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Abstract

Background: End-stage renal disease (ESRD) patients are at a substantially higher risk for developing cognitive
impairment compared with the healthy population. Dialysis is an essential way to maintain the life of ESRD patients.
Based on previous research, there isn’t an uncontested result whether cognition was improved or worsened during
dialysis.

Methods: To explore the impact of dialysis treatment on cognitive performance, we recruited healthy controls
(HCs), predialysis ESRD patients (predialysis group), and maintenance hemodialysis ESRD patients (HD group). All
ESRD patients performed six blood biochemistry tests (hemoglobin, urea, cystatin C, Na+, K+, and parathyroid
hormone). Neuropsychological tests were used to measure cognitive function. By using diffusion tensor imaging
and graph-theory approaches, the topological organization of the whole-brain structural network was investigated.
Generalized linear models (GLMs) were performed to investigate blood biochemistry predictors of the neuropsychological
tests and the results of graph analyses in the HD group and predialysis group.

Results: Neuropsychological analysis showed the HD group exhibited better cognitive function than the predialysis
group, but both were worse than HCs. Whole-brain graph analyses revealed that increased global efficiency and
normalized shortest path length remained in the predialysis group and HD group than the HCs. Besides, a lower
normalized clustering coefficient was found in the predialysis group relative to the HCs and HD group. For the GLM
analysis, only the Cystatin C level was significantly associated with the average fiber length of rich club connections in the
predialysis group.

Conclusions: Our study revealed that dialysis had a limited effect on cognitive improvement.
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Background
End-stage renal disease (ESRD) is known as the glom-
erular filtration rate of < 15 mL/min/1.73 m2, or continu-
ous dialysis therapy is essential [1, 2]. Altered central
nervous system function [3] and various neuropsychi-
atric troubles [4] were often found in ESRD patients,
which are closely related to reducing the quality of life.
One neuropsychological study documented that partial
metabolites and excessive toxins could be removed when
undergoing dialysis to retain effective basic life support
[5]. Although some researchers pointed out that ESRD
patients who are undergoing dialysis have universally
been discovered to perform better than non-dialysis pa-
tients with ESRD on neuropsychological tests [6–12],
others observed the persistence of cognitive dysfunction
in ESRD patients on dialysis [6, 7, 9, 11–23]. Hence, it is
necessary to explore the effect of dialysis on the patho-
physiology of cognitive dysfunction in patients with
ESRD.
Reproducible results of evidence observed cognitive

decline in patients with chronic kidney disease and indi-
viduals during their dialysis therapy [5, 24–26]. Sabrina
et al. discovered a reversible part of low neuropsycho-
logical testing in patients with ESRD who are receiving a
single dialysis session, particularly in the abilities of
memory, execution, and psychomotor speed [27]. How-
ever, regular dialysis treatment may abduct arterial hyp-
oxemia, ephemeral hypotension, and undulations in
electrolytes and brain water content, which may eventu-
ally result in an aberrant central nervous system [28].
Therefore, the effect of dialysis therapy in ESRD patients
on cognitive dysfunction remains largely unclear.
Neuroimaging has proved to be a worthy tool to ex-

plore the neural mechanisms of whole brain cognitive
impairments in continuous hemodialysis ESRD patients
[29–31]. As we know, cognitive impairment does not
only have the appearance of one or more altered isolated
areas, but is also compactly associated with the abnor-
mality of distributive brain circuits [32–34]. The human
connectome is essential for research of basic neurobiol-
ogy [35], which could help us to comprehensively and
accurately describe the internal network connection pat-
tern of the whole brain [36].
In our study, to explore the impact of dialysis treat-

ment and kidney failure on cognitive performance, we
recruited healthy controls (HCs), predialysis ESRD pa-
tients (predialysis group), and maintenance hemodialysis
ESRD patients (HD group). Diffusion tensor imaging
(DTI) was employed to systematically analyze the micro-
structure of the brain white matter network in all sub-
jects. We hypothesized that both the predialysis group
and HD group had aberrant topological organization of
the brain anatomical network, and there was discrimin-
ation between the two groups. We further investigated

the association among the resulting network abnormal-
ity, neuropsychological performance, and clinical blood
tests of all participants.

Methods
All prospective research was approved by the Medical
Ethics Committee of the First Affiliated Hospital of the
Medical College in Xi’an Jiao tong University and was
conducted in accordance with the Declaration of
Helsinki. Each participant signed a written informed
consent before the experimental procedures were
conducted.

Participants
In our research, 27 HD patients (34.1 ± 1.66 years old),
32 age-, education- and gender-matched predialysis pa-
tients (32.7 ± 1.67 years old) and 33 HCs with normal
sight (35.0 ± 1.72 years) underwent MR imaging. The
dialysis duration was greater than 3 months in HD pa-
tients. The following exclusion criteria were employed:
(1) macroscopic brain T2-visible lesions on MRI scans;
(2) psychiatric disorders or major neurologic disorders;
(3) ischemic diseases including acute ischemic cerebro-
vascular disease, acute peripheral arterial occlusion, and/
or advanced liver or heart failure; (4) asymptomatic cor-
onary ischemia by electrocardiogram testing; (5) a his-
tory of diabetes; (6) substance abuse including drugs,
alcohol, and cigarettes; (7) color blindness; and (8)
claustrophobia.

Laboratory examinations
All patients with ESRD performed six blood biochemis-
try tests including hemoglobin, urea, cystatin C, Na+, K,+

and parathyroid hormone before MR imaging to evalu-
ate renal function. No blood indicator was measured in
HCs.

Neuropsychological tests
All subjects underwent Auditory Verbal Learning Test–
Huashan version (AVLT-H) to assess memory function,
including immediate recall trial, short-term delayed re-
call trial, long-term delayed recall trial, and recognition
trial. The neuropsychologic test contained 12 two-
character spoken Chinese words from three diverse cat-
egories (occupations, apparel, flowers) with four words
per category. The researcher read the list of words with
1 s between word intervals and asked each individual to
remember as many words as possible [37]. AVLT-H
scores were as follows: (1) immediate recall total score
(IR-S), the total number of correct recollection of words
in the first three learning tests; (2) short-term delayed
recall score (SR-S), the total number of correct recollec-
tions of words when the researcher read the same word
list 5 min after the first three learning tests; (3) long-
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term delayed recall score (LR-S), the total number of
correct recollections of words when the researcher read
the same word list 5 min after the first three learning
tests; and (4) recognition score (REC-S), the total num-
ber of correct recollections of words when the re-
searcher read the same word list and 12 unrelated words
(occupations, apparel, flowers).

Image acquisition
All MRI imaging data were acquired with a 3.0 Tesla GE
Excite scanner using an eight-channel coil (GE Medical
System, Milwaukee, WI), including a high-resolution T1-
weighted image and diffusion tensor imaging (DTI) scans.
DTI sequences were obtained including 30 volume se-

quences with diffusion gradients applied along 30 non-
collinear directions (b = 1000 s/mm2) and one volume se-
quence with a b value of 0 s/mm2, and the following param-
eters were slice thickness, 4mm; field of view (FOV) =
240 × 240mm2; matrix size = 128 × 128; repetition time
(TR) = 40,000ms; and echo time (TE) = 84ms. Additionally,
high-resolution anatomical images were also acquired by
applying a T1-weighted three-dimensional MRI sequence
with the following parameters: 140 axial slices; TR = 8.5ms;
TE = 3.4ms; flip angle = 12°; slice thickness = 1.0mm; no
gap; matrix = 240 × 240; and FOV= 240 × 240mm2. Each
participant was placed in a standard head coil to decrease
head movement during MRI data acquisition.

Image preprocessing
Preprocessing of DTI imaging data included three steps.
First, all raw DT imaging sequence quality was examined
qualitatively. Then, the head motion and eddy current
distortions were aligned by using an affine alignment of
each diffusion-weighted image to the b = 0 image. Fi-
nally, brain extraction and diffusion tensor elements
were evaluated by solving the Stejskal and Tanner equa-
tion [38, 39].

Network construction
For each participant, a structural connectivity matrix
was created by combining white matter tractography
and cortical labels. In our study, we applied the Human
Brainnetome Atlas [40] to extract the nodes of brain
white matter connectivity, which segmented entire net-
works into 246 regions of interest. Additionally, the de-
terministic fiber tracking method [41] was employed to
map white matter connections between brain regions.
During the tracking procedure, we removed fibers which
were less than 20mm in length, as these may be false
positive fibers [42]. For each participant, the two con-
nectivity matrices described (1) unweighted networks
(the number of fibers was greater than 3 between two
brain regions), and (2) weighted networks along the
average fibers strengths connecting a pair of ROIs.

Network measures
The so-called rich club phenomenon of the brain net-
work exists when the highly connected regions of a net-
work are more intensively connected with each other
than predicted on the basis of their high degree alone
[43]. In recent studies, rich club organization of the
brain structural connectome was discovered [30, 44–46].
In the current research, we employed the graph theory
approach to analyze the rich club organization of the
brain binary networks in all subjects at the range of the
nodal degree (k) cutoff, including rich club coefficient
(φ(k)), normalized φ(k) (φnorm(k)), clustering coefficient
(C), shortest path length (L), global efficiency (Egob), and
edge (E). The details and interpretations of these net-
work measures are briefly described below.
The rich club coefficient, φ(k), which was defined as a

ratio of the number of connections among nodal degree k
or higher and the total probable number of connections if
these regions were completely connected [44, 45].
This is defined as the fraction of edges, E, that connects

nodes, N, of degree k or higher over a range of k-values:

φ kð Þ ¼ 2E>k

N>k N>k − 1ð Þ
where k is the number of connections of node i, N > k is
the number of nodal degree >k and E > k is the number
of remaining connections that delete the regions with
connections less than k. φrandom(k) was calculated as the
average on a set of 1000 random graphs within equal
size and similar connectivity distribution. φnorm(k), which
was computed as the fraction of φ(k) and φrandom(k):

φnorm kð Þ ¼ φ kð Þ
φrandom kð Þ

Therefore, φrandom(k) could be summed up as a rich
club organization usually being > 1.
To better evaluate the effect of the rich club

organization, we added parameters at the same k-level
range. By doing so, we could contrast and detect global
parameters if the supporting standard metrics were altered
across selected k-values or the entire k-value regime.
At a specific k value, the clustering coefficient of a node

i, Ci, which was defined as a ratio that is the proportion
of possible connections that actually exist between the
nearest neighbors of a node [47, 48]:

Ci ¼ 2ei
ki ki − 1ð Þ

where ki is the degree of node i, and ei is the number ac-
tually existing between the nearest neighbors of node i.
The mean clustering coefficient of network C is the

average of the clustering coefficient over all nodes,
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which indicates the extent of local interconnectivity or
cliquishness in a network [47]:

C ¼ 1
N
Ci

The shortest path length, Li, j, defined as the minimal
travel path for node i and node j in the network is com-
puted as follows [47]:

L ¼ 1
N N − 1ð Þ

X

i≠ j

min Li; j
� �

where N is the number of nodes in the network, and
min {Li, j} is the shortest path length between any pair of
nodes (e.g., node i and node j). The L of a network
quantifies the ability for information propagation in
parallel.
The global efficiency (Egob) of G that measures the cap-

ability of the parallel information transfer in the network
[49] is defined as:

Eglob Gð Þ ¼ 1
N N − 1ð Þ

X

i= j∈G

1
Lij

where Li, j is the shortest path length between node i
and node j in G.
In order to normalize the parameters, we compared

the actual values with the average calculated from 100
randomized networks of the same number of regions
and nodal degree sequence. It can help to regulate these
unstable graph theory indicators, such as C and L, as
their absolute values provided a restricted message about
the integration of the brain network [50]. Statistically,
we performed the same analyses as described above for
the rich club effect and its factors, N and E.
Additionally, we carried out the same analysis as de-

scribed above for the number of the connections of the
rich club organization across all k-levels, E.

Network nodes and edges
In our study, we defined the rich club regions in three
ways: on the basis of the group-average brain network
which was calculated by the connections of all healthy
subjects greater than 50%, on the individual level by
ranking the degree value of the regions, and on the basis
of the first 20% of most consistently interconnected re-
gions in the HC groups [44].
Based on the definition of the rich club organization,

we divided all nodes of the whole brain network into
rich club and non-rich club nodes, and further divided
the edges into three topological categories [45]: (1) the
edges between two rich club regions were called rich
club connections; (2) the edges between rich club

regions and non-rich club regions were called feeder
connections; and (3) the edges between two non-rich
club regions were called local connections [45]. Add-
itionally, for the brain weighted networks of the fiber
length, we calculated the average value of the three types
of connections for each participant.

Statistical analysis
Software (SPSS version 16.0; SPSS, Chicago, Ill) was
employed for the demographic and clinical characteris-
tics among the HD group, predialysis group, and HC. To
compare age, years of education, and neuropsychological
tests, the one-way analysis of variance (one-way
ANOVA) was applied among the three groups, and the
independent-sample t-test was used between pairs of in-
dividual groups (HD group vs HCs, predialysis group vs
HCs, and HD group vs predialysis group). The χ2 test
was used to contrast gender distribution among the
three groups. A significant difference was present if the
p-value was less than 0.05.
To explore whether there were significant between-

group differences in laboratory examinations (hemoglobin,
urea, cystatin C, Na+, K,+ and parathyroid hormone) be-
tween the HD group and predialysis group, we employed
the independent-sample t-test after controlling age, gen-
der, and years of education. A p value of less than 0.05
was considered to show a significant difference.
For brain structural network connectivity (including φ(k),

φnorm(k), clustering coefficient (C), shortest path length (L),
global efficiency (Egob), and edge (E)), we employed a linear
regression with coding controls as 0 and disease groups as
1 to test group differences for each group (HCs, HD group,
and predialysis group) after removing age, gender, and edu-
cation. The false discovery rate (FDR) approach was applied
to correct for multiple comparisons across all k-level re-
gimes. Additionally, we conducted the same method to
analyze the differences of the average tract length of the
rich club, feeder, and local connections among the three
groups in the selected k level.
Generalized linear models (GLMs) were performed

separately to investigate blood biochemistry predictors
of the neuropsychological test and average tract length
results in the two groups (HD group and predialysis
group) with gender, age, and education imported as co-
variates. The threshold for a significant difference was
set at an uncorrected p value of less than 0.05.

Results
Demographic, laboratory examinations and memory
function comparisons
Demographic and laboratory examinations for the HD
group, predialysis group, and HCs are summarized in
Table 1. There was no significant difference in age (p =
0.532), education level (p = 0.541), and gender among
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the three groups (Table 1). Age, gender, and education
were employed as covariates in a subsequent statistical
analysis. Additionally, of all the results of blood indicator
examinations between the two patient groups,
hemoglobin, urea, Na,+ and parathyroid hormone were
thought to show significant differences (p < 0.05), but no
difference was indicated for Cystatin C and K+ (p > 0.05)
(Table 1).
Higher IR-S and SR-S were found in HCs compared

with ESRD patients, and the HD group compared with
the predialysis group (Table 2, all p < 0.05). LR-S and
REC-S performed better in HCs compared with ESRD
patients (p < 0.05), while no difference was discovered
between the HD group and predialysis group (p > 0.05)
(Table 2).
After the GLM analysis, we discovered a significant

correlation between Cystatin C and IR-S, SR-S and
LR-S in the predialysis group (uncorrected p < 0.05)
(Table 3).

Global topologic organization of the structural network
In the global brain network, φnorm(k) was increasingly
higher than 1 over an increasing regime of k-levels
among the three groups (HCs, HD group, and predialy-
sis group), which exhibited that a rich club phenomenon
was detectable. The φnorm(k) was significantly greater in
patients with ESRD than in the HC group, and the pre-
dialysis group was higher than the HD group for
φnorm(k) at a steady range of k-values (p < 0.05, FDR cor-
rected, Fig. 1). E, global efficiency, normalized shortest
path length (normalized L), and normalized clustering
coefficients (normalized C) were considered to show sig-
nificant differences for each group (HCs, HD group, and
predialysis group) across high-degree k-levels respect-
ively (p < 0.05, FDR corrected, Fig. 2). Additionally, com-
pared with HCs, both the HD group and predialysis
group exhibited significantly increased normalized L at
k = 0, with no significant differences between the HD
group and predialysis group (p < 0.05, FDR corrected,

Table 1 Demographic and clinical characteristics of healthy controls and patients with end-stage renal disease

Variable mean ± SE F-value

HCs predialysis group HD group P1 P2 P3

Demographic

N 33 32 27 – – – –

Age (years) 35.0 ± 1.72 32.7 ± 1.67 34.1 ± 1.66 0.532 0.715 0.322 0.512

Gender (M/F) 15/18 17/15 14/13 – 0.796 0.901 0.696

Education (years) 12.3 ± 0.50 12.0 ± 1.01 11.2 ± 0.55 0.541 0.15 0.787 0.523

Dialysis duration – – 30 ± 3.22 – – – –

Laboratory Examinations

Hemoglobin(g/L) – 86.3 ± 3.51 103.7 ± 3.87 – – – 0.0016*

Urea (μmol/L) – 31.4 ± 1.83 23.5 ± 1.57 – – – 0.0022*

Cystatin C (mg/L) – 4.4 ± 0.616 4.4 ± 0.68 – – – 0.989

Na + (mmol/L) – 139.8 ± 0.57 144.0 ± 0.68 – – – < 0.001*

K+ (mmol/L) – 4.6 ± 0.12 5.0 ± 0.13 – – – 0.0673

Parathyroid hormone (pg/mL) – 303.3 ± 30.37 731.0 ± 88.78 – – – < 0.001*

P1:HCs vs. HD group; P2:HCs vs. predialysis group; P3:HD group vs. predialysis group. The two group differences in subjects’ basic information were analyzed
using a two-sample t-test. The numbers of males and females were analyzed using a χ2 test. *p < 0.05
ESRD end-stage renal disease, HCs healthy controls, predialysis group predialysis ESRD patients, HD group maintenance hemodialysis ESRD patients

Table 2 Neuropsychologic tests of healthy controls and patients with end-stage renal disease

Variable mean ± SE F-value P1-value P2-value P3-value

HCs HD group predialysis group

IR-S 26.8 ± 0.79 24.0 ± 0.87 20.0 ± 0.92 16.708* 0.017* < 0.001* 0.003*

SR-S 10.3 ± 0.24 9.2 ± 0.35 7.9 ± 0.45 12.300* 0.010* < 0.001* 0.028*

LR-S 10.3 ± 0.28 8.15 ± 0.34 7.8 ± 0.49 13.092* < 0.001* < 0.001* 0.521

REC-S 11.8 ± 0.10 11.2 ± 0.19 11.1 ± 0.27 3.286* 0.006* 0.029* 0.860

P1:HCs vs. HD group; P2:HCs vs. predialysis group; P3:HD group vs. predialysis group. The two group differences in subjects’ neuropsychologic tests were analyzed
using a two-sample t-test. *p < 0.05
IR-S immediate recall total score, SR-S short-term delayed recall score, LR-S long-term delayed recall score, REC-S recognition score, ESRD end-stage renal disease,
HCs healthy controls, predialysis group predialysis ESRD patients, HD group maintenance hemodialysis ESRD patients
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Table 3 Multivariable generalized linear models for prediction of neuropsychological tests

Variable IR-S SR-R LR-S REC-S

SE wald P SE wald P SE wald P SE wald P

HD group

Hemogloblin(g/L) 0.043 0.519 0.471 0.017 5.127 0.024* 0.017 3.770 0.052 0.009 0.102 0.750

Urea (μmol/L) 0.107 2.990 0.084 0.041 4.598 0.032* 0.043 2.128 0.145 0.022 3.628 0.057

Cystatin (mg/L) 0.722 1.228 0.268 0.279 0.754 0.385 0.291 0.000 0.989 0.149 0.379 0.538

Na + (mmol/L) 0.231 0.325 0.569 0.089 0.134 0.715 0.093 0.561 0.454 0.048 0.015 0.902

K+ (mmol/L) 1.207 1.890 0.169 0.466 0.744 0.389 0.487 0.001 0.972 0.250 4.394 0.036*

parathyroid hormone (pg/mL) 0.002 0.362 0.547 0.001 0.530 0.467 0.001 0.416 0.519 0.000 1.046 0.306

predialysis group

Hemogloblin(g/L) 0.059 0.055 0.814 0.028 0.175 0.675 0.028 0.004 0.953 0.018 0.271 0.603

Urea (μmol/L) 0.102 1.394 0.238 0.048 1.379 0.240 0.049 3.628 0.057 0.031 2.207 0.155

Cystatin C (mg/L) 1.213 4.045 0.044* 0.574 4.614 0.032* 0.580 6.199 0.013* 0.364 2.677 0.102

Na + (mmol/L) 0.355 0.551 0.458 0.168 1.317 0.251 0.170 2.640 0.104 0.107 1.070 0.301

K+ (mmol/L) 1.334 1.504 0.220 0.631 4.209 0.040* 0.638 2.970 0.085 0.400 0.910 0.340

parathyroid hormone (pg/mL) 0.006 0.114 0.736 0.003 0.739 0.390 0.003 0.996 0.318 0.002 2.023 0.155

IR-S immediate recall total score, SR-S short-term delayed recall score, LR-S long-term delayed recall score, REC-S recognition score, ESRD end-stage renal disease,
HCs healthy controls, predialysis group predialysis ESRD patients, HD group maintenance hemodialysis ESRD patients
* uncorrected p value of less than 0.05

Fig. 1 The rich club phenomenon in HCs, HD group and predialysis group. a. the rich club level of HCs. b. the rich club level of the HD group. c.
the rich club level of the predialysis group. d The rich club phenomenon in HCs, HD group, and predialysis group. ESRD: End-stage renal disease;
predialysis group:predialysis ESRD patients; HD group: ESRD patients undergoing maintenance hemodialysis; HCs:healthy controls
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Fig. 2c). There were evidently lower normalized C in the
predialysis group relative to the HCs and HD group, but
no significant difference was discovered for normalized
C between the HCs and HD group individuals at k = 0
(p < 0.05, FDR corrected, Fig. 2d). Here, graph analysis
research recorded the differences of the rich club
organization for the brain structural network.

Regional topologic organization of the structural network
The results of rich club regions were convergent on a
group-level, on the individual level, and across the group
of participants, including the insular gyrus (INS), cingulate
gyrus (CG), superior frontal gyrus (SFG), middle frontal
gyrus (MFG), superior parietal lobule (SPL), inferior par-
ietal lobule (IPL), superior temporal gyrus (STG), middle
temporal gyrus (MTG), precentral gyrus (PrG), precuneus
(Pcun), caudal cuneus gyrus (Cun), occipital polar cortex
(OcG), superior occipital gyrus (sOcG), hippocampus
(Hipp), basal ganglia (Str), and thalamus (Tha).
In our results, we observed significantly increased average

fiber length of the rich club, feeder, and local connections
in both the HD group and predialysis group relative to HCs
(p < 0.05, FDR corrected, Fig. 3). The average fiber length of
the rich club connections of the predialysis group showed a
significant increase relative to the HD group, with no differ-
ences for the average tract length of the feeder and local
connections (p < 0.05, FDR corrected, Fig. 3).

Relationships between average fiber length and
laboratory examinations
GLM analysis revealed that the Cystatin C level was sig-
nificantly associated with the average fiber length of the
rich club connections in the predialysis group (uncor-
rected p < 0.05), with no relationship for the average
tract length of the feeder and local connections (p >
0.05) (Table 4). There was no correlation between the
Cystatin C level and the average fiber length of the three
types of brain structural connections in the HD group
(p > 0.05) (Table 4).

Discussion
In our study, we detected the relationship between dialysis
treatment, kidney failure, and cognitive performance in
ESRD patients. This study demonstrated that dialysis
treatment has a limited protection effect on both cognitive
performance and brain networks in ESRD patients, which
can be summarized as follows: (i) The IR-S and SR-S com-
ply with the order: HCs >HD group>predialysis group;
the LR-S and REC-S comply with the order: HCs > HD
group = predialysis group; (ii) For the global topologic
organization of the structural network, both the HD group
and predialysis group have reduced the information trans-
fer efficiency compared to HCs; and (iii) Cystatin C level
was found to be correlated with the average fiber length of
rich club connections in the predialysis group.

Fig. 2 The difference of network properties among HCs, HD group, and predialysis group. a. the E values of three groups at different k levels. b
the global efficiency of the three groups at different k levels. c the normalized L of three groups at different k levels. d the normalized C of the
three groups at different k levels
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Table 4 Multivariable generalized linear models for prediction of average fiber length

Variable Rich club Feeder Local

SE wald P SE wald P SE wald P

HD group

Hemogloblin(g/L) 0.094 3.058 0.080 0.114 4.373 0.037* 0.104 3.317 0.069

Urea (μmol/L) 0.233 0.048 0.827 0.281 0.019 0.889 0.258 0.156 0.693

Cystatin C (mg/L) 1.577 0.479 0.489 1.898 0.736 0.391 1.743 0.999 0.318

Na + (mmol/L) 0.505 0.618 0.432 0.608 0.602 0.438 0.558 0.000 0.985

K+ (mmol/L) 2.638 0.009 0.925 3.175 0.000 1.000 2.914 0.002 0.961

parathyroid hormone (pg/mL) 0.004 0.644 0.422 0.005 0.760 0.383 0.004 0.536 0.464

predialysis group

Hemogloblin(g/L) 0.109 0.367 0.545 0.113 1.414 0.234 0.140 0.594 0.441

Urea (μmol/L) 0.190 2.251 0.134 0.196 1.038 0.308 0.244 0.135 0.713

Cystatin C (mg/L) 2.256 6.601 0.010* 2.333 1.924 0.165 2.898 0.182 0.670

Na + (mmol/L) 0.660 0.209 0.648 0.683 0.824 0.364 0.848 2.960 0.085

K+ (mmol/L) 2.482 6.313 0.012* 2.567 3.457 0.063 3.188 0.393 0.531

parathyroid hormone (pg/mL) 0.011 4.035 0.045* 0.011 0.920 0.337 0.014 0.063 0.802

predialysis group predialysis ESRD patients, HD group maintenance hemodialysis ESRD patients, ESRD end-stage renal disease
* an uncorrected p value of less than 0.05

Fig. 3 The difference of edges of the rich club among HCs, HD group, and predialysis group
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We found that the HD group exhibited better memory
than the predialysis group, but both were worse than
HCs. Based on previous research, they were not able to
provide an uncontested result whether cognition was
improved or worsened during dialysis [51–53]. Based on
the results of the neuropsychological tests, our results
seemed to indicate that ESRD patients who underwent
long-term dialysis have better cognitive function than
ESRD patients before dialysis initiation. Dialysis had an
improvement effect for cognitive function. However,
there are also many studies which found worse cognitive
function over time for dialysis patients [6, 21]. The rea-
son may be concerned with the time of dialysis. Because
some reports have indicated that the duration of dialysis
was also an important feature for cognition [21]. The
mean duration of dialysis for our subjects was 30
months, with the beneficial effect of treatment on retain-
ing cognition lasting only a limited amount of time. At
some point in a longer duration, the gradient course of
cognition might reach a plateau or even decline, but we
cannot account for this in this study.
By using graphic metrics, such as efficiency and modu-

larity, we found that all of the groups (HCs, HD group,
and predialysis group) exhibited a rich club
phenomenon. Increased global efficiency remained in
the predialysis group and HD group rather than the
HCs. Global efficiency measures the ability of parallel in-
formation propagation within a network. Higher global
efficiency seems to indicate effective integrity and rapid
information propagation between and across remote
brain regions [54, 55]. For our earlier studies, decreased
global efficiency has previously been reported in func-
tional brain networks [56]. Here, increased global effi-
ciency in the structural network may suggest self-
regulation of the brain. A long tradition of research has
clearly shown the brain’s ability to learn volitional con-
trol of its own activity and effects on behavior [57]. The
increased global efficiency in structural networks and de-
creased global efficiency in functional network synergy
were used to maintain brain functioning. Besides, both
the HD group and predialysis group exhibited signifi-
cantly increased normalized L at k = 0 than healthy con-
trol subjects. It indicated that, to maintain brain
function, the structural network of ESRD patients (no
matter if undergoing dialysis) may show a network re-
combination to connect more distant brain regions. Dia-
lysis seems not to have a protective effect on the brain
network. Furthermore, we found lower normalized C in
the predialysis group relative to the HCs and HD group,
but no significant difference was discovered between the
HCs and HD group. It suggested that patients undergo-
ing long-term dialysis have better cognitive function
than ESRD patients before dialysis initiation. From the
above information, our findings have implications that

dialysis has a limited protective effect for the brain
network.
For the correlation analysis between the structural net-

work and laboratory examinations, only the Cystatin C
level was significantly associated with the average fiber
length of rich club connections in the predialysis group.
Many studies have reported that Cystatin C is one of the
early markers of chronic kidney disease which might
serve as early and effective markers for cognitive decline
in kidney patients [58, 59]. Besides, studies have shown
that the Cystatin C concentration is also associated with
the risk of dementia [60, 61]. For the neuropsychological
tests, the difference between the HD group and predialy-
sis group mainly focuses on memory. Higher levels of
Cystatin C may play a role in worse memory scores,
which is consistent with our results and previous studies
[60, 61].
Our study had several limitations which need to be ad-

dressed in future studies. First, the sample size is rela-
tively small in this study, which limits efforts in the
statistical analysis. A large group of population samples
is needed in the future to verify the relationships be-
tween dialysis treatment and cognitive performance. Sec-
ond, blood biochemistry levels were only tested in ESRD
patients, but blood biochemistry tests should be consid-
ered in healthy control subjects to investigate the rela-
tionship between the network and blood biochemistry in
further studies. Besides, we only selected six blood bio-
chemistry values in our study, and a more detailed bio-
chemistry test should preformed in a further study.
Third, the effect of anemia on cognitive was not assessed
in our study. Finally, the neuropsychological tests in our
study were all based on a scale test, and more compre-
hensive cognitive-ability tasks should be obtained in fur-
ther experiments.

Conclusion
To summarize, we conclude that cognitive function
seems to improve in ESRD patients who underwent dia-
lysis treatment. Dialysis treatment may predict better
cognitive performance, but the improvement effect is
limited. Cystatin C level has a potential relationship be-
tween cognitive function and brain function in ESRD pa-
tients before dialysis initiation. These results highlighted
the need for a better understanding of dialysis treatment
on cognition. In the future, the relationship between
cognitive function and the different stage and duration
of dialysis should be observed.
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