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Significance of the Ventral Striatal-Network in Dialysis
Patients: Structural Covariance Analysis and Relationship
with Neurobehavioral Outcomes
Yen-Yu Chen1,*, Yao-Chung Chuang2,*, Jin-Bor Chen3, Chia-Yi Lien2, Wei-Che Lin4, Chen-Chang Lee4, Shih-Wei Hsu4,
Wen-Chin Lee3, Lung-Chih Li3, Chi-Wei Huang 2, Chiung-Chih Chang2,†

ABSTRACT
Patients undergoing dialysis often experience executive dysfunctions, depressive mood and
memory deficits. As the cerebral striatal network may modulate these functions, no systemic
approaches have been performed.
In this study, we investigated the striatal structural covariance networks (SCNs) in 27 patients
undergoing dialysis and compared with 27 age-matched controls. The SCNs were constructed
using 3D T1 magnetic resonance imaging and seed-based analysis, focusing on six striatal
networks. Detailed neuropsychiatric assessments and the geriatric depression scale served as
the major outcome factors. The role of seed or peak cluster volumes, or a covariance strength
showing controls > patients were tested for the network effects.
Our results revealed a lower verbal and visual memory, slower executive speed and higher
geriatric depression scale scores in the patients. The clinical correlations suggested the clinical
significance of ventral inferior striatum volume in predicting depression, execution and
memory domains, and ventral superior striatum volume in execution and memory domains.
In conclusion, ventral striatum-anchored SCN mediates the cortical degenerative process and
modulates the emotional-executive profiles in patients undergoing dialysis.
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Introduction
Patients with end-stage renal disease (ESRD)
undergoing dialysis are at higher risks of cognitive
impairment and dementia [1,2]. Based on the
literature review, the risk factors for predicting
cognitive dysfunctions [3] include advanced
aging, low hemoglobin level, malnutrition, low or
high body mass index, dialysis adequacy, primary
etiology for dialysis [4] and low educational level
[5]. Aside from these systemic factors, patients
with end-stage renal disease often encountered
stroke, syncope or cardiovascular events that may
lead to dementia [6]. A portion of ESRD patients
with dementia may experience slowly progressive
cognitive decline but the intra-cerebral network
alterations were not fully established.
Changes in dopaminergic integrity within the
fronto-striatal circuits have been associated
with motor deficits, parkinsonism, executive
dysfunctions and depression [7]. Similarly,
these neurobehavioral presentations have
been demonstrated in the literature of ESRD
patients [3,8,9]. Evidence linking uremic
toxins and brain dopaminergic deficits [10,11]
has been supported by decreased levels of the
monoaminergic amino acid precursor [12-14].
In clinical presentations, the dopaminergic
dysregulations have led to higher rates of restless
leg syndrome [15], parkinsonian syndrome [16]
and depression [17,18] in uremia patients. It will
be of clinical relevance to understand whether
the dopaminergic-related network may modulate
the degenerative scaffold in ESRD patients.
In recent years, researchers have started to conceptualize the functional connectivity of neural
circuits associated with different sub-regions
of the striatum. For instance, emotion/motivation-related function has been attributed to
the ventral striatum [19], and executive dysfunction has been reported in patients showing
putamen or caudate damage [7,20]. In 2006, a
seed-based correlation model defining six striatal
sub-regions in the Talairach space was proposed
[21]. This model may be ideal to elucidate the
relationships between dopaminergic pathways
and neurobehavioral presentations in ESRD
patients showing progressive cognitive declines
[21]. Recent research has also suggested that
highly-related brain regions show covariance in
morphometric characteristics, so called structural covariance [22]. With careful control of con-
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founding factors [23,24] it may be possible to
use the structural covariance networks (SCNs) to
test the clinical significance of striatal networks
in dialysis patients.
The survey of intracerebral status in ESRD
patients can be complex as the physical
intactness, biological risk factors, treatment
procedure and the uremic toxin may modulate
the cognitive outcomes. The ideal model as how
to control these factors may depend on the study
purposes. The main purpose of this study is to
understand whether the striatal network may be
a target network of involvement in patients with
ESRD. In such context, the study population
included patients with ESRD under dialysis and
a clinical stage of mild dementia. If the striatal
network was involved in the degenerative brain
network in ESRD, we hypothesized that the
peak voxels of degeneration may explain the
cognitive performance per se.
Based on the biological properties and a
literature review, we hypothesized that selective
striatal SCNs may be involved in modulating
the executive and emotional changes in ESRD
patients. We compared the gray matter (GM)
atrophy topography and the striatal SCN
patterns between the patients and controls
group, explored whether the striatal SCN may
predict the degenerative processes and correlated
with the neurobehavioral outcomes.
Materials and Methods
This study was conducted in accordance with
the Declaration of Helsinki and was approved by
the Institutional Review Board of Chang Gung
Memorial Hospital. All of the study participants
were referred to the Cognition and Aging
Center, Department of General Neurology,
Kaohsiung Chang Gung Memorial Hospital for
neurobehavioral evaluations. Adults older than 20
years of age were eligible for the study if they: (1)
had ESRD and had been treated with outpatient
dialysis for at least 90 days; (2) had a stable physical
status as confirmed by the treating physicians; (3)
had progressive neurobehavioral complaints; (4)
were able to provide written informed consent, and
(5) were accompanied by a reliable caregiver who
could clearly delineate the patient’s daily functions.
The rationale for setting an interval of 90-day
criteria at outpatient dialysis clinics was to ensure
that the patient had steady physical intactness so
that he cognitive results and neuroimaging status
were adequately measured and also reflect the
steady status of everyday cognition.

Significance of the Ventral Striatal-Network in Dialysis Patients: Structural Covariance Analysis and
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The diagnosis of neurobehavioral deficits in the
patients included either the presence of cognitive
dysfunction or depressive state. The cognitive
dysfunctions were confirmed by a one-hour
interview with a behavioral neurologist and a
clinical dementia rating score of 0.5 or more
[25]. The clinical diagnosis of depression was
made after completing a half-hour structured
interview according to the Diagnostic and
Statistical Manual of Mental Disorders, Fourth
Edition criteria [26]. The exclusion criteria
were a past history of clinical stroke, a modified
Hachinski ischemic score > 4 and the presence
of territorial infarctions, micro-bleeds or high
intensity due to calcification in brain magnetic
resonance imaging.
After screening according to the inclusion
and exclusion criteria, a total of 27 patients
completed the study protocol (15 males, 12
females), including 19 on hemodialysis and eight
on peritoneal dialysis. The study also included
27 age- and gender-matched cognitively normal
controls for comparisons.
Study Working Scheme
The working scheme was as follows. First, we
compared neuropsychiatric data between the two
diagnostic groups (patients and controls). Next,
the striatal SCN was established by seed-based
correlation analysis [21]. Differences in each seed
regional volume were compared between the two
diagnostic groups and also correlated with the
neuropsychiatric data. In order to evaluate the
protective effect mediated by dopamine, only the
covariance strength showing controls > patients
was considered to be statistically significant. The
significant peak clusters were selected and the
volumes were also correlated with the cognitive
test scores to evaluate the clinical relevance.
Neurobehavioral Data
After enrolment, demographic data were recorded
and neuropsychiatric tests [27] were performed
to assess memory, language and executive
function. Verbal and non-verbal episodic
memory was assessed using a Chinese version
of the Verbal Learning Test (CVVLT) [28] and
the Rey-Osterrieth Complex Figure Test after a
10-minute delay. The CVVLT consisted of four
registration trials (T1 to T4), 30-second delay
(CVVLT-30s) and 10-minute recall (CVVLT10m). Total correct scores (CVVLT-total) from
T1 to T4 were also calculated. The Verbal
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Fluency Test and 16-item Boston Naming Test
were used to test language ability. Specific tests to
analyze executive function including backwardspan, design fluency, Stroop Interference, and
Modified Trails B tests were also performed. The
15-item Geriatric Depression Scale (GDS) was
used to grade the severity of depression (Spreen
and Strauss, NY: Oxford University Press).
Image Acquisition
Magnetic resonance images were acquired
using a 3.0T MRI scanner (Excite, GE Medical
Systems, Milwaukee, WI, USA). The clinical
protocols of an axial fast spin-echo T2-weighted
image (4200 ms/102 ms/2[TR/TE/NEX]; field
of view (FOV), 240 mm × 240 mm; matrix, 320
× 224; and section thickness, 5 mm) were used to
exclude intracerebral lesions. Structural images
were acquired to construct the SCNs using the
following protocols: a T1-weighted, inversionrecovery-prepared, three-dimensional, gradientrecalled acquisition in a steady-state sequence
with a repetition time/echo time/inversion time
of 8,600 ms/minimal/450 ms, a 256 × 256 mm
field of view, and a 1-mm slice sagittal thickness
with a resolution of 0.5 × 0.5 × 1 mm3.
Data Analysis for Neuroimaging Biomarkers

Image preprocessing and statistical analysis were
performed using SPM 8 (SPM8, Wellcome
Trust Centre of Cognitive Neurology, University
College London, UK, http://www.fil.ion.ucl.
ac.uk/spm/). The T1 images were reoriented,
realigned, and normalized using the standard
Montreal Neurological Institute (MNI) space.
The images were then segmented into GM and
white matter. Related tissue segments were used
to create a custom template using diffeomorphic
anatomical registration using an exponentiated
lie algebra approach. The modulated and warped
images were then smoothed using a Gaussian
kernel of 8 mm full width at half maximum.
Images Analysis
Using voxel-based morphometry, [29] direct
comparisons between the GM volume of
the patients and controls were performed. T
contrasts were used to identify voxels that showed
between-group significance. The threshold was
set at p < 0.01, corrected for a false discovery rate
and a cluster size > 100 voxels.
To investigate the SCN patterns, six regions
of interest (Postuma and Dagher, 2006),
1788
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representing seeds, were selected from the
54 preprocessed images. The seeds and MNI
coordinates were as follows (Figure 1A):
inferior ventral striatum (VSi, coordinates:
[9,9,-8], superior ventral striatum [VSs,
coordinates: 10,15,0]; dorsal caudate [DC,
coordinates: 13,15,9]; dorsal caudal putamen
[DCP; coordinates: 28,1,3]; dorsal rostral
putamen [DRP; coordinates: 25,8,6] and
ventral rostral putamen [VRP, coordinates:
20,12,-3]).
From the modified GM images, the GM
volumes of a 4-mm radius sphere around the
seed coordinates were calculated, followed
by six separate correlation analyses using the

extracted GM volumes as the covariates of
interest, to form the SCN. The two diagnostic
groups were modeled separately. Specific T
contrasts were used to identify voxels that
showed positive correlations for each seed.
The results reflected the SCNs anchored by
each seed. The threshold was set at p < 0.01,
corrected for a false discovery rate with a
cluster size > 100 voxels.
In addition, to investigate whether the diagnosis
interfered with SCN covariance strength, voxels
showing significant differences in the regression
slopes in each seed-peak cluster correlation were
compared that pointed to interactions between
controls > patients. Specific T contrasts were

Figure 1: Statistical maps depicting brain areas in which the gray matter volume covaried with (A) six target seeds, (B) seed volume comparisons (* p <
0.001), and (C) structural covariance networks in the controls (n = 27) and dialysis patients (n = 27). D. Voxel based morphometry comparisons showing
atrophic regions in the patients. The images were displayed via standard brain rendering, and the statistic maps were thresholded at p < 0.01, corrected
with a false discovery rate with extended cluster voxels > 100. Abbreviations: dorsal caudate (DC), ventral caudate superior (VSs), ventral caudate/
nucleus accumbens inferior (VSi), dorsal rostral putamen (DRP), dorsal caudal putamen (DCP), and ventral rostral putamen (VRP). [x,y,z] = Montreal
Neurological Institute coordinates
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established to map the voxels that expressed
significant between-diagnosis associations.
For the peak clusters showing significant
between-group differences, a 4-mm radius
sphere was placed on the peak voxel, and the GM
volumes were then calculated. To evaluate the
clinical significance of the seed or the identified
peak voxel, we used correlation analysis with the
neuropsychiatric data or GDS scores as outcome
measures. The threshold was set at p < 0.05 with
multiple corrections.
Statistical Analysis
Clinical data were expressed as mean ± standard
deviation. The Student’s t test was used to
compare continuous variables, and chi-square test
for categorical variables. Spearman’s correlation
analysis was used to analyze the seed or cluster
volume to predict the cognitive or GDS score.
Specific to the memory domain, we calculated
the retention rate in the Verbal Memory Test
[28]. All statistical analyses were conducted using
SPSS software (SPSS version 20.0 for Windows®,
SPSS Inc., Chicago, IL). Statistical significance
was set at p <0.05.
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Results
 Demographic data and cognitive data

There were no significant differences in gender,
age and educational level between the patients
and controls (Table 1). The neuropsychiatric
results suggested that the patients had
significantly lower verbal memory scores at
the end of the learning curve and shorter and
longer delay recall than the controls. However,
differences in the retention rates of CVVLT
(CVVLT-30s/CVVLT-T4 [controls 0.98 ± 0.15;
patients 0.85 ± 0.32; p = 0.08]; and CVVLT-10m/
CVVLT-T4 [controls 0.93 ± 0.17; patients 0.78 ±
0.36; p = 0.078]) were not significant. The patients
also had lower visual memory scores and required a
longer time to complete the Modified Trails B test.
There were no significant differences in speech and
language ability between the patients and controls.
A direct comparison between all test scores
between the hemodialysis and peritoneal dialysis
showed no significant differences. Aetiologies
of ESRD included type 2 diabetes (n=14), use
of nephrotoxic medication (n=8), malignancy
hypertension (n=4) and primary kidney disease
(n=1). The hemodialysis adequacy using Kt/V

Table 1: Neuropsychiatric data between two groups.
Group
Age
Education (year)
Sex (male/female)
Chinese Version Verbal Learning Test
Total CVLT (T1 to T4)
T1
T2
T3
T4
30 s free recall
10 min free recall
Visual memory
Modified Rey–Osterrieth recall (17)
Visual function
Modified Rey–Osterrieth copy (17)
Visual object and space perception(10)
Speech and language ability
Semantic fluency (Fruit)
Boston Naming Test (16)
Executive function
Digit backward
Stroop test (1 min)
Design fluency
Modified Trails B test time
Correct line in Modified Trails B (14)
Geriatric depression scale
Data are presented as mean (standard deviation)

Control (n=27)
64.3(4.1)
10.6(4.3)
15/12

Dialysis (n=27)
64.2(9.5)
9.6(4.6)
15/12

P value
0.94
0.39
1

26.0(5.0)
4.8(2.0)
6.3(1.5)
7.2(1.2)
7.7(1.1)
7.5(1.3)
7.2(1.5)

22.4(6.6)
4.1(1.5)
5.4(2.1)
6.4(1.7)
6.6(1.9)
5.8(2.7)
5.4(2.9)

0.04
0.21
0.07
0.06
0.01
0.01
0.01

11.6(3.1)

7.9(5.5)

<0.01

16.8(0.7)
8.0(2.1)

15.7(3.0)
6.7(2.8)

0.06
0.08

13.3(3.4)
14.9(1.4)

12.2(3.8)
13.9(3.7)

0.26
0.21

4.6(1.6)
36.5(10.0)
6.4(3.1)
49.0(29.6)
13.70(13.36)
1.63 (1.9)

4.0(1.7)
31.5(17.7)
5.3(2.7)
76.7(40.7)
10.2(4.6)
4.83 (4.09)

0.24
0.22
0.17
0.01
0.23
0.001
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and urea reduction ratio suggested adequate
dialysis in the patient group (Kt/V; 1.82 ± 0.29,
reference range >1.2; Urea reduction ratio 0.77 ±
0.05, reference range >65%).
 Patterns of Striatal SCNs

In the striatal model, the VSi, VSs, VRP and
DRP seeds had a significantly smaller volume in
the patients than in the controls (all p < 0.001;
(Figure 1B)). The SCN patterns and related
clusters in each diagnosis are shown in Figure
1C and Supplementary Tables 1-12 (Figure 1C)
(Supplementary Table 1-12). Based on the equal
size of each group the patients had larger SCN
topography, and qualitative differences were most
evident in the ventral caudate-connected network.
A direct comparison of voxel-based morphometry
suggested diffuse GM atrophy in the patients
(Figure 1D, Supplementary Table 13). The
topography was highly coherent with the network
interconnected with the VSi or VSs-anchored
SCNs (Figure 1C). Meanwhile, striatal atrophy
(Figure 1D) was mainly located symmetrically in
the ventral striatum and caudate head.

interactions with regards to the peak cluster
topography showing smaller structural covariance
strength in the patients ((Figure 2) (Table 2)). A
total of 15 peak clusters were significant (Figure
2A: VSs and DC seeds; Figure 2B: DCP, DRP,
VRP seeds) (Figure 2A) (Figure 2B). The
covariance strength and anatomical regions
are shown in Figure 2C and 2D (Figure 2C)
(Figure 2D). However, there were no significant
differences in peak cluster volumes between the
patients and controls (Figure 2E).
 Relationships between seed volume

and cognitive score

We explored whether the seed volumes were
related to the neuropsychiatric test scores in
each group (Table 3). Only domains showing
significantly lower scores in the patients were
selected (Table 1). The VSi volume predicted
all of the test scores, while the VSs and DC
seeds also showed significance in the patients.
Paradoxically, an inverse relationship was found
in the DCP between the volume and verbal
memory scores in the controls.

 Peak clusters showing significant

 Clinical significance of peak clusters

For each seed, we explored diagnostic group-

In the patients, the clinical significance of
the aforementioned 15 peak clusters showing

covariance strength interactions between
groups

showing diagnostic-group interactions

Figure 2: Peak clusters showing significant structural covariance strength interactions of controls (CTL) > end-stage renal disease (ESRD) patients from
the (A) ventral caudate superior (VSs), dorsal caudate (DC), and (B) dorsal rostral putamen (DRP), dorsal caudal putamen (DCP), and ventral rostral
putamen (VRP) seed. The covariance strength (red = CTL; blue = ESRD) and anatomical locations in the (C) caudate-related network and (D) putamenrelated network. (E) Peak cluster volume comparisons between the CTL and patients with ESRD. (x,y,z) = Montreal Neurological Institute coordinates
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Table 2: Interactions showing greater structural covariance strength in the controls (compared with dialysis group).
Seed Regions

Peak regions

Superior Ventral Striatum

Precentral
Superior Frontal
Postcentral
Middle Frontal
Precentral
Superior Parietal
Superior Frontal
Precentral
Postcentral
Precentral
Superior Frontal
Inferior Parietal
Middle Frontal
Superior Frontal
Middle Frontal

Dorsal Caudate
Dorsal Caudal Putamen
Dorsal rostral putamen
Ventral Rostral Putamen

Stereotaxic coordinates
x
y
z
39
3
31
20
38
36
-41
-28
45
32
17
46
39
0
33
-20
-60
43
18
3
66
39
5
34
-36
-28
43
-39
0
28
23
-6
61
-36
-52
37
-26
-13
51
21
33
34
-30
41
19

Extent
355
155
682
186
118
149
210
196
103
110
337
391
480
1648
1375

MaxT

P-value

5.15
4.83
4.52
4.22
4.37
4.23
3.96
4.31
3.51
3.9
4.37
5.15
5.18
5.46
5.58

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Peak regions are within the Main cluster;
Max T is the maximum T statistic for each local maximum. P<0.001with cluster size=100

Table 3: Correlations between test scores and seed volumes in the striatal model.
Anatomy
Seed
Diagnostic groups
30 second delay
10 minute delay
Visual memory
Trail making test time
(second)
Geriatric depression
scale

Caudate
Ventral inferior
Control
Patients
0.261
0.571
0.189
0.004
0.161
0.538
0.421
0.008
-0.493
0.485
0.009
0.019

Ventral superior
Control
Patient
0.149
0.443
0.459
0.034
-0.031
0.644
0.879
0.001
0.228
0.608
0.253
0.002

Dorsal
Control
-0.298
0.131
-0.231
0.246
0.225
0.258

Patients
0.157
0.474
0.375
0.078
0.425
0.043

Putamen
Dorsal caudal
Control Patient
-0.295
0.062
0.135
0.778
-0.395
-0.157
0.041
0.473
-0.110
-0.037
0.585
0.866

Dorsal rostral
Control Patient
-0.111
0.280
0.582
0.196
-0.283
0.086
0.153
0.697
0.190
0.085
0.342
0.699

Ventral rostral
Control Patient
0.119
0.083
0.553
0.707
0.061
0.265
0.761
0.222
0.376
0.337
0.053
0.115

-0.290

-0.680

-0.081

-0.655

-0.046

-0.451

-0.160

0.090

0.142

-0.241

0.121

-0.369

0.143

<0.0001

0.688

0.001

0.819

0.031

0.426

0.682

0.481

0.267

0.547

0.083

-0.57

-0.510

0.048

-0.352

-0.02

0.25

-0.007

-0.211

0.177

-0.288

0.303

-0.388

0.777
0.013
0.811
0.100
0.922
0.91
0.971
0.334
0.377
0.182
0.125
0.68
Numbers indicate Spearman correlation coefficient; NPI=neuropsychiatric inventory; number indicated Spearman correlation coefficient (upper column)
and p value (lower column, Italic), significance at p<0.05;

diagnostic-group interactions (Figure 2) were
also evaluated using correlation analysis with
cognitive tests (Table 4). None of the peak cluster
volumes predicted the neurobehavior data.
Discussion
This study provides evidence that the striatal
networks were involved in the degenerative
process in ESRD patients with dialysis. From
the clinical perspective, the neuropsychiatric
comparisons showed that the verbal episodic
memory dysfunction in the dialysis patients were
related to the memory registration processes.
The patients also showed a lower visual memory
recall, longer time to complete the Trail making
test and higher GDS scores and the treatment

itself was not associated with the cognitive
deficits. From the striatal seed analysis, the VSi
and VSs volumes are smaller in the patients.
The correlation analysis supported the clinical
significance of the caudate regions, especially the
VSi. Lastly, our results validated the importance
of ventral striatum interconnected networks
in patients with dialysis. The lower covariance
strength in the patients suggested the GM
degenerative patterns may be mediated in part
by the striatal seed-interconnected circuit.
 The brain network affected most

by dialysis was the ventral-striatal
degenerative network

The functional studies have shown that structural
covariance analysis is a particularly suitable
1792
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Table 4: Correlations between test scores and seed volumes in the striatal model.
MNI coordinate 30 second delay 10 minute delay Visual Memory
Caudate-connected peak clusters
Precentral
(39,3,31)
0.115
0.130
-0.017
Superior frontal
(20,38,36)
0.273
0.285
0.376
Post-central
(-41,-28,45)
-0.362
-0.398
-0.293
Middle Frontal
(32,17,46)
0.064
-0.141
-0.204
Precentral
(39,0,33)
0.045
-0.043
-0.052
Putamen connected peak clusters
Superior parietal
(-20,-60,43)
-0.261
-0.369
-0.400
Superior Frontal
(18,3,66)
0.013
0.104
0.410
Precentral
(39,5,34)
0.257
0.186
0.154
Postcentral
(-36,-28,43)
-0.226
-0.295
-0.272
Precentral
(-39,0,28)
0.002
-0.062
-0.099
Superior Frontal
(23,-6,61)
0.054
-0.048
0.144
Inferior Parietal
(-36,-28,43)
-0.226
-0.495
-0.272
Middle Frontal
(-26,-13,51)
0.077
0.062
0.203
Superior Frontal
(21,33,34)
0.127
-0.006
-0.017
Middle Frontal
(-30,41,19)
-0.203
-0.223
-0.323
Numbers indicate correlation coefficient, MNI: Montreal Neurological Institute

technique to detect structural manifestations
of persistent functional and trophic cross talk
in different brain networks [30-33]. Based on
the spatial distribution, the SCNs anchored
by the caudate seed were significantly wider in
the patients or compared with those anchored
by the putamen seed. Specifically in the VSs or
VSi seed, the coherent spatial distribution with
the GM atrophic map (Figure 1D) suggested
the importance of these two striatal hubs in
mediating the cortical degenerative processes.
In human brain, the segregation of
corticostriatal connections and modulation
by dopaminergic projections have been
confirmed by several diffusion tensor imaging
studies [34,35]. Our SCN pattern results
may provide evidence that the dopaminergic
network serves as a predictive biomarker
for clinical outcomes in ESRD patients
undergoing dialysis. Interestingly, the pairwise correlations of the ventral-striatal seeds
(i.e. VSs, Vsi) that determined the global
GM degenerative properties suggested that
pathological alterations are mediated by these
two striatal hubs. In the patients, the volumes
of VSs and VSi were also smaller and correlated
with the neurobehavioral profiles. Whether
these pathological alterations are related to the
treatment or by other co-morbidities is difficult
to ascertain in this study. As there were no
significant differences in peak cluster volumes
between the patients and control, the clinical
weighting of the seed regions may outweigh
the effect of the interconnected cortical hubs.
1793
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Trail Making test time Geriatric depression scale
0.203
-0.300
0.148
0.299
0.177

0.043
-0.388
0.243
0.058
0.061

0.236
-0.393
0.088
0.261
0.174
-0.108
0.261
-0.143
0.042
0.261

0.212
-0.083
0.026
0.156
0.062
-0.001
0.017
-0.210
0.053
0.03

 Striatal network in the dialysis patients

that modulated cognitive symptoms

Based on a recent meta-analysis [3], patients
undergoing dialysis tend to show cognitive
impairments in orientation, attention, memory
and executive function compared to the general
population. Our study provided possible
mechanisms for verbal episodic memory deficits in
these patients. The lower learning curve suggested
memory deficits started from the encoding
processes [36]. Aging may be a confounding
factor for such encoding deficits [37], however
the effect was likely to be negligible here seeing
as the ages of the two groups was similar. We
also excluded those showing clinical evidence
of structural lesions either according to their
medical history or in neuroimaging. As such, it is
possible that the deficits were caused by diseaserelated functional disconnectivities in the brain.
Unlike those reported in hepatic encephalopathy
[38], functional connectivity abnormalities of
the basal ganglia-thalamocortical circuits have
not been fully explored in dialysis patients. In
a review of the literature related to dialysis, we
found reports of aberrant functional connectivity
in the default mode network, the medial frontal
lobe and thalamus [2,39-47].
 Depression/executive speed/memory

and ventral inferior striatum in dialysis
patients

The ventral striatal seeds were related to the
verbal or visual episodic memory scores in our
ESRD patients. A recent report suggested that
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ventral striatal iron accumulation is linked to
demyelination and impairment in declarative
memory in the elderly [48]. Patients with
hemodialysis have a significantly higher
incidence of iron deposition in the striatum
areas [49]. Whether the changes of ventral
striatum and memory deficits were related to
higher portions of hemodialysis patients required
further explorations. VSs volume was associated
with the processing time of the Trail Making
test in our dialysis patients and the role of VSs
in decision making/executive control has been
reported [50,51].
In addition to the aforementioned cognitive
deficits, our patients also scored higher in the
GDS compared to the controls. Higher GDS
can be related to poor physical health, perception
of not being healthy, old age [52], cognitive
dysfunction [53] or emotional dysregulations
[21]. The GDS scores were significantly related
to the VSi volume in this study, consistent with
a study positing the association between ventral
striatal circuits and emotional responses [21].
 Changes of structural covariance

strength and GM degeneration

Theoretically, structural covariance strength
represents direct strengthening of a “physical”
interconnection among key hubs [54]. As
we only explored the covariance interactions
showing controls > patients, the results may
provide possible pathological mechanisms
between SCNs and GM atrophy in dialysis
patients. The lower covariance strength in the
patients reinforced segregated and less integrated
components in the brain networks. Alternatively,
stronger structural covariance in the controls
may reflect the modulatory role of dopaminergic
transmitters that provide a protective role via
offering greater regional connectivity at the
network level.
Study Limitations
There are several limitations to this study,
including a relatively small sample size. The
results should be considered as exploratory,
linking dopamine deficits, neurobehavioral
outcomes and network modulation in dialysis
patients. Nonetheless, these spatially-scattered
cortical hubs still add evidence to the structuralfunctional alterations in patients undergoing
dialysis and explain why GM degeneration
may occur in ESRD patients. Second, we
only reported structural covariance strength
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showing controls > patients. The expression of
dopamine has been reported to be affected by
gene-environment interactions, types of uremic
toxin, hemodialysis adequacy and a hyper- or
hypo-dopaminergic state may mediate the
clinical symptoms [55]. Although the seeds were
confined to the striatum, our group stratification
may have involved factors other than those
mediated by dopamine. Further longitudinal
studies may help to validate the specificity of
the striatal network in grading disease severity.
Third, although the striatum is considered to be
a seed, the results of our analysis do not directly
imply the top-down relationship driven by the
predefined seed. Instead, our results support
a higher clinical hierarchy of the striatal seeds
in predicting symptoms and the relationships
with cortical atrophy. Lastly, the influence of
dialysis method has been emphasized in the
literature [41,43,47] however, patients with
hemodialysis and peritoneal dialysis showed no
cognitive differences in this study. The cross
sectional design as this study was not able to
answer how treatment per se may modulate the
brain network. In the future, we will perform
a longitudinal analysis and explore whether the
decline of cognition may be directly related to
the treatment procedure or the dialysis adequacy.
Conclusion
Our analysis supports the clinical role of
ventral-striatal SCNs in modulating the cortical
degenerative scaffold in dialysis patients. In these
patients, lower covariance strength was found in
the ventral-striatum interconnected networks,
and the clinical correlation suggested early
ventral striatal disintegrity which influenced the
dopamine pathways and modulated the severity
of memory, executive and depressive symptoms.
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