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Objective: This study aims to compare gray matter volume changes in patients with chronic kidney disease (CKD) undergoing peritoneal dialysis (PD) and hemodialysis (HD) using voxel-based morphometry (VBM).

Methods: A total of 27 PD patients, 25 HD patients, and 42 healthy controls were included. VBM analysis was performed, and cognitive function was assessed using the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment Scale (MoCA). The correlation between cognitive function and changes in brain gray matter volume was analyzed.

Results: Both peritoneal dialysis and hemodialysis patients had partial gray matter volume reduction compared to the controls, but the affected brain regions were not uniform. The hemodialysis patients had greater volume reduction in certain brain regions than the PD patients. The MMSE and MoCA scores were positively correlated with gray matter volume changes.

Conclusion: Different dialysis modalities cause damage to specific areas of the brain, which can be detected using VBM. VBM, combined with cognitive function assessment, can help detect structural brain changes and cognitive impairment in patients with different dialysis modalities. The comprehensive application of VBM in the field of neurological function deserves further exploration.
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1 Introduction

Chronic kidney disease (CKD) is a chronic progressive disease caused by multiple factors with high morbidity and mortality, caused by such as diabetes and hypertension (Bikbov et al. 2020; Kalantar-Zadeh et al., 2021). Previous studies have shown that the global burden of CKD is enormous and growing. By 2040, CKD will become the fifth most deadly disease worldwide (Foreman et al., 2018). China accounts for approximately 19% of all CKD patients worldwide (2020), with more than 80 million CKD patients.

CKD can be classified into five stages according to the estimated glomerular filtration rate (eGFR). When patients progress to the end stage or CKD stage 5 (eGFR <15 mL/min/1.73 m2), renal replacement therapy, mainly including maintenance dialysis and kidney transplantation, is required (2020). Currently, the main clinical modalities of maintenance dialysis include hemodialysis and peritoneal dialysis. CKD often involves vascular pathology, such as hypertension and atherosclerosis, which can compromise blood flow to the brain, leading to vascular cognitive impairment. Some studies have reported a higher incidence of cognitive impairment in patients undergoing maintenance dialysis than in healthy controls (Hiramatsu et al., 2020; Gamage et al., 2022). Patients with CKD with significant neurological symptoms may receive more attention and appropriate treatment (Li et al., 2019a, 2021). However, doctors do not easily detect cognitive dysfunction in patients, and patients have decreased quality of life and poor prognosis (Hiramatsu et al., 2020).

Common methods of assessing cognitive function are the Mini-Mental State Examination (MMSE) and the Montreal cognitive assessment (MoCA) (Jia et al., 2021; Li et al., 2022). However, the onset of cognitive impairment is insidious, and its early stages cannot be accurately assessed using scales. Conventional magnetic resonance imaging (MRI) is highly sensitive to significant brain atrophy. However, it has limitations in the diagnosis of early brain atrophy and neurological abnormalities in end-stage renal disease (ESRD) patients with or without subtle vascular damage but with cognitive impairment. Voxel-based morphometry (VBM) is a whole-brain, non-invasive technique for characterizing regional brain volume and tissue structure differences in structural MRI (Zacková et al., 2021), which can assess microstructural changes in brain atrophy as well as early lesions. Recently, VBM has been reported to detect cortical atrophy and brain microstructural differences (Li et al., 2019b).

In our study, we propose to explore the effects of different dialysis modalities on structural brain volume in patients with CKD using the VBM method and further analyze the correlation between brain gray matter volume changes and traditional cognitive impairment scores.



2 Materials and methods


2.1 Participants and clinical data collection

We enrolled 52 patients with CKD who had ESRD and underwent dialysis in the Liangxiang Teaching Hospital of Capital Medical University from June 2021 to June 2022. Inclusion criteria were as follows: (1) patients underwent conventional hemodialysis 3 times per week for 3–4 h each time or peritoneal dialysis treatment 3–4 times per day for 4 h each time; (2) patients who were at least 18 years of age; and (3) patients underwent MRI imaging with head movements of less than 1.0 mm or 1.0°. Exclusion criteria included (1) patients who had a history of neurological and psychiatric disorders; (2) patients who abused alcohol, nicotine, or drugs; (3) patients who had a history of traumatic brain injury or brain disease; and (4) patients with metallic objects such as pacemakers implanted cannot undergo MRI. Healthy cases were additionally recruited for normal controls (NCs) with 42 participants.

All recruits completed laboratory tests, including hemoglobin, erythrocyte pressure product, albumin, urea nitrogen, creatinine, sodium, potassium, chloride, calcium, and phosphorus, 3 days before MRI imaging. All blood tests are performed in the same laboratory. Clinical information was collected from all recruits, including age, gender, history of hypertension, diabetes, hyperlipidemia, and duration of dialysis. All patients signed an informed consent form. The study was approved by the ethics committee of Liangxiang Hospital, Fangshan District, Beijing, China (ethics number 2016174).



2.2 Image acquisition

The MRI scans were performed using a 20-channel phased-array head coil on a Magnetom Skyra 3.0 T MRI scanner (Siemens, Germany). The parameters for all participants who underwent 3D T1-weighted structural image scanning were as follows: magnetization prepared rapid gradient echo (MP-RAGE) sequence with repetition time, TR = 2000 ms, inversion time TI = 880 ms, echo time TE = 2.01 ms, flip angle FA = 8°, matrix = 256 × 256, field of view FOV = 256 × 256 m2, total sagittal thickness = 208 mm, and thickness = 1 mm.



2.3 VBM analysis

The MRI data were analyzed using the CAT 121 and a toolbox implemented in SPM 12.2 The preprocessing used default CAT 12 parameters, including the following steps: (i) segmentation of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) and (ii) normalization to standard MNI space and modulating by scaling with the number of volume changes, followed by (iii) spatial smoothing with an 8 mm FWHM Gaussian kernel. Total intracranial volume (TIV) was also calculated as the covariances in the statistical analysis.



2.4 Assessment of cognitive function

This study used the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) to test cognitive function, which were widely used and recognized in clinical trials. The MMSE is one of the most widely used cognitive scales and the most commonly used tool in clinical trials to assess cognitive grading and screen for cognitive impairment. The MoCA complements the MMSE and provides a rapid screening of cognitive function. As a supplement to MISE, MOCA can quickly check the cognitive function of subjects and find patients with cognitive impairment missed by MMSE.



2.5 Statistical analysis

We used SPSS Statistics (version 26.0) to statistically analyze the clinical data and laboratory tests of the three groups. Age, dialysis duration, laboratory test indices, MMSE scores, and MoCA scores were expressed as mean ± standard deviation and compared using the one-way ANOVA (LSD method, satisfying independence, normality, and chi-square) or non-parametric tests (Kruskal–Wallis H-test, not satisfying normality, and chi-square). Gender, hypertension, diabetes, and hyperlipidemia were expressed as numbers and compared using a chi-square test. We compared the GM volume between the three groups using a two-sample t-test with age, gender, and TIV as covariates, which was corrected by using the Gaussian random field (GRF) method. Voxel p < 0.01 and cluster p < 0.05 after GRF correction were considered statistically significant. Correlation analysis was performed using R software (version 4.0.2), and p < 0.05 was considered statistically significant.




3 Results


3.1 Patient and laboratory tests

A total of 52 patients with CKD on dialysis, including 27 peritoneal dialysis patients with CKD (PD-CKD), 25 hemodialysis patients with CKD (HD-CKD), and 42 normal controls (NC), were recruited in our study. The mean age of the entire cohort was 56.82 ± 10.63 years. The mean duration of dialysis for all CKD patients was 63.423 ± 58.823 months. There were no significant differences in age and gender among the three groups except for patients with PD-CKD, who were significantly younger than patients with HD-CKD (p = 0.004). Patients with CKD had significantly higher rates of hypertension, hyperglycemia, and dyslipidemia than NCs. Patients with CKD showed significantly higher hemoglobin, erythrocyte pressure product, albumin, MMSE fraction, and MoCA fraction, as well as significantly lower urea nitrogen, creatinine, and phosphate levels than NCs. Patients with HD-CKD had a higher proportion of hyperglycemia and a shorter dialysis time (39.36 vs. 85.7 months, p = 0.004) than patients with PD-CKD. Detailed data are shown in Table 1.



TABLE 1 Demographic characteristics and laboratory tests of patients and healthy controls.
[image: Table1]



3.2 Analysis of cerebral gray matter volume changes in peritoneal dialysis and hemodialysis groups

Compared with the control group, patients with PD-CKD and HD-CKD had significantly reduced gray matter volumes in the bilateral middle temporal gyrus, bilateral periseptal laminae, bilateral superior temporal gyrus, bilateral cerebellar area 6, bilateral gyrus, bilateral cerebellar Crus1 area, left inferior temporal gyrus, bilateral syrinx gyrus, and bilateral insula areas. Moreover, patients with PD-CKD had reduced left cuneate lobe volumes, and HD-CKD patients had reduced gray matter volumes in the right inferior temporal gyrus, bilateral middle occipital gyri, bilateral cerebellar area 8, bilateral inferior frontal gyrus orbits, bilateral thalamus, bilateral rectus gyrus, left medial and para-cingulate gyrus, right parahippocampal gyrus, bilateral cerebellar area Crus2, bilateral central sulcus cap, right angular gyrus, and right hippocampal area than NCs. Patients with HD-CKD had reduced gray matter volumes in the bilateral periapical lamina of the talar fissure, right parahippocampal gyrus, right cingulate gyrus, right hippocampus, left rectus gyrus, and right middle occipital gyrus regions than patients with PD-CKD (Table 2 and Figure 1).



TABLE 2 Changes in gray matter volume between the three groups.
[image: Table2]
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FIGURE 1
 Differential analysis of brain gray matter volume among the peritoneal dialysis group, hemodialysis group, and healthy control group. (A) PD-CKD compared to NC, regions with significantly lower GMV; (B) HD-CKD compared to NC, areas with significantly lower GMV; (C) Areas of HD-CKD with significantly lower GMV compared to PD-CKD.




3.3 Correlative analysis of gray matter volume change and cognitive score

The correlation results showed that both MMSE and MoCA scores were positively correlated with the amount of gray matter volume changes in bilateral cerebellar area 6, bilateral amygdala, bilateral perirhinal cortex, bilateral hippocampus, bilateral lingual gyrus, left superior temporal gyrus, left polar rectus, left olfactory bulb, right cuneus, and right central sulcus (See Table 3).



TABLE 3 Correlation of gray matter volume change and cognitive score.
[image: Table3]

Moreover, MMSE scores were positively correlated with the amount of gray matter volume change in the right superior temporal gyrus, left insula, right rectus gyrus, left central sulcus cap, left middle temporal gyrus, left inferior frontal gyrus orbit, right olfactory cortex, bilateral perirhinal fissure cortex, bilateral syrinx, left cuneus, and right middle temporal gyrus regions. MoCA scores were positively correlated with the amount of gray matter volume change in the bilateral syrinx, right cerebellar Crus1 region, right cerebellar regions 4 and 5, right rectus gyrus, and right insula regions. All of the above correlation coefficients ranged from 0.4 to 0.6 (See Figure 2).

[image: Figure 2]

FIGURE 2
 Correlation of gray matter volume change and cognitive score. (A) Red indicates brain areas significantly positively correlated with MMSE; (B) red indicates brain areas significantly positively correlated with MOCA (p < 0.01 for waxel and p < 0.05 for cluster after GFR correction with age, sex, and TIV as covariates).





4 Discussion

A growing number of studies have shown an increased risk of cognitive impairment in patients with CKD, and dialysis further improves risk (Penton et al., 2020). Patients with ESRD can exhibit significant brain atrophy and cognitive impairment after dialysis (Zhang et al., 2022), which were consistent with the results of our study. However, the mechanisms of cognitive impairment in patients with CKD have not been elucidated. Recent studies suggest that cognitive impairment and dementia in CKD patients may lead to disorders of the renal-brain axis (Tsuruya and Yoshida, 2018; de Miranda et al., 2022). Both brain and renal tissues are low blood flow resistance organs with high blood flow requirements and are susceptible to blood pressure. Previous studies have reported that the hemodynamic characteristics of dialysis patients are special and unstable, which can easily lead to vascular endothelial injury. This endothelial injury can cause microcirculatory damage, leading to neurovascular unit damage in the cerebral cortical system, resulting in cognitive decline in patients. Moreover, factors such as toxin sequelae, anemia, lipid metabolism disorders, and poor nutritional status are also closely related to cognitive function in patients with CKD (Zhao et al., 2022).

Our results showed that different dialysis modalities could cause damage to specific areas of the brain, but there was variability in the damage caused by different modalities. Dialysis-induced blood pressure fluctuations are associated with brain injury (Mizumasa et al., 2004; McIntyre, 2010). Hemodialysis shows a greater impact on hemodynamic stability than peritoneal dialysis (Daugirdas, 2001; Zhang et al., 2014; Yang et al., 2024). Hemodialysis is considered to have more unstable hemodynamic changes due to the use of anticoagulants. It seems that hemodialysis should show a higher incidence of brain injury than peritoneal dialysis. However, the prevalence of cognitive impairment in peritoneal dialysis patients remains high (Kalirao et al., 2011; Li et al., 2017), which illustrates the mechanistic complexity and non-singularity of dialysis-induced brain injury. Therefore, further research is needed to demonstrate the specific mechanisms affecting changes in brain damage in patients with CKD on different dialysis modalities.

The duration of dialysis may also affect the cognitive function of the brain. Our study showed that the mean duration of peritoneal dialysis was 39.36 months and 85.7 months. The longer duration of dialysis in hemodialysis compared to peritoneal dialysis may lead to longer and irreversible changes in cerebral hemodynamics, resulting in more severe brain damage in hemodialysis patients. It has been found that cerebral microbleeds caused by routine use of anticoagulants during hemodialysis may also induce cognitive impairment (Watanabe, 2007).

MMSE and MoCA scores can assess cognitive function, but subjective factors affect the accuracy of assessment results. Our study found that the MMSE and MoCA scores were positively correlated with brain gray matter volume changes. VBM is a non-invasive technique that covers the whole brain and can be used to detect changes regularly during dialysis in patients. Consequently, the integration of VBM with the MMSE and the MoCA enhances the precision of cognitive impairment assessment. This amalgamation facilitates the dynamic monitoring of cerebral damage in patients undergoing dialysis, enabling the early detection of latent brain injuries and the initiation of timely intervention treatments. Such an approach not only prognosticates an improvement in patient outcomes but also elevates their quality of life. This synergy underscores the importance of a multidimensional assessment framework in the early stages of cognitive decline, suggesting that a comprehensive evaluation surpasses the capabilities of a singular diagnostic tool. Future studies should continue to explore integrating neuroimaging techniques with cognitive screening tools to refine diagnostic accuracy and treatment efficacy, thereby bolstering patient care and prognostic outcomes. However, due to the limited number of patients in this study, further verification and improvement on a larger dataset are needed. This is also the next step of our research.



5 Conclusion

We found that different dialysis modalities cause different damage to specific areas of the brain through VBM. Moreover, VBM can be combined with the MMSE and MoCA to detect structural brain changes and cognitive impairment in patients with different dialysis modalities. VBM deserves further exploration of its comprehensive application in the field of neurological function.
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