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Objectives: Magnetic susceptibility changes in brain MRI of Wilson’s disease (WD) patients have been described in subcortical nuclei especially the basal ganglia. The objectives of this study were to investigate its relationship with other microstructural and functional alterations of the subcortical nuclei and the diagnostic utility of these MRI-related metrics.

Methods: A total of 22 WD patients and 20 healthy controls (HCs) underwent 3.0T multimodal MRI scanning. Susceptibility, volume, diffusion microstructural indices and whole-brain functional connectivity of the putamen (PU), globus pallidus (GP), caudate nucleus (CN), and thalamus (TH) were analyzed. Receiver operating curve (ROC) was applied to evaluate the diagnostic value of the imaging data. Correlation analysis was performed to explore the connection between susceptibility change and microstructure and functional impairment of WD and screen for neuroimaging biomarkers of disease severity.

Results: Wilson’s disease patients demonstrated increased susceptibility in the PU, GP, and TH, and widespread atrophy and microstructural impairments in the PU, GP, CN, and TH. Functional connectivity decreased within the basal ganglia and increased between the PU and cortex. The ROC model showed higher diagnostic value of isotropic volume fraction (ISOVF, in the neurite orientation dispersion and density imaging model) compared with susceptibility. Severity of neurological symptoms was correlated with volume and ISOVF. Susceptibility was positively correlated with ISOVF in GP.

Conclusion: Microstructural impairment of the basal ganglia is related to excessive metal accumulation in WD. Brain atrophy and microstructural impairments are useful neuroimaging biomarkers for the neurological impairment of WD.
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Introduction

Wilson’s disease (WD) is an autosomal recessive inherited disorder of copper metabolism caused by mutations in the ATP7B gene. The ATP7B gene encodes a transmembrane copper-transporting ATPase; the mutation in this gene in WD leads to copper accumulation mainly in the liver and brain (Czlonkowska et al., 2018), resulting in both copper and iron overload (Pak et al., 2021). Previous pathological (Poujois et al., 2017) and quantitative susceptibility mapping (QSM) (Dusek et al., 2021; Ravanfar et al., 2021) studies have demonstrated excessive metal accumulation in the putamen (PU), globus pallidus (GP), caudate nucleus (CN), and thalamus (TH) of WD patients. However, the microstructural and functional alterations of these subcortical nuclei and the diagnostic utility of these measures still remain unclear.

Brain atrophy, microstructural alteration and abnormal functional connectivity of the basal ganglia in WD have been reported in several studies. For example, brain atrophy of the CN, PU, and GP was found to be associated with UWDRS scores (Dusek et al., 2021). With neurite orientation dispersion and density imaging (NODDI), deceased intracellular volume fraction (Vic/ICVF) and increased isotropic volume fraction (Viso/ISOVF) of the basal ganglia (Song et al., 2018) were observed. Functional connectivity between the bilateral CN and fronto-parietal and cerebellar nodes also decreased in neurological WD (Tinaz et al., 2021). However, most of these studies have not comprehensively investigated these impairments and their relationship, or compared their diagnostic value. Meanwhile, pathological studies reported that copper toxicity could cause edema, demyelination and gliosis (Poujois et al., 2017), leading to structural and functional changes in subcortical nuclei. Whether these complicated impairments in WD are related to excessive metal accumulation, which is the crucial pathogenesis of WD, remains unestablished in imaging analysis.

Thus, we performed this multimodal neuroimaging study to: (1) evaluate the metal accumulation in subcortical nuclei of WD patients with QSM; (2) investigate the structural and functional alterations in these nuclei with structural, diffusion and resting-state functional MRI; (3) detect neuroimaging biomarker for diagnosis and monitoring of the disease severity in WD; and (4) explore the relationship between metal accumulation measured by QSM and structural and functional changes. We hypothesized that more severe metal accumulation might be related to more profound structural and functional impairment. This study with multimodal neuroimaging aims to provide novel and comprehensive insights into the mechanism of WD.



Materials and methods


Participants

A total of 22 patients diagnosed with Wilson’s disease were enrolled from Beijing Tiantan Hospital, Capital Medical University between May 2021 and March 2022. We also recruited 20 age- and sex-matched healthy controls without any signs or family history of hepatic, neurological or psychiatric disease. This study was approved and supervised by the ethics committee of the Beijing Tiantan Hospital and was performed in accordance with the Declaration of Helsinki. Written informed consents were obtained. Inclusion criteria for WD patients were: (1) diagnosis of WD according to the Leipzig diagnostic criteria (Ferenci et al., 2003) and verified by genetic testing (details of the genetic test were shown in Supplementary material); (2) currently presented with neurological symptoms with Unified Wilson’s Disease Rating Scale (UWDRS) score >0; (3) no history of other significant neurological or psychiatric disorders; and (4) no history of alcohol and other substance abuse which may cause acquired hepatocerebral degeneration. Exclusion criteria: (1) contraindications for MRI including metal implants or fragments and claustrophobia; and (2) psychological disorder, cognitive impairment or involuntary movements causing the participant to be unable to complete the clinical evaluation or MRI scan.

All WD participants underwent clinical evaluation, including laboratory tests (blood routine examination, liver function and serum ceruloplasmin concentration), ophthalmologic examination for Kayser-Fleischer (K-F) ring, genetic testing and structured rating scales. We applied the Global Assessment Scale (GAS) for WD (Aggarwal et al., 2009) to evaluate the global clinical severity of the disease. Neurological symptoms of WD patients were assessed by UWDRS (Członkowska et al., 2007). Cognitive function test was performed using the Mini-Mental State Examination (MMSE).



Image analysis

The details of image acquisition and image processing are shown in the Supplementary material.

The flowchart of the imaging analysis steps used in this multimodal study is illustrated in Figure 1, and details are provided below. CN, GP, PU and TH ROIs were separately co-registered into different MRI modality (b = 0 image in dMRI, magnitude image in QSM, T1 structural MRI) using the CIT168 atlas. In detail, the linear transform with 6 degrees of freedom between T1 structural MRI and specific MRI modality was generated and saved. The non-linear transform between T1 structural MRI and the Montreal Neurological Institute (MNI) 152 template in FSL was generated and saved. The ROIs were determined from the atlas using the concatenations of these transforms.
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FIGURE 1
Flowchart of the imaging analysis of QSM values (A), grey matter density (B), diffusion microstructure (C), and functional connectivity (D). QSM, quantitative susceptibility mapping; MSDI, multi-scale dipole inversion; VBM, voxel-based morphometry; MNI, Montreal neurological institute; NODDI, neurite orientation dispersion and density imaging; ICVF, intracellular volume fraction; ISOVF, isotropic volume fraction; FC, functional connectivity; CN, caudate nucleus; GP, globus pallidus; TH, thalamus.




QSM images analysis

The multi-echo magnitude and phase images were saved, and QSM was calculated using the multi-scale dipole inversion (MSDI) algorithm (Acosta-Cabronero et al., 2018) by the QSMbox toolbox.1 The customized brain mask was extracted from the T1 structural image and linearly transformed into QSM image space. Susceptibility map with the cerebrospinal fluid as the zero reference was used for QSM statistical analysis. The mean magnetic susceptibility values (with the unit of parts per million or ppm) in the CN, GP, PU and TH were analyzed for each participant.



Gray matter density analysis

The gray matter density (GMD) was calculated with FSL voxel-based morphometry (VBM) (Ashburner and Friston, 2000) pipeline using T1 structural MRI. The smoothed gray matter image in standard space was used for CN, GP, PU, and TH (Forstmann et al., 2014) ROIs gray matter density metric extraction.



dMRI analysis

For diffusion MRI (dMRI) data, image distortion correction was performed using the TOPUP toolbox (Andersson et al., 2003) in FSL (Smith et al., 2004) using the data collected with reversed-phase-encode blips (AP and PA). The diffusion tensor metrics, including diffusion microstructure metrics ICVF (intracellular volume fraction, termed neurite density index) and ISOVF (isotropic volume fraction) from the NODDI model, were analyzed in the CN, GP, PU, and TH.



fMRI imaging analysis

Functional MRI (fMRI) data analysis was performed with the Conn toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012) version 18b and SPM122 running on MATLAB R2020b (MathWorks, Natick, MA, USA). Seed-based functional connectivity analyses were performed at the bilateral CN, GP, PU and TH seeds defined on the mentioned CIT168 atlas.



Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics (Version 25.0) and R (Version 4.1.2). Differences in gender, age, and clinical data between the WD patients and HCs were examined using chi-squared test and two-sample t-test or non-parametric Mann–Whitney test, depending on the data distribution. The ROC curve was applied to evaluate the diagnostic value of the QSM, GMD and ISOVF data using the area under the curve (AUC). Cut-off values of the imaging data were calculated using Youden’s index, which equally weighed sensitivity and specificity. The AUC was compared by DeLong’s test to assess the discriminative power of the ROC models. The mean value of the bilateral nuclei was used in the ROC analysis. Correlation analysis was performed by partial correlation, using age, disease duration and treatment duration as covariates. The significance was set at P < 0.05 with FDR correction (to counter the potential bias in multiple comparisons).




Results


Participant characteristics

All participants completed all the tests. Detailed demographic and clinical information were shown in Table 1. No significant difference in age and gender was found between the two groups. However, the MMSE in WD group was lower than HC group (p = 0.001).


TABLE 1    Demographic and clinical characteristics of participants.
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Quantitative susceptibility mapping

In WD patients, increased susceptibility was observed in the bilateral PU, bilateral GP and right TH, while the CN and left TH did not show significant difference compared with healthy individuals (Figure 2). The AUC of susceptibility of the CN, GP, PU and TH were 0.63 (cut-off value 0.0044, sensitivity 57, specificity 74%), 0.77 (cut-off value 0.0534, sensitivity 67, specificity 84%), 0.78 (cut-off value −0.0055, sensitivity 90, specificity 58%) and 0.62 (cut-off value −0.0146, sensitivity 71, specificity 53%), respectively, (Supplementary Table 1 and Figure 3A). The DeLong’s test found no significant difference in the AUC of the four nuclei (Figure 3D). The UWDRS score was positively correlated with susceptibility of the right PU (r = 0.569, p = 0.034).
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FIGURE 2
Comparison of the QSM (A), GMD (B), and ISOVF (C) values between the WD patients and HCs. QSM, quantitative susceptibility mapping; GMD, gray matter density; ISOVF, isotropic volume fraction; CN, caudate nucleus; GP, globus pallidus; TH, thalamus. *P < 0.05, with FDR correction.
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FIGURE 3
Receiver operating curve (ROC) curve of (A) QSM and (B) ISOVF value of the CN, GP, PU, and TH and inter-group (C) and intra-group (D) comparison of the diagnostic value of ISOVF and QSM values. QSM, quantitative susceptibility mapping; ISOVF, isotropic volume fraction; CN, caudate nucleus; GP, globus pallidus; PU, putamen; TH, thalamus.




Voxel-based morphometry

Wilson’s disease patients showed smaller volumes in the bilateral CN, PU, GP, and TH than HCs (Figure 2). The AUC of GMD of the CN, GP, PU and TH were 0, 0.010, 0.004, and 0.097, respectively (Supplementary Table 1). We established negative correlation between the UWDRS score and volume of the bilateral CN and PU [left CN (r = −0.555, p = 0.026), right CN (r = −0.592, p = 0.016), left PU (r = −0.597, p = 0.030), and right PU (r = −0.507, p = 0.038)] (Table 2).


TABLE 2    Correlation analysis between UWDRS score and GMD and ISOVF values.
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Diffusion microstructural imaging

Wilson’s disease patients had significantly higher ISOVF in the bilateral CN, PU, GP, and TH than HCs (Figure 2). ICVF was lower in the bilateral PU but higher in the bilateral GP when comparing WD patients with HCs. ROC analysis showed AUC of 0.95 (cut-off value 0.4709, sensitivity 86, specificity 89%), 0.86 (cut-off value 0.1153, sensitivity 67, specificity 100%), 0.81 (cut-off value 0.0731, sensitivity 71, specificity 100%), and 0.98 (cut-off value 0.2992, sensitivity 95, specificity 100%) at the CN, GP, PU, and TH, respectively (Supplementary Table 1 and Figure 3B). The AUC of TH was significantly higher than the AUC of GP (p = 0.043) and PU (p = 0.026) (Figure 3D). The UWDRS score was positively correlated with ISOVF of the bilateral CN [left CN (r = 0.558, p = 0.025), right CN (r = 0.606, p = 0.017)], bilateral GP [left GP (r = 0.551, p = 0.027), right GP (r = 0.571, p = 0.033)], right PU (r = 0.458, p = 0.049), and left TH (r = 0.585, p = 0.022). The left PU (r = 0.513, p = 0.050) and right TH (r = 0.487, p = 0.056) showed trend of positive correlation though not reaching statistical significance (Table 2).

The AUC of ISOVF of the CN and TH showed better diagnostic value compared with the AUC of QSM of the CN, GP, PU, and TH. The AUC of ISOVF of the GP was significantly higher than the AUC of QSM of the CN and TH (Figure 3C).



Functional connectivity

Compared with HCs, WD patients had lower FC between the left CN and right CN, and between the right CN and the right PU. Increased FC was detected between the left PU and the left angular gyrus, middle temporal gyrus, middle frontal gyrus, frontal medial cortex, inferior frontal gyrus, frontal pole, frontal orbital cortex, superior frontal gyrus, and decreased connectivity was detected between the left PU and the right PU and left CN. The right PU showed increased connectivity to the right angular gyrus, middle temporal gyrus, middle frontal gyrus, frontal medial cortex, inferior frontal gyrus, frontal orbital cortex, superior frontal gyrus, and decreased connectivity to the left PU and bilateral CN (Figure 4 and Supplementary Table 2). In addition, the WD group showed decreased connectivity between the left GP and the bilateral PU. As for the right GP, decreased connectivity was found between the right GP and the right frontal pole and right PU; increased connectivity was found between the right GP and the left frontal pole. No significant FC change was found for the bilateral TH seed.
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FIGURE 4
Whole-brain functional connectivity of the left (A) and right (B) putamen.




Correlation analysis between QSM and structural and functional measures

Positive correlation was found between QSM values and ISOVF of the bilateral GP in WD (p = 0.045). No significant correlation was found between susceptibility and ISOVF of the CN, PU, and TH, and ICVF, GMD, and FC of the CN, PU, GP, and TH.




Discussion

This study explored the microstructural and functional alterations of subcortical nuclei and their relationship with excessive metal accumulation in WD patients. We observed increased susceptibility at the PU, GP, and TH, widespread atrophy and neurodegeneration at the CN, PU, GP, and TH, decreased connectivity within the basal ganglia and increased connectivity between the PU and cortex in WD patients compared with HCs. The ROC analysis showed higher diagnostic value of ISOVF compared with susceptibility change. Correlation analysis revealed negative correlation between the UWDRS score and volume of the bilateral CN and PU, positive correlation between the UWDRS score and susceptibility of the right PU and ISOVF of the bilateral CN, bilateral GP, right PU, and left TH, and positive correlation between susceptibility and ISOVF of the bilateral GP.

Consistent with previous studies (Yuan et al., 2020; Dusek et al., 2021), we observed increased susceptibility in the bilateral PU, bilateral GP and right TH in WD patients. As for the nature of the susceptibility change of subcortical nuclei in WD patients, both iron and copper accumulation should be taken into consideration. The pathogenesis of WD involves both copper and iron overload (Pak et al., 2021), the majority of intracellular iron is stored as highly paramagnetic ferric iron (Fe3 +) (Dlouhy and Outten, 2013), whereas intracellular copper is stored as Cu + (Scheiber et al., 2017), which is diamagnetic. Previous postmortem MRI and histopathological study of WD patients found correlation between the R2* value and iron instead of copper concentration in the PU and GP, and iron concentration was much higher than the copper concentration in the subcortical nuclei of neurological WD patients (Dusek et al., 2017). Thus, the increased susceptibility in the subcortical nuclei might be mainly attributed to excessive iron deposition. However, the effect of copper deposition should also be considered when interpreting the QSM result. The results of CN remained controversial. While several studies (Yuan et al., 2020; Dusek et al., 2021; Jing et al., 2022) reported higher susceptibility of the CN, pathological and seven-tesla MRI studies suggested no difference or only a slight increase of QSM values in CN in neurological WD patients (Fritzsch et al., 2014; Dusek et al., 2017). The inconsistent results might be caused by the variable disease severity and treatment duration of included participants in different studies. Further longitudinal studies with drug-naïve WD patients would help elucidate the QSM change of caudate. While susceptibility change of the basal ganglia was found to aid the diagnosis of WD (Fritzsch et al., 2014), our current results suggest that it is not the measurement with the highest diagnostic efficacy.

In accordance with the previous study (Song et al., 2018), we reported significant atrophy and increased ISOVF of the bilateral CN, PU, GP, and TH in WD patients. Decreased ICVF in the bilateral PU and increased ICVF in the bilateral GP were also found in WD. Brain atrophy was considered to reflect chronic damage (Dusek et al., 2020, 2021) and increased ISOVF might reflect axonal loss and myelin damage in WD. Higher ICVF in the GP suggests increased neurite and neuronal fiber projections in the GP, which may be explained by a compensatory mechanism.

The ROC analysis showed excellent diagnostic accuracy with AUC ≥ 0.9 (Hosmer and Lemeshow, 2000) of the ISOVF of the basal ganglia and TH. Inter- and intra-group comparison showed higher AUC of ISOVF of TH than the GP and PU, and higher AUC of ISOVF than QSM values. The ISOVF proved a more reliable biomarker with high diagnostic value compared with QSM and GMD. After adjusted for age, disease duration and treatment duration, a higher UWDRS score was found to be associated with decreased volume of the bilateral CN and PU, increased susceptibility of the right PU, and increased ISOVF of bilateral CN, GP, right PU, and left TH. Similar result was reported by Dusek et al. (2021) that volume instead of susceptibility of the PU was considered related to neurological severity (Du and Bydder, 2021). A recent longitudinal study evaluating annualized brain atrophy found significantly higher brain atrophy rate in neurological WD and its correlation with changes in functional and neurological severity (Smolinski et al., 2022). Thus, the volumetric change and ISOVF may be considered reliable biomarkers for monitoring chronic impairment in WD. In summary, ISOVF can be considered a promising neuroimaging biomarker for both diagnosis and monitoring of neurological impairment of WD. As researchers believed that the non-significant correlation between susceptibility and UWDRS score might be explained by treatment effect and myelin changes, the ISOVF from NODDI diffusion microstructural model provides a more direct way for evaluation of demyelination, which was found sensitive to copper toxicity (Du and Bydder, 2021).

Functional analysis showed decreased connectivity inside the basal ganglia and increased connectivity between the PU and cortex. These results are similar to those reported by Hu et al. (2019) with decrease functional connectivity strength in the basal ganglia and TH, and increase functional connectivity strength in the dorsolateral prefrontal cortex found in WD patients. Another study demonstrated decreased FC between the basal ganglia and TH, as well as certain regions of the cortex including the cerebellum, cingulate cortex, and superior medial frontal gyrus in WD (Hu et al., 2021), which differs from the findings presented in our study. In a morphometry study measuring both the volume and shape of the subcortical nucleus in neurological WD, researchers found atrophy of the bilateral PU and CN in subregions projecting to the limbic and executive cortex (Zou et al., 2019), which may reflect functional change between the basal ganglia and the cortex. In other movement disorders such as Parkinson’s disease, increased activity of the cerebellar circuits was found to compensate for impairment of the striatum circuits (Appel-Cresswell et al., 2010). Therefore, in this study, the decreased connectivity between the PU, GP, and CN could reflect impairment of the basal ganglia network, whereas the increased connectivity between the PU and cortex might be a compensation for this impairment.

We further explore the relationship between enhanced mental deposition of the subcortical nuclei and other structural and functional measures in WD patients. Positive correlation between susceptibility and ISOVF of the bilateral GP was found, indicating axonal loss and myelin damage could be related to the excessive metal accumulation at GP. Using mice model, Gong et al. (2020) established significant correlation between the density of neurons and neuroglia and susceptibility. No linear relationship was found between QSM values and gray matter density or functional connectivity of subcortical nuclei. As susceptibility change was found to recover after de-copper treatment (Dusek et al., 2021), the ISOVF and nuclei volume may not respond in the same way. In other words, despite recovery of excessive metal accumulation after de-copper treatment, chronic brain atrophy and neurodegeneration may still exist. A recent study found chronic (iron accumulation and brain atrophy) instead of acute (edema, demyelination, and gliosis) brain damage measured by the Dusek scale (Dusek et al., 2020) could predict neurological deterioration in WD (Ziemssen et al., 2022). Therefore, early diagnosis and treatment are important to WD patients. Still, further longitudinal studies with drug-naïve WD patients would be necessary to confirm the results.

This study has certain limitations. First, the number of participants was limited. Second, this is a cross-sectional study with treated participants. Considering the effect of de-copper therapy on metal accumulation, further longitudinal studies with drug-naïve WD patients are needed to validate our results. However, WD is a rare and treatable disease. During the analysis, we have considered the disease and treatment duration as covariates, and our preliminary results did suggest brain impairment in WD patients, consistent with previous studies. Third, the meaning of altered QSM values in WD patients still needs to be further elucidated by pathological studies.



Conclusion

Overall, this study demonstrated the widespread structural and functional change in the basal ganglia of WD patients. The increased susceptibility, decreased GMD, the neurite microstructural and functional connectivity changes in the basal ganglia may play important roles in the pathogenesis of WD. Microstructure impairment of the basal ganglia, especially ISOVF of the CN and TH, may severe as promising neuroimaging biomarkers for diagnosis and monitoring of the neurological severity of WD. Except for ISOVF of the bilateral GP, no linear relationship was found between susceptibility change and other structural and functional changes. Further longitudinal studies with drug-naïve WD patients would be necessary to confirm the results.
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1     https://gitlab.com/acostaj/QSMbox

2     www.fil.ion.ucl.ac.uk/spm/software/spm12/


References

Acosta-Cabronero, J., Milovic, C., Mattern, H., Tejos, C., Speck, O., and Callaghan, M. F. (2018). A robust multi-scale approach to quantitative susceptibility mapping. NeuroImage 183, 7–24. doi: 10.1016/j.neuroimage.2018.07.065

Aggarwal, A., Aggarwal, N., Nagral, A., Jankharia, G., and Bhatt, M. (2009). A novel Global Assessment Scale for Wilson’s Disease (GAS for WD). Mov. Disord. 24, 509–518. doi: 10.1002/mds.22231

Andersson, J. L. R., Skare, S., and Ashburner, J. (2003). How to correct susceptibility distortions in spin-echo echo-planar images: Application to diffusion tensor imaging. NeuroImage 20, 870–888. doi: 10.1016/S1053-8119(03)00336-7

Appel-Cresswell, S., De La Fuente-Fernandez, R., Galley, S., and Mckeown, M. J. (2010). Imaging of compensatory mechanisms in Parkinson’s disease. Curr. Opin. Neurol. 23, 407–412. doi: 10.1097/WCO.0b013e32833b6019

Ashburner, J., and Friston, K. J. (2000). Voxel-based morphometry–the methods. NeuroImage 11, 805–821. doi: 10.1006/nimg.2000.0582

Czlonkowska, A., Litwin, T., Dusek, P., Ferenci, P., Lutsenko, S., Medici, V., et al. (2018). Wilson disease. Nat. Rev. Dis. Primers 4:21. doi: 10.1038/s41572-018-0018-3

Członkowska, A., Tarnacka, B., Möller, J., Leinweber, B., Bandmann, O., Woimant, F., et al. (2007). Unified Wilson’s Disease Rating Scale - a proposal for the neurological scoring of Wilson’s disease patients. Neurol. Neurochirur. Polska 41, 1–12.

Dlouhy, A. C., and Outten, C. E. (2013). The iron metallome in eukaryotic organisms. Metal Ions Life Sci. 12, 241–278. doi: 10.1007/978-94-007-5561-1_8

Du, J., and Bydder, G. M. (2021). Brain atrophy is a better biomarker than susceptibility for evaluating clinical severity in wilson disease. Radiology 299, 673–674. doi: 10.1148/radiol.2021210106

Dusek, P., Bahn, E., Litwin, T., Jablonka-Salach, K., Luciuk, A., Huelnhagen, T., et al. (2017). Brain iron accumulation in Wilson disease: A post mortem 7 Tesla MRI - histopathological study. Neuropathol. Appl. Neurobiol. 43, 514–532. doi: 10.1111/nan.12341

Dusek, P., Lescinskij, A., Ruzicka, F., Acosta-Cabronero, J., Bruha, R., Sieger, T., et al. (2021). Associations of brain atrophy and cerebral iron accumulation at MRI with clinical severity in wilson disease. Radiology 299, 662–672. doi: 10.1148/radiol.2021202846

Dusek, P., Smolinski, L., Redzia-Ogrodnik, B., Golebiowski, M., Skowronska, M., Poujois, A., et al. (2020). Semiquantitative scale for assessing brain MRI abnormalities in wilson disease: A validation study. Mov. Disord. 35, 994–1001. doi: 10.1002/mds.28018

Ferenci, P., Caca, K., Loudianos, G., Mieli-Vergani, G., Tanner, S., Sternlieb, I., et al. (2003). Diagnosis and phenotypic classification of Wilson disease. Liver Int. 23, 139–142. doi: 10.1034/j.1600-0676.2003.00824.x

Forstmann, B. U., Keuken, M. C., Schafer, A., Bazin, P.-L., Alkemade, A., and Turner, R. (2014). Multi-modal ultra-high resolution structural 7-Tesla MRI data repository. Sci. Data 1:140050. doi: 10.1038/sdata.2014.50

Fritzsch, D., Reiss-Zimmermann, M., Trampel, R., Turner, R., Hoffmann, K., and Schäfer, A. (2014). Seven-tesla magnetic resonance imaging in Wilson disease using quantitative susceptibility mapping for measurement of copper accumulation. Investig. Radiol. 49, 299–306. doi: 10.1097/RLI.0000000000000010

Gong, N.-J., Dibb, R., Pletnikov, M., Benner, E., and Liu, C. (2020). Imaging microstructure with diffusion and susceptibility MR: Neuronal density correlation in Disrupted-in-Schizophrenia-1 mutant mice. NMR Biomed. 33:e4365. doi: 10.1002/nbm.4365

Hosmer, D. W., and Lemeshow, S. (2000). Applied logistic regression, 2nd Edn. Hoboken, NJ: Wiley-Interscience. doi: 10.1002/0471722146

Hu, S., Wu, H., Xu, C., Wang, A., Wang, Y., Shen, T., et al. (2019). Aberrant coupling between resting-state cerebral blood flow and functional connectivity in Wilson’s disease. Front. Neural Circ. 13:25. doi: 10.3389/fncir.2019.00025

Hu, S., Xu, C., Dong, T., Wu, H., Wang, Y., Wang, A., et al. (2021). Structural and functional changes are related to cognitive status in Wilson’s disease. Front. Hum. Neurosci. 15:610947. doi: 10.3389/fnhum.2021.610947

Jing, X.-Z., Yuan, X.-Z., Li, G.-Y., Chen, J.-L., Wu, R., Yang, L.-L., et al. (2022). Increased magnetic susceptibility in the deep gray matter nuclei of Wilson’s disease: Have we been ignoring atrophy? Front. Neurosci. 16:794375. doi: 10.3389/fnins.2022.794375

Pak, K., Ordway, S., Sadowski, B., Canevari, M., and Torres, D. (2021). Wilson’s disease and iron overload: Pathophysiology and therapeutic implications. Clin. Liver Dis. 17, 61–66. doi: 10.1002/cld.986

Poujois, A., Mikol, J., and Woimant, F. (2017). Wilson disease: Brain pathology. Handb. Clin. Neurol. 142, 77–89. doi: 10.1016/B978-0-444-63625-6.00008-2

Ravanfar, P., Loi, S., Syeda, W., Van Rheenen, T., Bush, A., Desmond, P., et al. (2021). Systematic review: Quantitative susceptibility mapping (QSM) of brain iron profile in neurodegenerative diseases. Front. Neurosci. 15:618435. doi: 10.3389/fnins.2021.618435

Scheiber, I. F., Brūha, R., and Dušek, P. (2017). Pathogenesis of Wilson disease. Handb. Clin. Neurol. 142, 43–55. doi: 10.1016/B978-0-444-63625-6.00005-7

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J., Johansen-Berg, H., et al. (2004). Advances in functional and structural Mr image analysis and implementation as FSL. NeuroImage 23, S208–S219. doi: 10.1016/j.neuroimage.2004.07.051

Smolinski, L., Ziemssen, T., Akgun, K., Antos, A., Skowroñska, M., Kurkowska-Jastrzębska, I., et al. (2022). Brain atrophy is substantially accelerated in neurological Wilson’s disease: A longitudinal study. Mov. Disord. 37, 2446–2451. doi: 10.1002/mds.29229

Song, Y. K., Li, X. B., Huang, X. L., Zhao, J., Zhou, X. X., Wang, Y. L., et al. (2018). A study of neurite orientation dispersion and density imaging in wilson’s disease. J. Magn. Reson. Imaging 48, 423–430. doi: 10.1002/jmri.25930

Tinaz, S., Arora, J., Nalamada, K., Vives-Rodriguez, A., Sezgin, M., Robakis, D., et al. (2021). Structural and functional brain changes in hepatic and neurological Wilson disease. Brain Imaging Behav. 15, 2269–2282. doi: 10.1007/s11682-020-00420-5

Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: A functional connectivity toolbox for correlated and anticorrelated brain networks. Brain Connect. 2, 125–141. doi: 10.1089/brain.2012.0073

Yuan, X. Z., Li, G. Y., Chen, J. L., Li, J. Q., and Wang, X. P. (2020). Paramagnetic metal accumulation in the deep gray matter nuclei is associated with neurodegeneration in Wilson’s Disease. Front. Neurosci. 14:573633. doi: 10.3389/fnins.2020.573633

Ziemssen, T., Smolinski, L., Członkowska, A., Akgun, K., Antos, A., Bembenek, J., et al. (2022). Serum neurofilament light chain and initial severity of neurological disease predict the early neurological deterioration in Wilson’s disease. Acta Neurol. Bel. [Epub ahead of print]. doi: 10.1007/s13760-022-02091-z

Zou, L., Song, Y., Zhou, X., Chu, J., and Tang, X. (2019). Regional morphometric abnormalities and clinical relevance in Wilson’s disease. Mov. Disord. 34, 545–554. doi: 10.1002/mds.27641


OPS/images/fnins-17-1146644-t001.jpg
Variable WD (n=22) HC (n=20) P
Age (year) 295+78 30.6 £6.0 0.599
Gender (male/female) 16/6 15/5 0.867
MMSE 29.0 (28.0, 30.0) 30.0 (29.3, 30.0) 0.001
Disease duration (year) 9272 - -
De-copper treatment 74+72 - -
duration (year)

GAS for WD 121+54 - -
UWDRS 12.5(7.8,26.3) = =

K-F ring (%)

86.4

WD, Wilson’s disease; HC, healthy control; MMSE, mini-mental state examination; GAS,
global assessment scale; UWDRS, unified Wilson’s disease rating scale; K-F, Kayser-Fleischer.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Microstructural and functional impairment of the basal ganglia in Wilson’s disease: a multimodal neuroimaging study



		Introduction



		Materials and methods



		Participants



		Image analysis



		QSM images analysis



		Gray matter density analysis



		dMRI analysis



		fMRI imaging analysis



		Statistical analysis







		Results



		Participant characteristics



		Quantitative susceptibility mapping



		Voxel-based morphometry



		Diffusion microstructural imaging



		Functional connectivity



		Correlation analysis between QSM and structural and functional measures







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/fnins-17-1146644-t002.jpg
Left CN Right CN Left GP Right GP Left PU Right PU Left TH Right TH
GMD r —0.555 —0.592 —0.293 —0.498 —0.579 —0.507 —0.24 —0.078
p 0.026 0.016 0.270 0.050 0.030 0.038 0.924 0.760
ISOVF r 0.558 0.606 0.551 0.571 0513 0.485 0.585 0.487
p 0.025 0.017 0.027 0.033 0.050 0.049 0.022 0.056

UWDRS, unified Wilson’s disease rating scale; GMD, gray matter density; ISOVE, isotropic volume fraction; CN, caudate nucleus; GP, globus pallidus; PU, putamen; TH, thalamus.






OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Microstructural and functional
Impairment of the basal
ganglia in Wilson's disease:

a multimodal neuroimaging
study












OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-17-1146644-g001.jpg
/[ A QSM values } N

MSDI QSM Extraction of QSM
| | mmmmmlp>  values in CN, GP,
\ /i '?;r._ Putamen and TH
K multi-echo magnitude+phase QSM map //

/[ Grey matter density W

FSLVBM Extract CN, GP, Putamen
__# and TH grey matter
density with MNI space

CN, GP, Putamen and TH

\ T1 imaging Grey matter density map

/[ C Diffusion microstructure

i

FSLpreproc Extraction of
model fitting ICVF, ISOVF
?
values in CN, GP,

- Putamen and TH
dMRI imaging NODDIL:ICVF,ISOVF

D

Functional connectivity ] \

12345 «++ 486487 48848949 1112131415 ««+ 486487 488 489 490

\Resting-state fMRI imaging /

CONN
toolbox

Extraction FC







OPS/images/fnins-17-1146644-g002.jpg
QSM value

GMD

ISOVF

0.104

0.05+

TR0 OO GO O £ O SO O
TP FF P FF I P IOF 8
left CN right CN left GP right GP  left putamen right putamen left TH right TH

0.5 .

— o
0.4- i =
.5 . I —

0.31] I I 1 =

0.2

0.1-

0.0+ - T T - - - -

RN R R R OO0 Ry Ry R
P JY @ @ W JY W’ e
left CN right CN left putamen right putamen left GP right GP left TH right TH

0.8 2 .

—

0.6 *

0.4+

. -

0.2- B 8

o I all ¢
O O O O O O O O O O O O O O O O
FL P EL I EF FF IE IS
left CN right CN left GP right GP left putamen right putamen left TH right TH





OPS/images/fnins-17-1146644-g003.jpg
Sensitivity

NO dAOSI

3 dD J4A0SI

Nd AAO0SI

HL JAO0SI

0.8

0.6

0.4

0.2

0.0

— QSM_CN

QSM_GP
— QSM_PU
— QSM_TH

QSM_CN

QSM_GP

I
0.6

I
04

Specificity

QSM_PU

0.2

0.0

QSM_TH

Sensitivity

o]

dD NS

0

nd WS

0

HL NS

0.8

0.6

0.4

0.2

0.0

— ISOVF_CN

ISOVF_GP
— [SOVF_PU
= BOVF_TH

QSM_CN

ISOVF_GP

QSM_GP

Specificity

ISOVF_PU

QSM_PU

I I
0.2 0.0

ISOVF_TH

NO dAO0SI

dD JAOSI

nd dA0SI





OPS/images/fnins-17-1146644-g004.jpg





