.
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We also established a semiquantitative scoring criterion,
termed “hyperintense globus pallidus rim sign score,” and
confirmed its positive correlation with UWDRS scores in
patients with NWD. Therefore, apart from its high diagnostic
accuracy, the hyperintense globus pallidus rim sign could also
be used as a reliable biomarker for the monitoring of neuro-
logic impairment.

Anatomically, the linear hyperintensity at the lateral border of
the globus pallidus likely corresponds to the external medul-
lary lamina, which consists of white matter fiber bundles be-
tween the globus pallidus and the putamen.39,40 The presence
of the hyperintense globus pallidus rim sign could be related
to (1) a pseudohyperintensity change due to contrast of signal
intensity between the external medullary lamina and its ad-
jacent structures, i.e., the lenticular nucleus, and (2) hyper-
intensity change of the external medullary lamina itself due
to impairments such as edema or gliosis. However, as the

external medullary lamina is a thin structure, with a width of
less than 0.6 mm, regional QSM or fiber tracking analysis
could not be performed on this particular area. We instead
examined the susceptibility change and metal distribution
pattern of its adjacent structures.

Increased susceptibility in the globus pallidus and putamen in
patients with NWD compared with nNWD patients and HC
was observed, with similar results found in previous
studies.41,42 A post mortem 7T MRI and histopathologic
study confirmed both copper and iron deposition in the
putamen and copper deposition in the globus pallidus of
NWD, and established positive correlations between the R2*
value and iron (rather than copper) concentrations of the
globus pallidus and putamen.13 Another 9.4 T MRI study
reported positive correlations between QSM values and
copper concentrations in the primary motor cortex, sensori-
motor cortex, amygdaloid nucleus, hippocampus, corpus

Figure 5 Comparison of QSM Values and PCA of QSM in the Lenticular Nucleus

(A) Comparison of QSM values of the
NWD, nNWD, EOPD, MSA-P, MSA-C,
PSP, and HC groups. (B) Regional
weights of the QSM component in the
NWD, MSA-P, MSA-C, and PSP groups
compared with HC, respectively. The
colors represent the region-specific
weights on each component. EOPD =
early-onset Parkinson disease; GP =
globus pallidus; HC = healthy control;
L = left; MSA-C = multiple system at-
rophy-cerebellar type; MSA-P = multi-
ple system atrophy-parkinsonian type;
NWD = neurologic Wilson disease;
nNWD = nonneurologic Wilson dis-
ease; PCA = principal component
analysis; PSP = progressive supra-
nuclear palsy; PU = putamen; QSM =
quantitative susceptibility mapping;
R = right. *p < 0.05 and **p < 0.001.
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striatum, and cerebellum in a mouse model.43 As these studies
had different magnetic fields, species, and brain regions of
interest, additional in vitro and in vivo studies on the re-
lationship between imaging and histopathology measure-
ments are required. Nonetheless, both copper and iron
deposition should be accounted when interpreting the current
QSM results in patients with NWD.

We found lower susceptibility values in the globus pallidus and
putamen in patients with EOPD compared with patients with
NWD, and no significant differences were found among pa-
tients with NWD, MSA-P, MSA-C, and PSP. As the hyperin-
tense globus pallidus rim sign was absent in all nNWD, EOPD,
MSA-P,MSA-C, and PSP patients despite altered susceptibility
values in our study, it could be hypothesized that the existence
of this pseudohyperintensity change may be attributed to 2
mechanisms: (1) excessive metal deposition in the lenticular
nucleus revealed by its increased susceptibility values and (2)
abnormal metal distribution in a particular region of the len-
ticular nucleus adjacent to the external medullary lamina, with
relatively milder iron deposition in the external medullary
lamina. To validate this hypothesis, we performed PCA of
QSM values in the lenticular nucleus. A specific metal distri-
bution pattern characterized by excessive metal deposition in
the lenticular nucleus with high regional weights in both lateral
globus pallidus and medial putamen was established in patients
with NWD. By contrast, patients with MSA-P, MSA-C, and
PSP demonstrated high regional weights mostly in the caudal
putamen and not in the globus pallidus. For the NBIA group,
although these patients were not included in the QSM analysis
because of limited sample size, we observed hypointensity of
the globus pallidus in NBIA patients with PLA2G6, C19orf12,
or PANK2 variants compared withHC. As discussed in a recent
review, while WD, phospholipase A2-associated neuro-
degeneration (PLAN), mitochondrial membrane protein-
associated neurodegeneration (MPAN), and pantothenate
kinase-associated neurodegeneration (PKAN) all showed ex-
cessive iron deposits in the globus pallidus macroscopically,
their microscopic patterns and presumably also pathophysio-
logic mechanisms of iron deposits were different: for WD, iron
was deposited in macrophages and astrocytes; for MPAN and
PKAN, in astrocytes, macrophages, and neurons; and for
PLAN, in macrophages.20 Thus, we may conclude that the
hyperintense globus pallidus rim sign reflects a pseudohyper-
intense signal of the external medullary lamina due to excessive
metal accumulation in the lenticular nucleus, especially in the
lateral globus pallidus and medial putamen, indicating a specific
metal distribution pattern in the lenticular nucleus of NWD.
However, whether the external medullary lamina itself is in-
volved in the pathophysiologic mechanism of NWD is war-
ranted in further investigation.

Consistent with our observation that the hyperintense globus
pallidus rim sign reflected neurologic severity, we found
it absent in all nNWD patients, with no significant difference of
susceptibility found between nNWD patients and HC. How-
ever, other researchers have reported increased susceptibility

value in the right globus pallidus of hepaticWD compared with
HC and no significant difference between NWD and hepatic
WD.44 This discrepancy could be attributed to the limited
number of cases and different definitions and disease stages of
the patient subgroups. As nNWD may represent an earlier
stage of NWD without neurologic impairment, whether the
hyperintense globus pallidus rim sign can be detected in the
current cohort of nNWD patients who later develop neuro-
logic symptoms requires validation in further longitudinal
study.

For patients with NWD with negative hyperintense globus
pallidus rim sign, 2 of the 3 patients received long-term treat-
ment at an early stage of the disease andwere experiencingmild
clinical symptoms during this study. The third patient, who was
also under treatment and had mild neurologic impairment with
a UWDRS score of 2, exhibited a trend resembling the hy-
perintense globus pallidus rim sign with a hypointense signal in
the anterior putamen forming a linear hyperintensity less than
half of the lateral border of the globus pallidus. A previous study
has demonstrated both imaging (measured by corrected phase
values of the putamen and globus pallidus) and clinical
(assessed by the modified Young scale) recovery after metal
chelating treatment,15 which may influence the appearance of
the hyperintense globus pallidus rim sign. As the hyperintense
globus pallidus rim sign was observed in all drug-naive patients
with NWD, it could have higher diagnostic accuracy in drug-
naive NWD. Further longitudinal studies will be essential to
examine the treatment effect on this feature.

Several limitations should be noted. First, as a cross-sectional
study, alterations of the hyperintense globus pallidus rim sign
in patients with NWD due to treatment effect and in nNWD
patients who later develop neurologic symptoms require
further verification in cohort studies. Second, confined by the
current analysis approach, regional susceptibility and fiber
analysis could not be performed on the linear hyperintensity
signal area. As well, the number of asymptomatic patient with
WD identified through family screening was small (3 in this
study), and future studies will require larger patient pop-
ulation. Imaging characteristics of patient subgroups with
pure psychiatric symptoms and with liver failure also deserve
particular emphasis. Finally, as a single-center study, our im-
aging protocols require validation in multicenter studies using
different MRI scanners and sequence parameters. More re-
search on the contraindications of 7TMRI in human studies is
warranted. Meanwhile, despite the increased utilization of 7T
systems in the past decade, its availability is still rather limited
compared with scanners of lower magnetic field intensities
such as 1.5 and 3 T. Thus, investigations of the presence of the
hyperintense globus pallidus rim sign at lower magnetic field
intensities are needed.

In conclusion, our study identified a distinctive pattern of
metal deposition, termed the “hyperintense globus pallidus
rim sign,” which may serve as an effective neuroimaging
biomarker for the diagnosis, differential diagnosis, and
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monitoring of the neurologic impairment of NWD using SWI
at 7T. It revealed a unique pattern of metal deposition in the
lenticular nucleus of patients with NWD. Further pathologic
studies are warranted to elucidate the pathogenetic mecha-
nisms of our findings.
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