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This study aimed to investigate alterations in a multilayer network combining structural and functional 
layers in patients with end-stage kidney disease (ESKD) compared with healthy controls. In all, 38 
ESKD patients and 43 healthy participants were prospectively enrolled. They exhibited normal brain 
magnetic resonance imaging (MRI) without any structural lesions. All participants, both ESRD patients 
and healthy controls, underwent T1-weighted imaging, diffusion tensor imaging (DTI), and resting-
state functional MRI (rs-fMRI) using the same three-tesla MRI scanner. A structural connectivity matrix 
was generated using the DTI and DSI programs, and a functional connectivity matrix was created using 
the rs-fMRI and SPM programs in the CONN toolbox. Multilayer network analysis was conducted based 
on structural and functional connectivity matrices using BRAPH. Significant differences were observed 
at the global level in the multilayer network between patients with ESKD and healthy controls. The 
weighted multiplex participation was lower in patients with ESKD than in healthy controls (0.6454 vs. 
0.7212, adjusted p = 0.049). However, other multilayer network measures did not differ. The weighted 
multiplex participation in the right subcentral gyrus, right opercular part of the inferior frontal gyrus, 
right occipitotemporal medial lingual gyrus, and right postcentral gyrus in patients with ESKD was 
lower than that in the corresponding regions in healthy controls (0.6704 vs. 0.8562, 0.8593 vs. 0.9388, 
0.7778 vs. 0.8849, and 0.6825 vs. 0.8112; adjusted p < 0.05, respectively).This study demonstrated that 
the multilayer network combining structural and functional layers in patients with ESKD was different 
from that in healthy controls. The specific differences in weighted multiplex participation suggest 
potential disruptions in the integrated communication between different brain regions in these 
patients.
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End-stage kidney disease (ESKD) is of paramount importance to global public health owing to its diverse 
complications. ESKD is denoted by a glomerular filtration rate (GFR) persistently below 15 ml/min/1.73 m² for 
a duration exceeding three months1,2. Neurological complications of ESKD are widely recognized as common 
concerns, and they encompass conditions such as insomnia, depression, encephalopathy, stroke, and restless leg 
syndrome. These complications manifest as a diverse range of symptoms and can vary significantly in severity3,4. 
These complications can arise as a result of several factors, including uremic toxins, electrolyte imbalances (such 
as hyperkalemia), metabolic disturbances, vascular changes, and effects of dialysis4,5.

Numerous trials have been conducted to elucidate the underlying pathophysiology of neurological 
complications in patients with ESKD. Significant advancements in brain imaging modalities have complemented 
these efforts. Several studies have concluded that there is general cerebral atrophy and prominent lesions in the 
frontal lobes, based on brain imaging, including magnetic resonance imaging (MRI) and computed tomography 
(CT) scans6,7. Some studies have demonstrated white matter lesions, such as decreased deep white matter volume 
and hyperintensities, which are indicative of small vessel disease, as observed on brain MRI8,9.

Recently, there has been a notable surge in interest in graph theory-based research on brain connectivity. This 
approach offers a comprehensive framework for analyzing the intricate networks formed by both structural and 

1Departments of Internal Medicine, Haeundae Paik Hospital, Inje University College of Medicine, Busan, South 
Korea. 2Departments of Neurology, Haeundae Paik Hospital, Inje University College of Medicine, Busan, South 
Korea. 3Department of Family Medicine, Busan Paik Hospital, Inje University College of Medicine, Busan, Republic of 
Korea. 4Department of Internal Medicine, Haeundae Paik Hospital, Inje University College of Medicine, Haeundae-
ro 875, Haeundae-gu, Busan 48108, Republic of Korea. 5These authors contributed equally:  Jiyae Yi and Chang Min 
Heo. email: arrioph1@gmail.com

OPEN

Scientific Reports |        (2024) 14:31651 1| https://doi.org/10.1038/s41598-024-80645-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-80645-2&domain=pdf&date_stamp=2024-12-20


functional connectivity in the brain10. Consequently, there has been a growing effort to clarify the neurological 
complications in patients with ESKD. In one study, neural tract lesions in patients with ESKD were identified based 
on diffusion tensor imaging (DTI) findings11. Some studies have reported alterations in white matter integrity 
and connectivity among patients with ESKD, as evidenced by lower fractional anisotropy (FA) and higher mean 
diffusivity (MD)12–15. A previous study showed significantly lower functional connectivity in hemodialysis-
dependent patients with ESKD, especially in the frontal lobe, which is strongly associated with neurocognitive 
dysfunction16. Several studies using resting-state functional MRI (rs-fMRI) have provided evidence indicating 
a disturbance of typical global integration within brain networks, characterized by a diminished clustering 
coefficient and global efficiency, alterations in small-worldness, and a heightened characteristic path length in 
patients with ESKD15–18.

Graph theory has ignited a surge of interest in multilayer networks in the domain of brain neuroscience by 
incorporating various layers such as structural and functional layers within the brain19–21. The brain’s network 
can be better understood and explained by performing multilayer analysis rather than a simple unilayer analysis, 
and the structural and functional networks are not separated but closely related to each other. Furthermore, by 
integrating multimodal data, a comprehensive understanding of the brain can be achieved, while also capturing 
temporal changes in brain dynamics22,23. Recently, brain multilayer network analysis has been conducted to 
understand the pathophysiology of various neurological disorders. Using multilayer network analysis, one study 
demonstrated a diminished loss of inter-frequency centrality in memory-related association areas in patients 
with Alzheimer’s disease2. Other studies have shown significant changes between the multilayer networks 
of patients with migraine and those of healthy controls24. Multilayer network analysis in patients with post-
traumatic stress syndrome show reduced switching rates in brain functional network modules at global, sub-
network, and nodal levels25.

However, studies on multilayered networks in patients with ESKD are currently scarce. This study aimed to 
investigate alterations in a multilayer network combining structural and functional layers in patients with ESKD 
compared with healthy controls.

Methods
Participants
This prospective study was approved by the Institutional Review Board (IRB) of Haeundae Paik Hospital, and 
all methods were performed in accordance with the guidelines and regulations (IRB number: 2018-09-015-
003). Informed consent was obtained from all participants before participation. In all, 38 patients with ESKD 
and a glomerular filtration rate < 15 mL/min/1.73 m2 were prospectively enrolled. All patients with ERKD were 
undergoing dialysis. All the enrolled patients exhibited normal brain MRI findings without any structural lesions 
at the time of inclusion. We also enrolled 43 age- and sex-matched healthy participants with no previous history 
of any medical or neurological disease as a control group. Furthermore, the brain MRIs of these participants 
revealed no structural lesions.

MRI acquisition
All participants, both ESKD patients and healthy controls, underwent T1-weighted imaging, DTI, and rs-fMRI 
using the same three-tesla MRI scanner (Achieva Tx; Phillips Healthcare). DTI was performed using spin-echo 
single-shot echo-planar pulse sequences with 32 diffusion directions (repetition time/time to echo = 8620/85 ms, 
flip angle = 90°, slice thickness = 2.25 mm, acquisition matrix = 120 × 120, field of view = 240 × 240 mm2, and b-
value = 1,000 s/mm2). The rs-fMRI was performed using multi-slice echo-planar imaging sequences (Repetition 
time/Time to echo = 3000/30 ms, Flip angle = 65°, slice thickness = 4.4 mm, acquisition matrix = 128 × 128, Field 
of view = 220 × 220 mm2, scan time = 7 min 30 s).

Multilayer network analysis
First, a structural connectivity matrix was generated for individual participants using the DSI program. Raw 
DTI data were preprocessed in the DSI program, with the help of image distortion and artifact correction, as 
well as image intensity normalization. Diffusion tensors were computed using a generalized Q-sampling imaging 
method at each voxel in the brain, and the fiber orientation distribution function was employed to estimate 
white matter fiber orientation. A deterministic tractography algorithm was applied to reconstruct white matter 
fiber tracts between different brain regions, resulting in a structural connectivity matrix. A total of 150 nodes 
in this matrix represented the regions of interest (Suppl. 1) and the edges represented the number of fiber tracts 
connecting each region. Second, a functional connectivity matrix was created using the SPM program (version 
12) and the CONN toolbox (version 22a). Raw fMRI data were preprocessed using the SPM program. The 
detailed process was described in our previous work26. Regions of interest were defined in a manner similar to 
that used when creating the structural matrix, and a functional connectivity matrix was in individual participants.

Third, a multilayer network analysis was conducted based on structural and functional connectivity matrices 
using the BRAPH program (version 2). The detailed process was also described in our previous work26. The 
analysis involved a comparison of the two participant groups using connectivity-functional multiplex data and 
weighted undirected graphs. Various network measures were calculated at the global level, including weighted 
multiplex participation, persistence, average overlapping strength, average multiplex participation, average 
multilayer clustering, multilayer modularity, and average flexibility. Weighted multiplex participation was the 
nodal homogeneity of the number of neighbors across layers. Persistence was calculated as the normalized sum 
of the number of nodes that did not change their community assignments. The average overlapping strength was 
the average sum of the strengths of a node in all layers. The average multiplex participation indicated the nodal 
homogeneity of the number of neighbors of a node across layers. Average multilayer clustering was the average 
of the two-layer clustering coefficients for all nodes. The clustering coefficient was the fraction of the triangles 
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around a node. Multilayer modularity was the quality of the resulting partitions in a multilayer network. Average 
flexibility is the average flexibility of all the nodes in a multilayer network. The flexibility of each node was 
calculated as the number of times it changed the community assignment, normalized by the total possible 
number of changes.

Finally, the network measures were compared between patients with ESKD and healthy controls. In case of 
significant differences at the global level in multilayer network analysis, the nodal level of the multilayer network 
was also analyzed. The multilayer network process is illustrated in Fig. 1.

Statistical analysis
The demographic characteristics of patients with ESKD and healthy controls were assessed using an independent 
t-test and chi-square test using MedCalc Statistical Software version 20.014 (MedCalc Software Ltd, Ostend, 
Belgium; https://www.medcalc.org; 2021). Network measures in the multilayer network analysis were compared 
between groups using a permutation test integrated into the BRAPH program. Statistical significance was set at 
p-value < 0.05. For comparisons at both global and nodal levels in the multilayer network analysis, an adjusted 
p-value was calculated by applying multiple corrections using the false discovery rate (Benjamini-Hochberg 
procedure)27–30.

Results
Participants
Table  1 shows the demographic characteristics of patients with ESKD and healthy controls. There were no 
differences in the demographic characteristics between patients with ESKD and healthy controls. The ages in 
the two groups were 61.7 ± 6.8 vs. 60.0 ± 7.8, and no statistically significant difference was found (p = 0.286). 
Additionally, the male-to-female ratios were 45% vs. 42%, with no difference between the two groups (p = 0.794).

Global level of multilayer network analysis
Table 2 shows the results of the global level of multilayer network analysis. There were significant differences 
at the global level in the multilayer network between patients with ESKD and healthy controls. The weighted 
multiplex participation was lower in patients with ESKD than in healthy controls (0.6454 vs. 0.7212, adjusted 
p = 0.049). However, other multilayer network measures, including persistence, average overlapping strength, 
average multiplex participation, average multilayer clustering, multilayer modularity, and average flexibility, did 
not differ.

Nodal level of multilayer network analysis
Figure 2 shows the nodes demonstrating significant differences in the weighted multiplex participation between 
patients with ESKD and healthy controls. The weighted multiplex participation in the right subcentral gyrus, 

Fig. 1.  Process of multilayer network analysis.  A functional connectivity matrix was created using the SPM 
program and CONN toolbox based on resting-state functional MRI, and a structural connectivity matrix was 
generated using a DSI program based on diffusion tensor imaging. Subsequently, a multilayer network analysis 
was conducted based on the structural and functional connectivity matrices using the BRAPH program. 
Finally, multilayer network measures were compared between patients with ESRD and healthy controls.
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right opercular part of the inferior frontal gyrus, right occipitotemporal medial lingual gyrus, and right 
postcentral gyrus among patients with ESKD was lower than that in the corresponding regions among healthy 
controls (right subcentral gyrus, 0.6704 vs. 0.8562; right opercular part of the inferior frontal gyrus, 0.8593 vs. 
0.9388; right occipitotemporal medial lingual gyrus, 0.7778 vs. 0.8849; and right postcentral gyrus, 0.6825 vs. 
0.8112; adjusted p < 0.05, respectively).

Discussion
The present study aimed to investigate alterations in the multilayer network combining structural and functional 
layers between patients with ESKD and healthy controls. Numerous attempts have been made to explain the 
use of multilayer network analysis in many neurological disorders; however, there have been no approaches 
using multilayer networks in patients with ESKD2,24,25. Our study revealed a significant reduction in weighted 
multiplex participation at both the global and nodal levels among patients with ESKD compared with healthy 
controls. Furthermore, examination at the nodal level identified several specific brain regions characterized by 
decreased weighted multiplex participation, highlighting localized deficits in the interlayer interactions within 
the brain network of patients with ESKD.

At the global level, weighted multiplex participation was lower in patients with ESKD than in healthy controls. 
Weighted multiplex participation is a quantitative measure of a node’s involvement across multiple network 

Patients with 
ESRD Controls Difference

Lower value of the 
95% confidence 
interval

Upper value of the 
95% confidence 
interval p-value

adjusted 
p-value

Weighted multiplex participation 0.6454 0.7212 0.0758 -0.0128 0.0112 0.013 *0.048

Persistence 0.4425 0.4526 0.0101 -0.0348 0.0311 0.199 0.337

Average overlapping strength 34.2239 34.5994 0.3755 -1.6153 1.5247 0.241 0.337

Average multiplex participation 0.7454 0.7245 -0.021 -0.0128 0.0112 0.016 0.056

Average multiplex clustering 0.1547 0.1551 0.0004 -0.0095 0.0091 0.353 0.353

Multilayer modularity 0.3961 0.3804 -0.0157 -0.0147 0.0141 0.036 0.084

Average flexibility 0.5516 0.555 0.0035 -0.0382 0.0353 0.347 0.353

Table 2.  Results of the multilayer network analysis at the global level. *Indicates statistical significance 
(p < 0.05).

 

Variables
Patients with ESKD 
(N = 38)

Healthy controls 
(N = 43) p-value

Demographic data

 Age, years 61.7 ± 6.8 60.0 ± 7.8 0.286

 Sex, male 17 (45) 18 (42) 0.794

 Hemodialysis 19 (50)

 Peritoneal dialysis 19 (50)

 Kt/V 1.86 ± 0.5

 Dialysis duration, month 47.9 ± 50.6

Laboratory data

 Hemoglobin, g/dL 10.5 ± 1.1

 Hematocrit, % 32.2 ± 3.6

 Protein, g/dL 6.5 ± 0.6

 Albumin, d/dL 3.8 ± 0.4

 BUN, mg/dL 57.3 ± 17.2

 Creatinine, mg/dL 9.0 ± 2.6

 Sodium, mmol/L 139.0 ± 3.3

 Potassium, mmol/L 4.7 ± 0.7

 Chloride, mmol/L 99.6 ± 4.1

 Calcium, mg/dL 8.5 ± 0.8

 Phosphate, mg/dL 4.5 ± 0.9

 Parathyroid hormone, pg/mL 268.4 ± 210.5

 Total CO2 contents, mmol/L 24.2 ± 4.7

Table 1.  Demographic and clinical characteristics of patients with ESKD and heathy controls. Data are 
presented as number (%) or mean ± standard deviation. ESKD end-stage kidney disease, Kt/V dialyzer 
clearance; time/distribution volume of urea, BUN blood urea nitrogen.
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layers determined by evaluating the weighted interactions within each layer31–35. Therefore, decreased weighted 
multiplex participation suggests a diminished level of integration or engagement of brain regions across the 
structural and functional layers of connectivity in patients with ESKD. This result corresponds to the finding of 
a deficit in integration within multilayer networks among patients with Alzheimer’s disease and mild cognitive 
disorders35.

Additional analysis was conducted at the nodal level of the multilayer network, revealing a decrease in 
weighted multiplex participation within specific regions, such as the right subcentral gyrus, right opercular part 
of the inferior frontal gyrus, right occipito-temporal medial lingual gyrus, and right postcentral gyrus, in patients 
with ESKD compared with healthy controls. The right subcentral gyrus plays a crucial role in sensorimotor 
integration; somatosensory processing; language and speech; and motor coordination36,37. The right postcentral 
gyrus, located on the lateral surface of the anterior parietal lobe, plays a role in somatosensory processing and 
sensorimotor integration37,38. The right opercular part of the inferior frontal gyrus is important for language 
production, executive functioning, and motor control37,39. The right occipitotemporal medial lingual gyrus plays 
a role in visual processing and word and face recognition37,40. These findings suggest the possibility that the 
complementary relationship between structural and functional networks in these nodes had decreased.

Previously, the dominant cerebral hemisphere, which mainly refers to the left side of a left-handed person, 
was known to play a crucial role in brain function. However, recent research has revealed the importance of the 
non-dominant cerebral hemisphere, primarily referring to the right side, in brain function. The non-dominant 
hemisphere plays a significant role in primary cognitive functions, such as visuospatial and social cognition41. 
The white matter fiber tract, known as the superior longitudinal fasciculus in the perisylvian area of the right 
hemisphere, plays a crucial role in cognitive function. The subcentral, inferior frontal, and postcentral gyri, which 
showed significant changes in this study, correspond to these regions. Accordingly, damage to the multilayer 
network in these areas may be related to neurological impairments in patients with ESKD. These regions 
are distinct areas with diverse functions; however, they have interconnected neural networks and functional 
relationships. Further research utilizing multilayer network analysis may provide valuable insights into the 
pathophysiology of neurological complications in patients with ESKD, and inform targeted interventions to 
mitigate these adverse outcomes.

Our study represents the first attempt to conduct a multilayer network analysis in patients with ESKD; 
however, it has several limitations. First, this study was planned at a single center, and the relatively small sample 
size is a limitation. This may have led to a selection bias, and we believe that larger-scale studies are necessary 
in the future. Second, we conducted a multilayer network analysis of patients with ESKD at a group level rather 
than at an individual level. Therefore, we could not perform a correlation analysis between clinical data and 
the multilayer network. Third, cognitive function tests were not performed. This represents a limitation in 
understanding the relationship between cognitive function impairment in patients with ESKD and variables 
within the multilayer network. Despite these limitations, this study demonstrates the value of multilayer network 

Fig. 2.  Nodes demonstrating significant differences in the weighted multiplex participation between patients 
with ESRD and healthy controls. The red circles show regions with decreased weighted multiplex participation 
in patients with ESRD compared with healthy controls; these regions include the right subcentral gyrus, right 
opercular part of the inferior frontal gyrus, right occipitotemporal medial lingual gyrus, and right postcentral 
gyrus.
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analysis in understanding the pathophysiology of neurological complications in patients with ESKD and its 
potential for diverse future applications.

Conclusion
This study demonstrated that the multilayer network combining structural and functional layers differs between 
patients with ESKD and healthy controls. The specific differences in weighted multiplex participation suggest 
potential disruptions in integrated communication between different brain regions in patients with ESKD.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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