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Background: Cognitive decline exists in the chronic kidney disease (CKD) population and is particularly 
severe in patients with stage 5 CKD, but the mechanisms underlying this relationship are unclear. Structural-
functional coupling, an integrated measure that combines functional and structural networks, offers the 
possibility of exploring changes in network relationships in patients with stage 5 CKD. This study aimed 
to investigate the brain network topology and structural-functional coupling characteristics in patients 
with non-dialysis-dependent stage 5 CKD (CKD 5ND) and the correlation between network changes and 
cognitive scores.
Methods: We prospectively performed diffusion tensor and resting-state functional magnetic resonance 
(rs-fMRI) imaging on 40 patients with CKD 5ND disease and 47 healthy controls (HCs). Graph theory 
analysis of functional and structural connectivity (SC) was performed. Small-world properties and network 
efficiency properties were calculated, including characteristic path length (Lp), clustering coefficient (Cp), 
normalized clustering coefficient (Gamma), normalized characteristic path length (Lambda), small-worldness 
(Sigma), global efficiency (Eglob), and local efficiency (Eloc). The SC-functional connectivity (FC) coupling 
characteristics and the association between Montreal Cognitive Assessment (MoCA) scores and graph-
theoretical features were analyzed. 
Results: For SC, the Sigma (P=0.009), Cp (P=0.01), Eglob (P<0.001), and Eloc (P=0.01) were significantly 
lower in patients with CKD 5ND than in HCs, while Lp (P<0.001) and Lambda (P<0.001) were significantly 
higher in the patients than in the HCs. For FC, the Sigma (P=0.008), Gamma (P=0.009), Eglob (P=0.04), 
and Eloc (P<0.0001) were lower in patients with CKD 5ND than in HCs; however, the Lp (P=0.02) was 
higher in the patients than in the HCs. SC-SC coupling (P<0.001) was greater in patients with CKD 5ND 
than in HCs. The structural (Cp, Eloc, Eglob) and functional network parameters (Sigma, Gamma, Eglob) 
of the patients with CKD 5ND were positively correlated with MoCA scores; however, the Lp of both 
structural and functional networks was negatively correlated with MoCA scores.
Conclusions: All patients with CKD 5ND included in the study exhibited changes in their structural and 
functional brain network topology closely related to mild cognitive impairment. SC-SC coupling was elevated 
in the patients compared with that in the controls. This may provide vital information for understanding and 
revealing the underlying mechanisms of cognitive impairment in patients with CKD 5ND.
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Introduction

A progressive loss of kidney function, increased urinary 
albumin excretion, or decreased glomerular filtration rate 
characterizes chronic kidney disease (CKD) (1). Currently, 
the global incidence of CKD is 8–16% and rising. Therefore, 
CKD has become a global public health challenge (2,3). 
Patients with CKD often experience altered cognitive 
function (4), including confusion, encephalopathy, and 
dementia, with the prevalence of cognitive impairment 
being 10–40% (5). These symptoms are particularly severe 
in those with stage 5 CKD, which is defined as a glomerular 
filtration rate <15 mL/min/1.73 m2 (6). Furthermore, 
after initiation of hemodialysis, hemodialysis-induced 
hemodynamic disturbances may lead to a significantly 
increased risk of a variety of adverse outcomes in patients 
with stage 5 CKD (7), including mortality within 1 year and 
various clinical neurological and psychological complications 
(such as stroke, rapid cognitive decline, and depression)  
(8-10). Therefore, imaging and biological markers related to 
cognitive impairment should be screened, and the potential 
neuropathological mechanisms in patients with non-dialysis-
dependent stage 5 CKD (CKD 5ND) should be evaluated. 

In recent years,  with the rapid development of 
neuroimaging, resting-state functional magnetic resonance 
imaging (rs-fMRI), and diffusion tensor imaging (DTI) 
have been widely used to explore the pathophysiological 
mechanisms of cognitive dysfunction in patients with CKD 
treated with dialysis. The studies showed that patients with 
CKD treated with maintenance hemodialysis have abnormal 
spontaneous brain activity in multiple regions associated with 
the default mode network (11-14). Moreover, several DTI-
based studies have demonstrated that patients with end-
stage renal disease exhibit widespread decreases in fractional 
anisotropy (FA) and increases in radial diffusivity (RD) and 
mean diffusivity (MD) values in several white matter regions 
in the brain, with the changes in some indicators correlating 
with dialysis time and cognitive dysfunction, especially 
executive function (15-19). Furthermore, compared with 
healthy controls (HCs), patients with end-stage renal disease 
in brain network studies show altered graphical properties 

of structural and functional networks, such as small-world 
and nodal properties. A significant correlation has also been 
observed between these properties and cognitive function 
scale scores (20-23).

With the emergence of multimodal functional magnetic 
resonance, structural connectivity (SC) and functional 
connectivity (FC) coupling, an integrated measurement 
method combining functional and structural networks 
has been proposed. SC-FC coupling has been widely used 
to study the changes in SC-FC network relationships 
in various diseases, such as tinnitus, bipolar disorder, 
and subcortical stroke (24-27). For example, Wang et al. 
reported the deterioration of SC-FC coupling in patients 
with diabetic nephropathy (24). However, to the best of 
our knowledge, no study has explored the changes in SC-
FC coupling in patients with CKD 5ND and a decreased 
level of cognition. Therefore, this study aimed to examine 
the altered properties of structural and functional networks 
in patients with CKD 5ND based on a graph-theoretic 
approach and assessed the following hypotheses: (I) there 
is structural and functional network disruption in patients 
with CKD 5ND; (II) SC-FC coupling is significantly 
altered in patients with CKD 5ND; and (III) the properties 
of the brain networks in patients with CKD 5ND correlate 
with the Montreal Cognitive Assessment (MoCA) score.

Methods

Participants and clinical data

A total of 51 patients with CKD 5ND from the Nephrology 
Department of Beijing Friendship Hospital, Capital 
Medical University, and 53 healthy volunteers from local 
communities were enrolled in this study. This study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013) and approved by the Medical Ethics 
Committee of Beijing Friendship Hospital, Capital Medical 
University. Written informed consent was obtained from 
each participant before enrollment in the study. All the 
participants were right-handed, and none of the HCs had 
a history of kidney disease. The exclusion criteria were 
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104 CKD 5ND patients and HC participants 
were recruited in this study

Demographic, clinical laboratory examination 
and cognitive function assessment 

Multimodal MRI scanning (sMRI + fMRI + DTI)

Exclusion:
I n=5 Claustrophobia;
II n=2 Chronic infarction;
III n=4 Excessive head 

movement

Exclusion:
I n=2 Claustrophobia;
II n=1 Chronic infarction;
III n=3 Excessive head 

movement

51 CKD 5ND patients

40 CKD 5ND patients

53 HC participants

47 HC participants 

Figure 1 Summary of recruitment and exclusion of patients with CKD 5ND and HCs. CKD 5ND, non-dialysis-dependent stage 5 chronic 
kidney disease; HC, healthy control; sMRI, structural magnetic resonance imaging; fMRI, functional magnetic resonance imaging; DTI, 
diffusion tensor imaging.

as follows: (I) history of dialysis treatment; (II) history of 
psychiatric disorders; (III) neurological disorders, including 
stroke, brain tumor, and brain trauma; (IV) other systemic 
diseases; (V) contraindications to MRI; and (VI) significant 
head movement during MRI examination. In addition,  
11 patients with CKD 5ND and 6 HCs were excluded 
due to claustrophobia (n=5), chronic infarction (n=2), 
and excessive head movement (≥3 mm/3°) (n=4). Finally,  
40 patients with CKD 5ND and 47 HCs were included 
in the analysis. Details of the study population are shown 
in Figure 1. Cognitive assessments and biochemical blood 
examinations were performed for all patients with CKD 
5ND before scanning. The MoCA was used to assess the 
cognitive level of the patients with CKD 5ND.

MRI data acquisition

All images were obtained on a 3.0 T magnetic resonance 
scanner (Discovery MR750w, GE HealthCare, Anaheim, 
USA) with an 8-channel phased front coil. During the scan, 
all participants were instructed to lie supine, keep their heads 
still, close their eyes, and stay awake but try to avoid thinking. 
We also provided earplugs to reduce noise and comfortable 
foam pads to reduce head movement. DTI was performed 

using a single-excitation spin echo plane imaging sequence 
under the following parameters: repetition time (TR)  
=8,000 ms, echo time (TE) =98 ms, matrix =128 × 128, 
acquisition voxel size 2×2×2 mm3, field of view (FOV)  
=224 mm × 224 mm, nonzero b value =1,000 s/mm2, gradient 
directions =64, slice thickness =2 mm, and bandwidth  
=2,500 Hz/Px. For high-resolution T1-weighted images, 
we used a 3D brain volume imaging (3D BRAVO) sequence 
under the following parameters: 96 slices with a slice 
thickness of 1 mm and no gap, TR =8.492 ms, TE =3.276 ms, 
inversion time (TI) =450 ms, flip angle (FA) =15°, acquisition 
voxel size 1×1×1 mm3, FOV =224 mm × 224 mm, and matrix 
=256 × 256. The resting-state functional data were obtained 
under the following parameters: 200 time points, 28 slices 
with a slice thickness of 5 mm (1-mm gap), TR=2000 ms, TE 
=35 ms, acquisition voxel size 1×1×1 mm3, FOV =224 mm × 
224 mm, FA =90°, matrix =64×64, and acquisition time =368 s.

Data preprocessing

Preprocessing of DTI data
The DTI data were preprocessed using the PANDA software 
package (28) based on the FSL software package (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/). First, we converted the Digital 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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Imaging and Communications in Medicine (DICOM) files 
to neuroimaging informatics technology initiative (NIfTI) 
images. We then used the b0 image to estimate the brain 
mask and cropped the raw image based on the obtained mask. 
Subsequently, we corrected the head movement and eddy 
distortion and performed whole-brain fiber tracking. Finally, 
we averaged multiple directions and calculated the diffusion 
tensor metrics. In this process, a deterministic fiber tracking 
method was adopted for whole-brain fiber tracking, and the 
criteria for terminating tracking were set as FA <0.15° or a 
deflection angle > 45° (29).

Preprocessing of fMRI data
The rs-fMRI data were preprocessed using the GRETNA 
package (https://www.nitrc.org/projects/gretna/) (30) 
installed in MATLAB 2018b (MathWorks). First, we 
converted the DICOM files to NIfTI images, removed 
the first 5 volumes of each time series, kept 195 volumes, 
and corrected slice-timing for the remaining 195 volumes. 
Next, we performed realignment and excluded participants 
whose maximum head movements were >3 mm or 3° at the 
horizontal and rotational levels. Diffeomorphic anatomical 
registration through exponentiated lie algebra (DARTEL) 
registration was used to spatially normalize the corrected 
images to the standard Montreal Neurological Institute 
template (resampled voxel size =3×3×3 mm3). Following 
this, detrending was implemented to remove the linear and 
nonlinear drift. Next, the white matter signal, Friston-24 
head motion parameters, and cerebrospinal fluid signal were 
regressed off as covariates, and 0.01–0.08 Hz was applied for 

temporal filtering. Finally, we controlled the head movements 
again through scrubbing with the following parameters: 
frame-wise displacements (FD) threshold =0.5, previous time 
point number =1, and subsequent time point number =2.

Construction of brain networks

In this study, structural networks of all participants were 
constructed with DTI, and functional networks were 
acquired via rs-fMRI. Through use of the PANDA software 
package and the GRETNA package, respectively, the 
structural and functional networks were automatically 
divided into 246 anatomical regions of interest based on the 
Brainnetome Atlas, excluding the cerebellum (31). The FA 
was selected to construct the structural network, and the 
average FA of the connecting fibers between the weights of 
the edge nodes of the structural network was extracted. 

Regarding the functional network, the average time 
series of each node was acquired by averaging the fMRI 
time courses on each node. We then used the correlation 
coefficients between each node as the weights of the edges 
in the functional network (Figure 2).

Graph theory analysis

The GRETNA software package (https://www.nitrc.org/
projects/gretna/) (30) was applied to calculate the properties 
of the structural and functional networks. A threshold of 
connection sparsity (0.05–0.5, step size: 0.01) was applied 
to the functional network, and the values of the matrix 
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Figure 2 The whole-brain connection matrix constructed on the Brainnetome Atlas. (A) The structural connectivity matrix was calculated 
with the Pearson correlation method on the basis of the Brainnetome Atlas, with fractional anisotropy being used to construct the structural 
network. (B) The functional connectivity matrix was calculated by Pearson correlation method on the basis of Brainnetome Atlas. 
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elements (threshold set to 0) were applied to the structural 
network. We characterized the properties of the structural 
and functional networks with the following parameters: 
characteristic path length (Lp), clustering coefficient (Cp), 
normalized clustering coefficient (Gamma), normalized 
characteristic path length (Lambda), small-worldness (Sigma), 
global efficiency (Eglob), and local efficiency (Eloc). For 
functional network intergroup comparisons, we further 
calculated the area under the curve (AUC) for the sparsity 
range, which provided a generalized scale for the brain 
network features independent of a single threshold selection.

SC-FC coupling analysis

The method used for SC-FC coupling analysis in this 
study was consistent with that used in previous studies 
(20,22,32,33). The nonzero network edges of the SC matrix 
were extracted to produce a vector of structural connectivity 
values and to return them to a Gaussian distribution. 
Meanwhile, the corresponding FC matrix network edges 
were extracted to form a vector of FC values. Finally, the 
Pearson correlation coefficient between the two vectors was 
calculated, which were the network coupling values.

Statistical analysis

Patients’ demographic characteristics, clinical features, and 
MoCA scores were statistically analyzed using SPSS25.0 
software (IBM Corp.). The chi-squared test was used 
for qualitative variables. The Kolmogorov-Smirnov test 
confirmed that the small-world attributes and network 
efficiency values were normally distributed. The statistical 
significance threshold was set at P<0.05. The chi-squared 
test was used to compare sex between the two groups. 
Group differences in small-world attributes, network 
efficiency, and SC-FC coupling were evaluated by 2-sample 
t-tests with age as the covariate. Pearson correlation analysis 
detected correlations between small-world attributes, 
network efficiency, and MoCA scores with age and 
estimated glomerular filtration rate (eGFR) as covariates. 
For multiple comparisons, tests were corrected using the 
Bonferroni method (P<0.05/7=0.007).

Results

Demographic and clinical characteristics

The demographic and clinical characteristics of the 

patients with CKD 5ND and HCs are shown in Table 1.  
No statistical differences were observed between the 
patients with CKD 5ND and the HCs regarding sex, age, 
or education. The biochemical blood test results of the 
patients with CKD 5ND are shown in Table 1.

Structural and functional network analysis

Alterations in small-world properties and network 
efficiency 
Within the set threshold range, all participants showed 
small-world attributes (Sigma >1, Gamma >1, Lambda ≈1) 
in the structural and functional networks (Figure 3). In the 
structural network, patients with CKD 5ND displayed 
significantly lower Sigma (P=0.009) and Cp (P=0.01) 
than did the HCs. In contrast, the Lp (P<0.001) and 
Lambda (P<0.001) values of patients with CKD 5ND were 
significantly higher than those of the HCs. No significant 
difference was observed in the Gamma values between the 
two groups. Regarding network efficiency, Eglob (P<0.001) 
and Eloc (P=0.01) were lower in patients with CKD 5ND 
than in HCs (Figure 4 and Table 2).

Regarding the functional network, patients with CKD 
5ND showed significantly lower Sigma (P=0.008) and 
Gamma (P=0.009) values than did the HCs. In contrast, 
the Lp values (P=0.02) of patients with CKD 5ND were 
significantly higher than those of the HCs. However, no 
significant difference was observed in the Cp and Lambda 
values between the two groups. Regarding network efficiency, 
Eglob (P=0.04) and Eloc (P<0.0001) were lower in patients 
with CKD 5ND than in HCs (Figure 4 and Table 2). 

SC-FC coupling analysis
Patients with CKD 5ND (−0.16±0.08) demonstrated 
significantly higher SC-FC coupling values than did HCs 
(−0.22±0.06; P<0.001) (Figure 5 and Table 2).

Relationships between graphical properties and MoCA 
scores

Regarding the structural network, in patients with CKD 
5ND, we found significant positive correlations between 
Cp and MoCA scores (r=0.374; P=0.003), Eglob and 
MoCA scores (r=0.452; P=0.004), and Eloc and MoCA 
scores (r=0.455; P=0.004). However, a significant negative 
correlation was observed between Lp and MoCA scores 
(r=−0.452; P=0.004), and Lambda and MoCA scores 
(r=−0.437; P=0.004). No significant correlation was 
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Table 1 Demographic and clinical characteristics of the participants

Characteristic Patients with CKD 5ND (n=40) HCs (n=47) P value

Age (years) 51.28±12.7 [20–73] 46.23±11.7 [23–63] 0.056a

Education 12.4±3.7 13.0±4.5 0.058a

Sex (male/female) 27/13 27/20 0.336b

Albumin (g/L) 35.97±5.00 NA NA

Urea (mmol/L) 30.19±8.21 NA NA

Creatinine (μmol/L) 760.8±241.6 NA NA

Phosphate (mmol/L) 2.0±0.50 NA NA

Ca (mmol/L) 2.08±0.23 NA NA

Parathyroid hormone (pg/mL) 266.4±266.7 NA NA

Hemoglobin (g/L) 96.4±16.1 NA NA

Ferritin (ng/mL) 131.7±193.6 NA NA

Urinary albumin (g/24 h) 2.4±2.1 NA NA

eGFR (mL/min) 6.8±3.3 NA NA

Serum iron (μmol/L) 12.4±7.8 NA NA

MoCA scores 24.1±3.5 [14–30] NA NA

Data are presented as the mean ± standard deviation [range]. a, two-sample t test. b, chi-squared test. CKD 5ND, non-dialysis-dependent 
stage 5 chronic kidney disease; HC, healthy control; Ca, calcium; NA, not applicable; eGFR, estimated glomerular filtration rate; MoCA, 
Montreal Cognitive Assessment.
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Figure 3 Small-world properties of functional and structural networks. (A) The functional networks of the CKD 5ND group and HC 
group showed small-world properties (Sigma >1). (B) The structural network of the CKD 5ND group and HC group showed small-world 
properties (value of matrix element >0). **, P<0.01. CKD 5ND, non-dialysis-dependent stage 5 chronic kidney disease; HC, healthy control.

observed between Gamma and MoCA scores (r=−0.016; 
P=0.92) or between Sigma and MoCA scores (r=0.244; 
P=0.12) (Figure 6).

Regarding the functional network, Sigma and MoCA 
scores (r=0.366; P=0.02), Gamma and MoCA scores 
(r=0.333; P=0.03), and Eglob and MoCA scores (r=0.326; 

P=0.04) exhibited positive correlations; meanwhile, Lp and 
MoCA scores (r=−0.361; P=0.02) and Lambda and MoCA 
scores (r=−0.472; P=0.002) exhibited negative correlations.

Regarding the SC-FC coupling,  no s ignif icant 
correlation was observed between SC-FC coupling and 
MoCA scores (r=−0.070; P=0.67). 
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Table 2 Brain network graph measures and coupling of structural and function connectivity of the participants 

Graph measure Patients with CKD 5ND (n=40) HCs (n=47) t value P value

Structural network

Sigma 13.38±2.30 14.62±2.00 2.66 0.009

Gamma 23.94±2.56 24.36±2.91 0.75 0.48

Cp 0.16±0.02 0.17±0.02 2.65 0.01

Lp 12.83±2.67 11.03±1.42 4.01 <0.001

Lambda 1.82±0.23 1.67±0.14 3.62 <0.001

Eglob 0.08±0.01 0.09±0.01 4.21 <0.001

Eloc 0.18±0.02 0.19±0.01 2.67 0.01

Functional network (AUC)

Sigma 0.63±0.10 0.70±0.09 3.59 0.008

Gamma 0.68±0.11 0.75±0.10 3.38 0.009

Cp 0.27±0.02 0.27±0.01 1.18 0.24

Lp 0.82±0.05 0.80±0.02 2.91 0.02

Lambda 0.48±0.02 0.47±0.00 2.36 0.17

Eglob 0.26±0.01 0.27±0.01 2.54 0.04

Eloc 0.35±0.01 0.35±0.00 4.35 <0.0001

Coupling −0.16±0.08 −0.22±0.06 3.71 <0.001

Graphical measurement of structural and functional network. Data are presented as the mean ± standard deviation. Covariance analysis 
adjusted for age was conducted for the intergroup comparisons. CKD 5ND, non-dialysis-dependent stage 5 chronic kidney disease; HC, 
healthy control; Sigma, small-worldness; Gamma, normalized clustering coefficient; Cp, clustering coefficient; Lp, characteristic path 
length; Lambda, normalized characteristic path length; Eglob, global efficiency; Eloc, local efficiency. AUC, area under the curve. 
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Relationships between functional graphical properties and 
structural graphical properties

In patients with CKD 5ND, no significant correlation 
was observed between Sigma AUC and Sigma (r=−0.096; 
P=0.55), Lambda AUC and Lambda (r=0.014; P=0.93), Cp 
AUC and Cp (r=0.130; P=0.42), Lp AUC and Lp (r=−0.005, 
P=0.97), Gamma AUC and Gamma (r=−0.013; P=0.93), 
Eglob AUC and Eglob (r=0.014; P=0.92), or between Eloc 
AUC and Eloc (r=0.152; P=0.35) (Figure S1). 

Discussion

This study examined the brain network characteristics of 
patients with CKD 5ND using multimodal MRI techniques. 
We found that patients with CKD 5ND showed disruptions 
in functional and structural network features compared 
with HCs. These network features were correlated with the 
patients’ MoCA scores. In addition, the SC-FC coupling 
of patients with CKD 5ND was significantly different 

https://cdn.amegroups.cn/static/public/QIMS-23-295-Supplementary.pdf
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Figure 6 Scatter plot showing the correlation between network topology attributes and MoCA scores in patients with CKD 5ND. 
Bonferroni corrected was used in multiple comparisons (P<0.05/7=0.007) with age and eGFR as covariates. (A) Scatter plot displaying the 
correlation between small-world attributes and network efficiency of the structural network and MoCA scores. (B) Scatter plot displaying the 
correlation between small-world attributes and network efficiency of the functional network and MoCA scores. MoCA, Montreal Cognitive 
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from that of the HCs. This is the first study to explore the 
underlying mechanisms of cognitive impairment in patients 
with CKD 5ND from a functional-structural perspective 
through a combination of DTI and rs-fMRI. Our results 
may provide new insights into the role of brain SC-FC 
network coupling in the generation of cognitive impairment 
in CKD 5ND and may aid in discovering indicators for the 
early diagnosis and treatment of cognitive impairment in 

patients with CKD 5ND.

Changes in graphical properties of structural and functional 
networks

Consistent with graph theory findings from previous 
studies related to CKD, patients with CKD 5ND and 
HCs exhibited small-world properties of structural and 
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functional networks (20,22,32). The small-world network 
is ideal, as it provides a structural basis for local and global 
interactions and allows for effective information separation 
and integration (34,35). However, in this study, we found 
some differences in the properties of the structural networks 
of the two groups. For example, we discovered that Sigma 
and Cp were lower while Lp was higher in the patients with 
CKD 5ND than in the HCs. CP and Lp are important 
brain network parameters, and the human brain is a small-
world network with high Cp and low Lp (36-38). 

Moreover, Lp reflects the brain’s capacity for information 
integration and transmission (39). Therefore, the reduced 
Sigma observed in our study indicated that CKD 5ND can 
lead to global changes in structural brain networks, and the 
increased Lp indicated a reduced ability to integrate and 
rapidly transmit information between distant brain regions 
effectively (34). In addition, Eloc and Eglob were lower in 
patients with CKD 5ND than in HCs. Eglob, defined as the 
inverse of Lp, is the best measure of information integration. 
The lower Eglob of the patients with CKD 5ND indicated 
that information integration efficiency and information 
transmission ability were decreased in these patients. Eloc 
mainly mediates the modular information transfer and 
fault tolerance of the network (40). Therefore, the low 
Eloc represented a shorter range of SC and reduced local 
information processing capacity in patients with CKD 5ND.

Regarding the functional network properties, patients 
with CKD 5ND showed higher Lp and lower Sigma, Eloc, 
and Eglob values than HCs. We also found that patients 
with CKD 5ND exhibited lower Gamma values in the 
functional brain network than did the HCs; however, no 
difference in Cp was observed between the two groups. 
Cp represents the transition process of the network from 
a small-world network to a regular or random network, 
while Gamma is the normalized form of Cp. These results 
suggest that patients with CKD 5ND have reduced global 
and local information processing capacity of the functional 
brain networks.

Regarding SC-FC coupling, previous studies have 
shown that SC and FC interact with one another. SC 
provides scaffolding for FC, and lower levels of local 
properties of the structural network may constrain and 
predict the strength and spatial patterns of FC, while 
FC shapes SC through plasticity mechanisms (41-43). 
Moreover, the SC-FC coupling strength is significantly 
altered in neuropsychiatric disorders that may reflect the 
psychological state of an individual (44). Reduced SC-FC 
coupling strength may suggest a loss of consistency in SC 

and FC (26). Moreover, disordered SC-FC coupling has 
been reported in various diseases, such as tinnitus, stroke, 
bipolar disorder, epilepsy, and Alzheimer disease, and 
some studies have reported an association between SC-
FC coupling strength and clinical symptoms (26,27,29,45). 
Consistent with previous studies, we found that the SC-
FC coupling strength was significantly higher in patients 
with CKD 5ND than in HCs. Chen et al. (27) showed that 
increased SC-FC coupling in patients with tinnitus might 
indicate that these patients experience a more abnormal 
state of overcompensation through increased structural and 
functional brain connectivity. We hypothesize that both 
functional and structural brain connections are impaired 
in patients with CKD 5ND, resulting in a compensatory 
enhancement of SC-FC coupling. Furthermore, we 
found that the mean coupling values were negative for 
both groups, which we speculate may be because SC-FC 
coupling is the strongest in visual and subcortical regions 
and the weakest in limbic and default network regions (46). 
Therefore, the SC-FC coupling showed negative values at 
the whole-brain level.

Relationships between graphical properties and MoCA 
scores

Notably, several studies have investigated the relationship 
between changes in functional and structural brain 
characteristics and clinical scores in patients with stage 5 
CKD (12,47,48). Zheng et al. found microstructural and 
functional brain changes in patients with stage 5 CKD on 
dialysis, with significant correlations between these changes 
and MoCA scores (47). Similarly, Gu et al. observed atrophy 
in the subcortical structures of patients with stage 5 CKD 
on dialysis, which correlated significantly with clinical 
presentation (48). Consistent with previous research, we 
found that structural network parameters (Cp, Eloc, Eglob) 
and functional network parameters (Sigma, Gamma, Eglob) 
in patients with CKD 5ND were positively correlated 
with MoCA; however, Lp was negatively correlated with 
MoCA. These findings suggest that the whole brain has 
a reduced ability to integrate and transmit information 
globally and locally and may mediate cognitive impairment 
in patients with CKD 5ND; however, the underlying neural 
mechanisms require further investigation.

Limitations

Our study has several limitations. First, as this was a cross-
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sectional study of patients with CKD 5ND, in the future 
we will conduct separate studies of patients with early-
stage CKD (CKD1-4) with follow-up to further analyze 
the differences in cognitive deficits in patients with CKD 
at different disease stages. Furthermore, the present 
investigation focused on whole-brain level SC-FC coupling, 
and additional inter- and intranetwork SC-FC coupling 
studies in patients with CKD 5ND are warranted, which 
we aim to conduct in future. Moreover, this study was based 
on the Brainnetome Atlas and excluded the cerebellum; 
in future studies, we will select nodes based on different 
brain anatomy or functional templates and use other atlases 
containing the cerebellum to study the possible role of the 
cerebellum in diseases. Finally, this study explored whole-
brain SC-FC coupling in patients with CKD 5ND based 
on rs-fMRI and DTI. Recently, a study combining arterial 
spin labeling (ASL) and quantitative susceptibility mapping 
(QSM) found that cerebral blow flow-susceptibility 
coupling was reduced in patients with CKD and related to 
cognition (49). In the future, we will integrate additional 
modalities, such as rs-fMRI, ASL, and QSM, to explore 
the potential neural mechanisms of cognitive reduction in 
patients with CKD.

Conclusions

Patients with CKD 5ND in this study exhibited altered 
graph-theoretical properties of both the structural and 
functional brain networks. In addition, these changes in 
structural network properties were closely related to mild 
cognitive impairment. Furthermore, SC-FC coupling 
values were increased in patients with CKD 5ND compared 
with those in HCs. Our findings may contribute to a better 
understanding of the anatomical-functional interaction 
mechanisms underlying the cognitive impairment in 
patients with CKD 5ND. SC-FC coupling and MoCA 
scores were not correlated; however, whole-brain SC-
FC coupling may provide new insights into the search 
for potential imaging markers to assess cognitive decline 
in CKD 5ND, and thus the exact biological mechanisms 
responsible for the altered structure-function coupling in 
CKD 5ND need to be further investigated. 
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