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Both abnormalities of resting-state cerebral blood flow (CBF) and functional connectivity
in Wilson’s disease (WD) have been identified by several studies. Whether the coupling
of CBF and functional connectivity is imbalanced in WD remains largely unknown. To
assess this possibility, 27 patients with WD and 27 sex- and age-matched healthy
controls were recruited to acquire functional MRI and arterial spin labeling imaging data.
Functional connectivity strength (FCS) and CBF were calculated based on standard
gray mask. Compared to healthy controls, the CBF-FCS correlations of patients with
WD were significantly decreased in the basal ganglia and the cerebellum and slightly
increased in the prefrontal cortex and thalamus. In contrast, decreased CBF of patients
with WD occurred predominately in subcortical and cognitive- and emotion-related brain
regions, including the basal ganglia, thalamus, insular, and inferior prefrontal cortex,
whereas increased CBF occurred primarily in the temporal cortex. The FCS decrease
in WD patients was predominately in the basal ganglia and thalamus, and the increase
was primarily in the prefrontal cortex. These findings suggest that aberrant neurovascular
coupling in the brain may be a possible neuropathological mechanism underlying WD.

Keywords: neurovascular coupling, basal ganglia, arterial spin labeling, cerebral blood flow, functional magnetic
resonance imaging

INTRODUCTION

Wilson’s disease (WD) is an inherited disorder of copper metabolism. The symptoms were first
identified by Dr. Samuel Alexander Kinnier Wilson in 1912 (Wilson, 1912). The physical burden
of the disease falls on the liver and the brain. Copper deposition in the brain affected by WD
occurs primarily in the basal ganglia. In early stages of the disease, this results in neurological or
psychiatric symptoms, such as mild cognitive deterioration, whereas late stages are characterized
by dysarthria (de Bie et al., 2007), abnormal gait, risus sardonicus, dystonia, rigidity, and dyskinesia
(Machado et al.,, 2006; Litwin et al., 2016). The neuropathological characteristics of WD are
neuronal loss and atrophy in the bilateral basal ganglia, brainstem, cerebellum, and cerebral cortex
(Page et al., 2004).
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Resting-state functional connectivity (rsFC), which measures
the temporal correlations of low-frequency fluctuations in
the blood-oxygen-level-dependent (BOLD) signal across the
brain regions (Biswal et al., 1995), has provided evidence that
copper deposition profoundly impairs intrinsic brain activity
(Hu et al, 2017). Seed-based FC analysis has been used to
quantify FC changes in WD and has uncovered abnormal
FC in the default mode network (DMN) (Han et al., 2016).
Although these methods are conducive to quantifying functional
dysconnectivity in the brain of individuals with WD, both
rsFC and seed-based FC analysis have issues. Seed-based FC
methods require a priori knowledge of the seed region. Thus,
it is difficult to analyze data if the underlying pathology
of a disease is unknown (Nair et al, 2014). Low-frequency
BOLD signals are susceptible to physiological processes, such
as respiratory and cardiac oscillations, which may lead to
unreliable results when using rsFC methods (Biswal, 2012).
Functional connectivity strength (FCS) analysis is a new data-
driven method to measure average FC by calculating the
correlation of each voxel with all other voxels in the brain
(Liang et al., 2013). Brain regions with high FCS are identified
as functional hubs, which have high connectivity to the
remainder of the brain.

In the resting brain, cerebral blood flow (CBF) is closely
related to glucose utilization, oxygen consumption, and aerobic
glycolysis (Vaishnavi et al., 2010). Some studies have noted CBF
deficits in WD. For example, positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT) have revealed decreased metabolic rate of glucose
consumption and hypoperfusion in the prefrontal cortex,
occipital cortex, cerebellum, striatum, and thalamus (Hawkins
et al., 1987; Kuwert et al., 1992). However, these two techniques
are invasive, with a long acquisition time and low spatial
resolution. Arterial spin labeling (ASL) MRI is a non-invasive
technique for measuring CBF using an endogenous contrast
(Roberts, 1994; Golay et al., 2004). Therefore, it has been widely
used to evaluate cerebrovascular disease, including arterio-
occlusive disease, and as a biomarker for neuronal metabolism in
other disorders, such as Alzheimer’s and Parkinsonism diseases
(Telischak et al., 2015).

The human brain accounts for approximately 20% of the
body’s total energy demands (Raichle and Gusnard, 2002),
which is more than any other organ. Brain metabolism, which
consumes most of the glucose and produces most of the energy,
is critical for supporting spontaneous brain activity (Raichle and
Mintun, 2006). Brain regions with stronger neuronal activity
tend to have greater brain metabolism, resulting in increased
CBF (Kuschinsky, 1991; Venkat et al., 2016). The strength of
neuronal activity in one brain region reflects the degree of
functional connectivity with other brain regions (Zhu et al,
2017). Therefore, the degree of functional connectivity is related
to brain metabolism, especially glucose utilization (Tomasi
et al,, 2013). Several studies have identified the relationship
between functional networks and CBF. For instance, FCS analysis
in healthy subjects and those with neurological diseases has
suggested that brain FCS is coupled with CBF (Liang et al., 2013;
Zhu et al., 2017).

Patients with WD experience copper accumulation in the
brain, neuronal loss, and atrophy (Ala et al., 2007; Huster, 2010),
possibly resulting in neurovascular imbalance. Therefore, we
hypothesized that the coupling between CBF and brain FC would
be abnormal in patients with WD relative to healthy subjects.
To verify this hypothesis, we collected resting-state functional
MRI (fMRI) data and ASL data from 27 patients with WD and
27 sex- and age-matched healthy controls to measure the brain
FCS and CBF. Further, FCS-CBF correlations were compared
between the groups.

MATERIALS AND METHODS
Subjects

Twenty-seven patients with WD with neurological symptoms
(mean age, 22.42 years; SD, 3.66 years; 12 females) were
recruited from the First Affiliated Hospital of Anhui University
of Chinese Medicine (AUCM), and 27 age- and sex-matched
healthy controls (mean age, 23.51 years; SD, 2.67 years; 12
females) were recruited from the local community. All patients
were receiving drug treatment, including penicillamine and
zinc salts. WD diagnosis was based on clinical symptoms (e.g.,
presentation of extrapyramidal and pyramidal symptoms and
signs, and behavioral problems), the presence of the Kayser—
Fleischer (KF) ring, and abnormal copper metabolism with
serum ceruloplasmin (CP) less than 20 mg/dl and 24-h urinary
excretion of copper of more than 1.6 pmol/day. The average
CP was 6.28 £ 2.40 mg/dL (mean £ SD), and the average 24-
h urinary copper excretion was 2.52 £ 1.44 pmol/day based on
the WD group. There were no neurological diseases other than
WD in the patients. Healthy controls had no history of head
injury, neurological disorder, or concomitant medical disorder.
All participants provided written informed consent. This study
was approved by the Human Research Committee of the First
Affiliated Hospital of AUCM. Detailed information regarding the
subjects is presented in Table 1.

Data Acquisition
MRI data were acquired using a 3.0-Tesla MR system (Discovery
MR750, General Electric) with an eight-channel high-resolution

TABLE 1 | Characteristics of the participants.

WD (N =27) HC (N = 27)

15/12
18-28 (22.42 + 3.66)
8-14 (10.21 +£1.23)
27 right-handed
4-10 (6.76 + 1.38)

15/12
19-31 (23.51 £ 2.67)
9-15 (12.32 + 2.55)
27 right-handed

Gender (male/female)
Age (years)
Education (years)
Handedness

WD duration (years)

WD types Neurologic

The KF ring 27 WD with the KF ring
24-h urinary Cu (umol/day) 1-6 (2.52 £+ 1.44)
CP (mg/dl) 3.562-13.24 (6.28 + 2.40)

WD, Wilson’s disease; HC, healthy controls;, N, number, KF, Kayser-Fleischer, Cu,
copper, CP, ceruloplasmin.
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radio-frequency head coil. Sagittal 3D T1-weighted images were
acquired using a T1-3D BRAVO sequence with repetition time
(TR)/echo time (TE) of 8.16 ms/3.18 ms, a flip angle (FA)
of 12°, a 256 mm X 256 mm matrix, a field of view (FOV)
of 256 mm x 256 mm, and a slice thickness of 1 mm,
with 200 axial slices with no gap. Resting-state fMRI images
were acquired using a gradient-echo single-shot echo planar
imaging sequence with a TR/TE of 2,000/30 ms, an FOV
of 220 mm x 220 mm, a 64 X 64 matrix, an FA of 90°,
and a slice thickness of 3 mm, with 185 volumes. Functional
ASL data were acquired using a pseudocontinuous arterial-
labeling (pCASL) technique. Interleaved control and label images
were acquired using a gradient echo EPI sequence with a
TR/TE of 5,046/11 ms, an FA of 111°, 50 slices with 3-mm
thickness, an FOV of 220 mm x 220 mm, a 128 x 128
matrix, three excitations, a post-label delay of 2,025 ms,
and a spiral-in readout of 8 arms with 512 sample points.
All participants were asked to keep their eyes closed, relax,
move as little as possible, think of nothing, and stay awake
during the scans.

Functional Magnetic Resonance Imaging

Data Preprocessing

All fMRI data preprocessing was performed using SPM12' based
on batch scripts. To account for magnetization equilibrium and
subject’s adaptation to the experimental environment, the first 10
volumes were removed. The remaining images underwent slice
timing correction to address the time delay between different
slices, and then all images were realigned to the first volume
to correct for head motion. Subjects were excluded if head
motion exceeded 1 mm of displacement or 1° of angular rotation.
After head motion correction, the functional images were co-
registered to the T1-weighted anatomical images, followed by
removing white matter, and cerebrospinal fluid signals. Then,
the functional images were normalized to the MNI152 standard
brain. To reduce low-frequency drift (0.008 < f < 0.1) and
Gaussian noise, all fMRI data were band-pass-filtered and
spatially smoothed using a 6-mm full-width at half-maximum
Gaussian kernel (FWHM).

Whole-Brain Functional Connectivity

Strength Analysis

The FCS analysis was conducted using the Degree Centrality
package of DPARSF’. For resting-state data, the BOLD time
course of each voxel within gray matter (GM) was first
extracted, and then correlation coefficients between all pairs of
voxels within the GM were calculated. In order to eliminate
weak correlations possibly arising from background noise, we
restricted our analysis to positive correlations above a threshold
of 0.25 (Liang et al., 2013; Wang et al, 2014; Liu et al,
2015). The correlation threshold was applied to FCS analysis
to decrease the impact of false-positive connectivity on the
data. The voxel was set to zero if its functional connectivity

Uhttp://www.filion.ucl.ac.uk/spm
Zhttp://rfmri.org/DPARSF

was smaller than the threshold. FCS at a given voxel x0 was
calculated as the average of functional connectivity between
x0 and all other voxels in the brain. Voxels with high FCS
exhibited high connectivity to the remainder of the brain. The
FCS maps were finally spatially smoothed using a 6-mm FWHM
Gaussian kernel.

CBF Data Analysis

The ASL data were analyzed offline using the ASL Data
Processing Toolbox (Wang et al., 2008). Perfusion-weighted
image series were generated by subtraction of the label and
control images, followed by conversion to absolute CBF images
based on a single-compartment continuous ASL perfusion model
(Wang et al, 2005). The CBF maps were first removed of
non-brain tissue and co-registered to T1-weighted anatomical
images. Then, the CBF image of each subject was normalized to
the MNI152 standard brain and spatially smoothed using a 6-
mm FWHM.

Cerebral Blood Flow - Functional
Connectivity Strength Coupling Analysis

For each participant, both CBF and FCS values were standardized
to z scores so that they could be averaged and compared across
subjects. To quantitatively measure the coupling between CBF
and FCS, we performed correlation analyses across voxels and
subjects. Because neighboring voxels could be highly dependent,
due to physiological correlations and spatial preprocessing, such
as registration and spatial smoothing, the effective degrees of
freedom (dfeff) in across-voxel correlation analysis was much
smaller than the number of voxels used in the analysis. The
dfeff of across-voxel correlations was estimated using the same
method as proposed by Liang et al. (2013) in their CBF-FCS
coupling study. The dfeff of across-voxel correlations was 1,342,
and the number of voxels was 271,633 in this study. The CBF-
FCS correlation coefficient value reflected the consistency of the
spatial distribution between CBF and FCS.

Basal ganglia are directly or indirectly connected to the
cerebellum, thalamus, and prefrontal cortex, and these
connections may be mediated by the cortico-basal ganglia-
thalamo-cortical circuit (CBGTC). Therefore, CBF-FCS
coupling was also calculated in these regions, as extracted
from the AAL template that was used widely by brain image
researchers (Dimitriadis et al., 2017; Zou et al., 2018). Given the
difference between the AAL template and the standard MNI
template used in this study, we firstly co-registered the AAL
template to the standard GM mask and further mask it with the
standard GM mask. Finally, we extracted the mask for CBF-FCS
coupling analysis.

Group Analysis

Across-subjects average CBF and FCS z-transformed maps
were computed to demonstrate the spatial distribution
patterns. A group-level two-sample t test was applied to
identify the intergroup differences in CBF and FCS, and
the whole brain correction was applied via Monte Carlo
simulations (3dClusSim, AFNI package) at a voxel-wise height
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threshold of p < 0.001 and a cluster size threshold of 30
contiguous voxels.

RESULTS

Spatial Distribution of Functional
Connectivity Strength and Cerebral

Blood Flow

The WD group and healthy controls showed similar spatial
distributions of FCS and CBF (Figure 1). Higher CBF
was primarily distributed among the posterior cingulate
cortex, precuneus, prefrontal cortex, lateral temporal
cortex, and DMN. Higher FCS was primarily observed
in the visual cortex, prefrontal cortex, posterior cingulate
cortex, and DMN.

Functional Connectivity Strength and
Cerebral Blood Flow Changes in

Wilson’s Disease

Patients with WD showed decreased CBF in the bilateral insular
and caudate, right cerebellum, left ventrolateral prefrontal cortex
(VLPFC), precentral cortex, cingulate cortex, and thalamus, and
increased CBF in the left middle temporal cortex (Figure 2 and
Table 2). Compared with healthy controls, patients with WD
exhibited decreased FCS in the bilateral lentiform and caudate
nuclei, left cuneus, and right thalamus, and increased FCS in
the bilateral dorsolateral prefrontal cortex (DLPFC; Figure 3
and Table 3).

Cerebral Blood Flow - Functional
Connectivity Strength Coupling Changes

in Wilson’s Disease

CBF was significantly correlated with FCS within the whole GM,
but the correlations in patients with WD were slightly lower
than those in healthy controls (Figure 1). Patients with WD had
significantly reduced CBF-FCS coupling in the basal ganglia and
cerebellum, and increased CBF-FCS coupling in the thalamus
relative to HC (Figure 4). There were no significant differences
in CBF-FCS coupling in the prefrontal cortex.

DISCUSSION

To our knowledge, this is the first study to explore changed
CBF-FCS coupling in WD by combining BOLD and ASL
techniques. The whole GM CBF-FCS coupling in WD was
slightly decreased compared to that of healthy controls. The
WD group showed reduced CBF-FCS coupling in the basal
ganglia and cerebellum, and increased coupling in the thalamus.
Patients with WD exhibited decreased CBF and FCS in
numerous brain regions, primarily the basal ganglia, and
thalamus. These findings improve our understanding of the
neural mechanisms underlying WD from the perspective of
neurovascular coupling.

CBF Changes in WD

Decreased CBF was observed in the bilateral caudate nucleus,
right thalamus, and cerebellum in WD. One possible explanation
for this observation is neurovascular decoupling in these regions.

FIGURE 1 | Spatial distribution and neurovascular coupling in CBF and FCS. (A) Spatial distribution maps of CBF and FCS. (B) The whole-brain CBF-FCS coupling
changes across voxel in the WD. (C) The whole-brain CBF-FCS coupling changes across subject in the WD. The FCS and CBF maps are normalized to z scores
and averaged across subjects within groups. L, left; R, right. The right picture is whole gray matter (GM) level CBF-FCS coupling changes in WD. Scatter plots of the
mean GM level spatial correlations across voxels between CBF and FCS in HC (blue) and WD (red), respectively. The mean CBF-FCS correlation across subjects in
WD and HC. CBF, cerebral blood flow; FCS, functional connectivity strength; HC, healthy controls; WD, Wilson’s disease.

B C
20
15
10
o5
."00
G o r=0.445
20 p <0.001
s
20
-25
%% A5 40 05 00 05 10 15 20
CBF
20
15
10
05
Y
Qo r=0.421
10 p<0.001
s
20
28
%6 45 10 05 00 05 10 15 20

CBF

Frontiers in Neural Circuits | www.frontiersin.org

April 2019 | Volume 13 | Article 25


https://www.frontiersin.org/journals/neural-circuits/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Hu et al.

Decoupling Neurovascular in Wilson’s Disease

FIGURE 2 | Group difference in CBF between WD and HC. The warm and cold colors denote significantly increased and decreased CBF in WD patients,

respectively. CBF, cerebral blood flow. L, left; R, right.

In the neurovascular coupling hypothesis (Kuschinsky, 1991),
CBF changes are governed by neuronal activity and may reflect
the altered neuronal activity in WD. For instance, brain regions

TABLE 2 | Group difference in CBF between WD and HC.

Region Side MNI coordinate Voxel z value
X y z
VLPFC (45) L —-50 22 18 330 —4.88
MITG L —54 —24 —-12 83 3.94
PrG L —40 —-18 54 109 —4.13
MCC R 2 -2 42 89 —4.41
CRB R 50 —46 —-32 55 —4.12
Insular L —-30 12 —-16 95 —4.29
R 42 —4 —4 145 —5.45
Caudate L -8 8 6 51 —4.30
R 10 8 12 50 —4.23
Thalamus R 2 —16 8 52 —4.14

CBF, cerebral blood flow; VILPFC, ventrolateral prefrontal cortex; MiTG, middle
temporal gyrus; PrG, precentral gyrus;, MCC, middle cingulate cortex; CRB,
cerebellum; L, left; R, right.

with enhanced neuronal activity tend to have a greater brain
metabolism, resulting in increased perfusion (Poornima et al.,
2016). Because of the neuronal loss and atrophy in basal ganglia
and thalamus, due to copper deposition in WD, the neuronal
activity in these regions was reduced (Hu et al., 2017), which
resulted in decreased CBF. These results are consistent with
previous studies, which have identified decreased metabolic rate
of glucose consumption and hypoperfusion in the putamen,
caudate nucleus, thalamus, cerebellum, and frontal cortex (Piga
et al., 2008; Huster, 2010; Ishida et al., 2012). Decreased CBF
was also found in the left VLPFC and precentral cortex, right
cingulate cortex, and bilateral insular cortex. The VLPEC is
involved in executive functions and cognitive processes (Yang
and Raine, 2009). The precentral cortex and insular are related
to motor control (Fink et al., 1997; Meier et al., 2008) and
multimodal sensory processing (Phan et al., 2002), whereas the
cingulate cortex is involved in emotion formation and processing
(Hadland et al, 2003). The basal ganglia and thalamus are
highly interconnected with the cerebral cortex; for example, the
prefrontal cortex is highly connected with the thalamus and parts
of the basal ganglia (Silkis, 2001), and the cingulate cortex and
insular directly receive inputs from the thalamus (Mcfarland and
Haber, 2000; Ikemoto et al., 2015). All of these interconnections
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FIGURE 3 | Group difference in FCS between WD and HC. The warm and cold colors denote significantly increased and decreased FCS in WD patients,

respectively. FCS, functional connectivity strength. L, left; R, right.

z valué
-4

are mediated by the CBGTC (Silkis, 2001). CBF decreases in these
regions may be the result of neurotransmitter (e.g., dopamine and
GABA) changes in WD, because these chemicals also play a part
in modulating vascular response (Cauli et al., 2004; Tayebati et al.,
2011). The alterations in neurotransmitters may contribute to the
disrupted CBGTC in WD, which results in imprecise regulation
of CBF. In addition, patients with WD also exhibited a CBF
increase in the left middle temporal cortex. One possible reason
is that drug therapy may have effects on CBF in these regions.

TABLE 3 | Group difference in FCS between WD and HC.

Region Side MNI coordinate Voxel z value
X y z
Lentiform L —22 10 -10 90 -3.99
R 28 0 -6 122 —4.82
Caudate L —12 —6 18 32 —4.03
R 12 20 6 50 —4.05
Thalamus R 10 —4 14 21 —3.51
Ceneus L —14 —82 6 —3.96 —-3.96
DLPFC (9) L -36 12 30 33 3.78
DLPFC (46) R 42 32 20 21 3.81

FCS, functional connectivity strength; DLPFC, dorsolateral prefrontal cortex.

The increased CBF may be explained by the medication-induced
dopamine turnover increase, resulting in CBF increase (Ala et al.,
2007; Huster, 2010).

FCS Changes in WD

FCS decreased in patients with WD relative to healthy
controls, including in the bilateral lentiform and caudate nuclei,
left cuneus, and right thalamus. Structural damage, such as
GM reduction and white matter alterations, may engender
dysfunctional connectivity within the human brain (Hu et al,
2017; Wang et al, 2017), resulting in aberrant information
transmission. The use of both traditional MRI and diffusion
tensor imaging techniques has demonstrated brain gray and
white matter structural abnormalities in the basal ganglia,
thalamus, and cerebral cortex (Page et al., 2004; Piga et al., 2008;
Jadav et al., 2013). FCS describes the whole-brain functional
connectivity profile of each voxel from a global network
perspective and reflects the role of each voxel in information
transmission within the whole-brain network (Liang et al,
2013). The precise coordination of inter-regional functional
synchronization may be impaired because of the loss of structural
integrity (Honey et al., 2007; Mikail et al., 2009), thus giving rise
to FCS decrease in WD. Moreover, patients with WD also showed
increased FCS in the bilateral DLPFC. The DLPFC is associated
with executive functions, such as working memory, cognitive
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FIGURE 4 | CBF-FCS coupling changes of WD in basal ganglia, cerebellum, thalamus, and prefrontal cortex. (A) Scatter plots of mean GM level spatial correlations
across voxels between CBF and FCS in HC (blue) and WD (red), respectively. (B) The GM regions of BG, CRB, THM, and PFC were extracted from AAL template.
(C) The bar graph means CBF-FCS correlation across subjects in HC and WD. *Significant differences between both groups (P < 0.05). BG, basal ganglia; CRB,
cerebellum; THM, thalamus; PFC, prefrontal cortex; hcr, the relationship between FCS and CBF in healthy controls; wdr, the relationship between FCS and CBF in

patients with Wilson’s disease.

BG CRB THM PFC

flexibility, planning, and inhibition (Yang and Raine, 2009). The
cognition problems (e.g., impulsivity, promiscuity, executive
dysfunction, slow cognition, and memory loss) and psychiatric
problems (e.g., depression, anxiety, and psychosis) in WD might
result from the joint abnormal functions of the frontal cortex
and subcortical regions, such as the basal ganglia (Hu et al.,
2017). Although the regions with increased FCS in this study
might not be the basis of the cognitive and psychiatric problems
of WD, the functional connectivity increase in WD might be
explained as a compensatory mechanism; the human brain tends
to generate a compensatory response to structural impairments
(Appel-Cresswell et al., 2010; Palmer, 2010; Palmer et al., 2010).

Neurovascular Abnormality in WD

The whole-brain correlation between CBF and FCS was
computed in this study to identify the neurovascular coupling
in WD. Neurovascular coupling depends on the integrity of
neurovascular units, such as neurons, glial cells, and vascular
components (Hawkins and Davis, 2005). The whole-brain CBF-
FCS correlations in WD are slightly reduced relative to healthy
controls, which may represent neurovascular decoupling in
WD. Particularly, CBF-FCS correlations in the basal ganglia
and cerebellum are significantly lower in WD than in healthy
controls, possibly indicating neurovascular imbalance in WD. In
the brain, astrocytes act as a bridge that links neural activity to
the vascular response (Stobart and Anderson, 2013; Howarth,
2014). Abnormal astrocytes in the basal ganglia may reduce
the connection between neural activity and vascular response,
resulting in decreased CBF-FCS correlations. Interestingly,
patients with WD exhibited a stronger CBF-FCS correlation in

the thalamus than did healthy subjects. The increased CBF-FCS
correlation may demonstrate that patients with WD improve
synchronism between CBF and FCS in some brain regions, which
is affected by the compensatory mechanism. However, this is the
first time that CBF and FCS are used to study the neurovascular
coupling in WD, and there is no literature on neurovascular
coupling improving local brain regions. Therefore, the hypothesis
here should be investigated in further studies.

CONCLUSION

In conclusion, aberrant coupling between resting-state CBF
and functional connectivity in WD was revealed in this
study. Specifically, we found that decreased FCS and CBF
predominately occurred in subcortical regions involved in
sensory processing and motor regulation, including the
basal ganglia and thalamus, and increased CBF and FCS
occurred in regions involved in cognitive control and emotional
modulation, including the temporal cortex and DLPFC.
These findings highlight the neurovascular imbalance in WD,
which may be a potential neural mechanism underlying the
pathophysiology of WD.

LIMITATIONS

In this study, we adopted CBF and FCS to investigate
neurovascular coupling in patients with WD. Although the
present study is meaningful, there are some limitations.
Firstly, it is very important that the results are stable
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over time in a repeated series of experiments. Therefore, another
relatively larger data set should be collected for validating
the present study. Secondly, because of the relatively small
paramagnetism of copper, copper deposition might influence the
MRI signal on the basal ganglia nucleus (Kanda et al., 2016). A
patient group should be added in future studies, which would
receive copper drainage treatment with the copper content close
to normal levels, as a control group to minimize the influence
of copper deposition on MRI signals. Thirdly, many studies
associated neuroimaging results with clinical parameters, which
can serve as neuroimaging indicators for some neurological
disease. In the current study, we did not collect cognitive
behavior and clinical parameters. Future studies must explore
the relationship between functional network deficits and clinical
implication. Finally, we used a standard gray mask to carry out
the neurovascular coupling analysis, without taking the problem
of incomplete coverage of individual image acquisition into
consideration. In future studies, a common group-level mask
on resting fMRI and the ASL should be used for the CBF-FCS
coupling analysis.

REFERENCES

Ala, A, Walker, A. P., Ashkan, K., Dooley, J. S., and Schilsky, M. L. (2007). Wilson’s
disease. Lancet 369, 397-408. doi: 10.1016/S0140-6736(07)60196-2

Appel-Cresswell, S., De, L. F.-F. 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

Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995). Functional
connectivity in the motor cortex of resting human brain using echo-planar MRL
Magn. Reson. Med. 34, 537-541. doi: 10.1002/mrm.1910340409

Biswal, B. B. (2012). Resting state fMRI: a personal history. Neuroimage 62,
938-944. doi: 10.1016/j.neuroimage.2012.01.090

Cauli, B., Tong, X. K., Rancillac, A., Serluca, N., Lambolez, B., Rossier, J., et al.
(2004). Cortical GABA interneurons in neurovascular coupling: relays for
subcortical vasoactive pathways. J. Neurosci. 24, 8940-8949. doi: 10.1523/
JNEUROSCI.3065-04.2004

de Bie, P., Muller, P., Wijmenga, C., and Klomp, L. W. (2007). Molecular
pathogenesis of Wilson and Menkes disease: correlation of mutations with
molecular defects and disease phenotypes. . Med. Genet. 44, 673-688. doi:
10.1136/jmg.2007.052746

Dimitriadis, S. I, Drakesmith, M., Bells, S., Parker, G. D., Linden, D. E., and Jones,
D. K. (2017). Improving the reliability of network metrics in structural brain
networks by integrating different network weighting strategies into a single
graph. Front. Neurosci. 11:694. doi: 10.3389/fnins.2017.00694

Fink, G. R, Frackowiak, R. S., Pietrzyk, U., and Passingham, R. E. (1997). Multiple
nonprimary motor areas in the human cortex. J. Neurophysiol. 77, 2164-2174.
doi: 10.1152/jn.1997.77.4.2164

Golay, X., Hendrikse, J., and Lim, T. C. (2004). Perfusion imaging using arterial
spin labeling. Top. Magn. Reson. Imaging 15, 10-27. doi: 10.1097/00002142-
200402000-00003

Hadland, K. A., Rushworth, M. F., Gaffan, D., and Passingham, R. E. (2003). The
effect of cingulate lesions on social behaviour and emotion. Neuropsychologia
41, 919-931. doi: 10.1016/50028-3932(02)00325- 1

Han, Y., Cheng, H., Toledo, J. B., Wang, X,, Li, B., Han, Y., et al. (2016). Impaired
functional default mode network in patients with mild neurological Wilson’s
disease. Parkinsonism Relat. Disord. 30, 46-51. doi: 10.1016/j.parkreldis.2016.
06.018

Hawkins, B. T., and Davis, T. P. (2005). The blood-brain barrier/neurovascular
unit in health and disease. Pharmacol. Rev. 57, 173-185. doi: 10.1124/pr.
57.2.4

ETHICS STATEMENT

This study was approved by the Human Research Committee
in the First Affiliated Hospital of Anhui University of
Chinese Medicine.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was supported by Exploratory Science Research
Project of Anhui University of Chinese Medicine (2016ts043),
Natural Science Research Project of Anhui University of
Chinese Medicine (2019zryb08), and Anhui Zhuokang Medical
Equipment Limited Company (No. RD18200085).

Hawkins, R. A., Mazziotta, J. C., and Phelps, M. E. (1987). Wilson’s disease studied
with FDG and positron emission tomography. Neurology 37, 1707-1711. doi:
10.1212/WNL.37.11.1707

Honey, C. J., Kotter, R., Breakspear, M., and Sporns, O. (2007). Network structure
of cerebral cortex shapes functional connectivity on multiple time scales. Proc.
Natl. Acad. Sci. U.S.A. 104, 10240-10245. doi: 10.1073/pnas.0701519104

Howarth, C. (2014). The contribution of astrocytes to the regulation of cerebral
blood flow. Front. Neurosci. 8:103. doi: 10.3389/fnins.2014.00103

Hu, X,, Chen, S., Huang, C. B., Qian, Y., and Yu, Y. (2017). Frequency-dependent
changes in the amplitude of low-frequency fluctuations in patients with
Wilson’s disease: a resting-state fMRI study. Metab. Brain Dis. 32, 685-692.
doi: 10.1007/s11011-016-9946-3

Huster, D. (2010). Wilson disease. Best Pract. Res. Clin. Gastroenterol. 24, 531-539.
doi: 10.1016/j.bpg.2010.07.014

Ikemoto, S., Yang, C., and Tan, A. (2015). Basal ganglia circuit loops, dopamine and
motivation: a review and enquiry. Behav. Brain Res. 290, 17-31. doi: 10.1016/j.
bbr.2015.04.018

Ishida, S., Doi, Y., Yamane, K., Sugino, M., Kimura, F., Hanafusa, T., et al. (2012).
Resolution of cranial MRI and SPECT abnormalities in a patient with Wilson’s
disease following oral zinc monotherapy. Intern. Med. 51, 1759-1763. doi:
10.2169/internalmedicine.51.7341

Jadav, R., Saini, J., Sinha, S., Bagepally, B., Rao, S., and Taly, A. B. (2013). Diffusion
tensor imaging (DTT) and its clinical correlates in drug naive Wilson’s disease.
Metab. Brain Dis. 28, 455-462. doi: 10.1007/s11011-013-9407- 1

Kanda, T., Nakai, Y., Aoki, S., Oba, H., Toyoda, K., Kitajima, K., et al. (2016).
Contribution of metals to brain MR signal intensity: review articles. Jpn. J.
Radiol. 34, 258-266. doi: 10.1007/s11604-016-0532-8

Kuschinsky, W. (1991). Coupling of function, metabolism, and blood-flow in the
brain. Neurosurg. Rev. 14, 163-168. doi: 10.1007/BF00310651

Kuwert, T., Hefter, H., Scholz, D., Milz, M., Weif3, P., Arendt, G., et al.
(1992). Regional cerebral glucose consumption measured by positron emission
tomography in patients with Wilson’s disease. Eur. J. Nucl. Med. 19, 96-101.
doi: 10.1007/BF00184123

Liang, X., Zou, Q., He, Y., and Yang, Y. (2013). Coupling of functional connectivity
and regional cerebral blood flow reveals a physiological basis for network hubs
of the human brain. Proc. Natl. Acad. Sci. U.S.A. 110, 1929-1934. doi: 10.1073/
pnas.1214900110

Litwin, T., Dusek, P., and Czlonkowska, A. (2016). Neurological manifestations
in Wilson’s disease—possible treatment options for symptoms. Expert Opin.
Orphan Drugs 4, 719-728. doi: 10.1080/21678707.2016.1188003

Frontiers in Neural Circuits | www.frontiersin.org

April 2019 | Volume 13 | Article 25


https://doi.org/10.1016/S0140-6736(07)60196-2
https://doi.org/10.1097/WCO.0b013e32833b6019
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1016/j.neuroimage.2012.01.090
https://doi.org/10.1523/JNEUROSCI.3065-04.2004
https://doi.org/10.1523/JNEUROSCI.3065-04.2004
https://doi.org/10.1136/jmg.2007.052746
https://doi.org/10.1136/jmg.2007.052746
https://doi.org/10.3389/fnins.2017.00694
https://doi.org/10.1152/jn.1997.77.4.2164
https://doi.org/10.1097/00002142-200402000-00003
https://doi.org/10.1097/00002142-200402000-00003
https://doi.org/10.1016/S0028-3932(02)00325-1
https://doi.org/10.1016/j.parkreldis.2016.06.018
https://doi.org/10.1016/j.parkreldis.2016.06.018
https://doi.org/10.1124/pr.57.2.4
https://doi.org/10.1124/pr.57.2.4
https://doi.org/10.1212/WNL.37.11.1707
https://doi.org/10.1212/WNL.37.11.1707
https://doi.org/10.1073/pnas.0701519104
https://doi.org/10.3389/fnins.2014.00103
https://doi.org/10.1007/s11011-016-9946-3
https://doi.org/10.1016/j.bpg.2010.07.014
https://doi.org/10.1016/j.bbr.2015.04.018
https://doi.org/10.1016/j.bbr.2015.04.018
https://doi.org/10.2169/internalmedicine.51.7341
https://doi.org/10.2169/internalmedicine.51.7341
https://doi.org/10.1007/s11011-013-9407-1
https://doi.org/10.1007/s11604-016-0532-8
https://doi.org/10.1007/BF00310651
https://doi.org/10.1007/BF00184123
https://doi.org/10.1073/pnas.1214900110
https://doi.org/10.1073/pnas.1214900110
https://doi.org/10.1080/21678707.2016.1188003
https://www.frontiersin.org/journals/neural-circuits/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Hu et al.

Decoupling Neurovascular in Wilson’s Disease

Liu, F,, Zhu, C., Wang, Y., Guo, W, Li, M., Wang, W, et al. (2015). Disrupted
cortical hubs in functional brain networks in social anxiety disorder. Clin.
Neurophysiol. 126,1711-1716. doi: 10.1016/j.clinph.2014.11.014

Machado, A., Chien, H. F., Deguti, M. M., Cancado, E., Azevedo, R. S., Scaff, M.,
et al. (2006). Neurological manifestations in Wilson’s disease: report of 119
cases. Mov. Disord. 21, 2192-2196. doi: 10.1002/mds.21170

Mcfarland, N. R., and Haber, S. N. (2000). Convergent inputs from thalamic
motor nuclei and frontal cortical areas to the dorsal striatum in the primate.
J. Neurosci. 20, 3798-3813. doi: 10.1523/JNEUROSCI.20-10-03798.2000

Meier, J. D., Aflalo, T. N., Kastner, S., and Graziano, M. S. A. (2008). Complex
organization of human primary motor cortex: a high-resolution fMRI study.
J. Neurophysiol. 100, 1800-1812. doi: 10.1152/jn.90531.2008

Mikail, R., Olaf, S., Cees, V. L., and Michael, B. (2009). Symbiotic relationship
between brain structure and dynamics. BMC Neurosci. 10:55. doi: 10.1186/
1471-2202-10-55

Nair, A., Keown, C. L., Datko, M., Shih, P., Keehn, B., and Muller, R. A. (2014).
Impact of methodological variables on functional connectivity findings in
autism spectrum disorders. Hum. Brain Mapp. 35, 4035-4048. doi: 10.1002/
hbm.22456

Page, R. A,, Davie, C. A., MacManus, D., Miszkiel, K. A., Walshe, J. M., Miller,
D. H,, et al. (2004). Clinical correlation of brain MRI and MRS abnormalities
in patients with Wilson disease. Neurology 63, 638-643. doi: 10.1212/01.WNL.
0000134793.50831.C1

Palmer, S. J. (2010). Compensatory Mechanisms in Parkinson’s Disease. Vancouver:
The University of British Columbia.

Palmer, S. J., Li, J., Wang, Z. J., and Mckeown, M. J. (2010). Joint amplitude and
connectivity compensatory mechanisms in Parkinson’s disease. Neuroscience
166, 1110-1118. doi: 10.1016/j.neuroscience.2010.01.012

Phan, K. L., Wager, T., Taylor, S. F., and Liberzon, I. (2002). Functional
neuroanatomy of emotion: a meta-analysis of emotion activation studies in PET
and fMRI ?2. Neuroimage 16, 331-348. doi: 10.1006/nimg.2002.1087

Piga, M., Murru, A, Satta, L., Serra, A., Sias, A., Loi, G., et al. (2008). Brain MRI and
SPECT in the diagnosis of early neurological involvement in Wilson’s disease.
Eur. J. Nucl. Med. Mol. Imaging 35, 716-724. doi: 10.1007/s00259-007-0681-1

Poornima, V., Michael, C., and Chen, J. (2016). New insights into coupling and
uncoupling of cerebral blood flow and metabolism in the brain. Croat. Med. J.
57, 223-228. doi: 10.3325/cmj.2016.57.223

Raichle, M. E., and Gusnard, D. A. (2002). Appraising the brain’s energy budget.
Proc. Natl. Acad. Sci. U.S.A. 99, 10237-10239. doi: 10.1073/pnas.172399499

Raichle, M. E., and Mintun, M. A. (2006). Brain work and brain imaging. Ann. Rev.
Neurosci. 29, 449-476. doi: 10.1146/annurev.neuro.29.051605.112819

Roberts, D. A. (1994). Magnetic Resonance Imaging of Perfusion in Humans
Using Spin-Tagging of Arterial Water. Dissertations available from ProQuest.
AAT9427605.

Silkis, I. (2001). The cortico-basal ganglia-thalamocortical circuit with synaptic
plasticity. II. Mechanism of synergistic modulation of thalamic activity via the
direct and indirect pathways through the basal ganglia. Biosystems 59, 7-14.
doi: 10.1016/S0303-2647(00)00135-0

Stobart, J. L., and Anderson, C. M. (2013). Multifunctional role of astrocytes as
gatekeepers of neuronal energy supply. Front. Cell. Neurosci. 7:38. doi: 10.3389/
fncel.2013.00038

Tayebati, S. K., Lokhandwala, M. F., and Amenta, F. (2011). Dopamine and vascular
dynamics control: present status and future perspectives. Curr. Neurovasc. Res.
8, 246-257. doi: 10.2174/156720211796558032

Telischak, N. A., Detre, J. A., and Zaharchuk, G. (2015). Arterial spin labeling
MRI: clinical applications in the brain. J. Magn. Reson. Imaging 41, 1165-1180.
doi: 10.1002/jmri.24751

Tomasi, D., Wang, G. J., and Volkow, N. D. (2013). Energetic cost of brain
functional connectivity. Proc. Natl. Acad. Sci. U.S.A. 110, 13642-13647. doi:
10.1073/pnas.1303346110

Vaishnavi, S. N., Vlassenko, A. G., Rundle, M. M., Snyder, A. Z., Mintun, M. A.,
and Raichle, M. E. (2010). Regional aerobic glycolysis in the human brain. Proc.
Natl. Acad. Sci. U.S.A. 107, 17757-17762. doi: 10.1073/pnas.1010459107

Venkat, P., Chopp, M., and Chen, J. L. (2016). New insights into coupling and
uncoupling of cerebral blood flow and metabolism in the brain. Croat. Med. J.
57,223-228. doi: 10.3325/cmj.2016.57.223

Wang, A., Wu, H,, Xu, C, Tang, L., Lee, ], Wang, M., et al. (2017). Study on
lesion assessment of cerebello-thalamo-cortical network in Wilson’s disease
with diffusion tensor imaging. Neural Plast. 2017:7323121. doi: 10.1155/2017/
7323121

Wang, J., Zhang, Y., Wolf, R. L., Roc, A. C,, Alsop, D. C,, and Detre, J. A. (2005).
Amplitude-modulated continuous arterial spin-labeling 3.0 T perfusion MR
imaging with a single coil: feasibility study. Radiology 235, 218-228. doi: 10.
1148/radiol.2351031663

Wang, L., Dai, Z., Peng, H., Tan, L., Ding, Y., He, Z., et al. (2014). Overlapping
and segregated resting-state functional connectivity in patients with major
depressive disorder with and without childhood neglect. Hum. Brain Mapp. 35,
1154-1166. doi: 10.1002/hbm.22241

Wang, Z., Aguirre, G. K., Rao, H., Wang, J., Fernandez-Seara, M. A., Childress,
A. R, et al. (2008). Empirical optimization of ASL data analysis using an ASL
data processing toolbox: ASLtbx. Magn. Reson. Imaging 26, 261-269. doi: 10.
1016/j.mri.2007.07.003

Wilson, S. A. K. (1912). PROGRESSIVE lenticular degeneration: a familial nervous
disease associated with cirrhosis of the liver. Brain 34, 1115-1119. doi: 10.1093/
brain/34.4.295

Yang, Y., and Raine, A. (2009). Prefrontal structural and functional brain imaging
findings in antisocial, violent, and psychopathic individuals: a meta-analysis.
Psychiatry Res. Neuroimaging 174, 81-88. doi: 10.1016/j.pscychresns.2009.
03.012

Zhu, J., Zhuo, C,, Xu, L., Liu, F., Qin, W., and Yu, C. (2017). Altered coupling
between resting-state cerebral blood flow and functional connectivity in
schizophrenia. Schizophr. Bull. 43, 1363-1374. doi: 10.1093/schbul/sbx051

Zou, T. X., She, L., Zhan, C., Gao, Y. Q., and Chen, H. J. (2018). Altered
topological properties of gray matter structural covariance networks in minimal
hepatic encephalopathy. Front. Neuroanat. 12:101. doi: 10.3389/fnana.2018.
00101

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Hu, Wu, Xu, Wang, Wang, Shen, Huang, Kan and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neural Circuits | www.frontiersin.org

April 2019 | Volume 13 | Article 25


https://doi.org/10.1016/j.clinph.2014.11.014
https://doi.org/10.1002/mds.21170
https://doi.org/10.1523/JNEUROSCI.20-10-03798.2000
https://doi.org/10.1152/jn.90531.2008
https://doi.org/10.1186/1471-2202-10-55
https://doi.org/10.1186/1471-2202-10-55
https://doi.org/10.1002/hbm.22456
https://doi.org/10.1002/hbm.22456
https://doi.org/10.1212/01.WNL.0000134793.50831.C1
https://doi.org/10.1212/01.WNL.0000134793.50831.C1
https://doi.org/10.1016/j.neuroscience.2010.01.012
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1007/s00259-007-0681-1
https://doi.org/10.3325/cmj.2016.57.223
https://doi.org/10.1073/pnas.172399499
https://doi.org/10.1146/annurev.neuro.29.051605.112819
https://doi.org/10.1016/S0303-2647(00)00135-0
https://doi.org/10.3389/fncel.2013.00038
https://doi.org/10.3389/fncel.2013.00038
https://doi.org/10.2174/156720211796558032
https://doi.org/10.1002/jmri.24751
https://doi.org/10.1073/pnas.1303346110
https://doi.org/10.1073/pnas.1303346110
https://doi.org/10.1073/pnas.1010459107
https://doi.org/10.3325/cmj.2016.57.223
https://doi.org/10.1155/2017/7323121
https://doi.org/10.1155/2017/7323121
https://doi.org/10.1148/radiol.2351031663
https://doi.org/10.1148/radiol.2351031663
https://doi.org/10.1002/hbm.22241
https://doi.org/10.1016/j.mri.2007.07.003
https://doi.org/10.1016/j.mri.2007.07.003
https://doi.org/10.1093/brain/34.4.295
https://doi.org/10.1093/brain/34.4.295
https://doi.org/10.1016/j.pscychresns.2009.03.012
https://doi.org/10.1016/j.pscychresns.2009.03.012
https://doi.org/10.1093/schbul/sbx051
https://doi.org/10.3389/fnana.2018.00101
https://doi.org/10.3389/fnana.2018.00101
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

	Aberrant Coupling Between Resting-State Cerebral Blood Flow and Functional Connectivity in Wilson's Disease
	Introduction
	Materials and Methods
	Subjects
	Data Acquisition
	Functional Magnetic Resonance Imaging Data Preprocessing
	Whole-Brain Functional Connectivity Strength Analysis
	CBF Data Analysis
	Cerebral Blood Flow – Functional Connectivity Strength Coupling Analysis
	Group Analysis

	Results
	Spatial Distribution of Functional Connectivity Strength and Cerebral Blood Flow
	Functional Connectivity Strength and Cerebral Blood Flow Changes in Wilson's Disease
	Cerebral Blood Flow – Functional Connectivity Strength Coupling Changes in Wilson's Disease

	Discussion
	CBF Changes in WD
	FCS Changes in WD
	Neurovascular Abnormality in WD

	Conclusion
	Limitations
	Ethics Statement
	Author Contributions
	Funding
	References


