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Purpose: The aim of this study is to investigate the morphology of cortical gray matter in 

patients with end-stage renal disease (ESRD) and the relationship between cortical thickness 

and kidney function.

Patients and methods: Three-dimensional high-resolution brain structural magnetic reso-

nance imaging data were collected from 35 patients with ESRD (28 men, 18–61 years old) and 

40 age- and gender-matched healthy controls (HCs, 32 men, 22–58 years old). Vertex-wise 

analysis was then performed to compare the brains of the patients with ESRD with those of HCs 

to identify abnormalities in the brains of the former. Multiple biochemical measures of renal 

metabolin, vascular risk factors, general cognitive ability, and dialysis duration were correlated 

with brain morphometry alterations for the patients.

Results: Patients with ESRD showed lesser cortical thickness than the HCs. The most signifi-

cant cluster with decreased cortical thickness was found in the right prefrontal cortex (P0.05, 

random-field theory correction). In addition, the four local peak vertices in the prefrontal cluster 

were lateral prefrontal cortex (Peaks 1 and 2), medial prefrontal cortex (Peak 3), and ventral 

prefrontal cortex (Peak 4). Significant negative correlations were observed between the cortical 

thicknesses of all four peak vertices and blood urea nitrogen; a negative correlation, between 

the cortical thickness in three of four peaks and serum creatinine; and a positive correlation, 

between cortical thickness in the medial prefrontal cortex (Peak 3) and hemoglobin.

Conclusion: These results provided compelling evidence for cortical abnormality of ESRD 

patients and suggested that kidney function may be the key factor for predicting changes of 

brain tissue structure.

Keywords: cortical thickness, kidney function, vertex-wise analysis, multivariate analysis, 

brain morphometry alterations

Introduction
End-stage renal disease (ESRD) typically occurs when chronic renal failure pro-

gresses to a point where the kidneys are permanently functioning at less than 10% 

of their capacities.1 Apart from central nervous system abnormalities and neurologic 

problems,2,3 ESRD significantly elevates the risk of developing cognitive impairments 

and death rate.4,5 Therefore, detecting brain abnormalities in neurologically asymp-

tomatic patients with ESRD is crucial to early diagnosis, prognosis improvement, and 

ultimately the reduction of death rate. Neuroimaging techniques provide potential 

avenues for these goals and enable the detection of ESRD-related abnormalities in white 

matter (WM) integrity,6–8 gray matter (GM) volume,9 and functional architecture.10,11 

These pioneering studies have largely contributed to our understanding of the disease. 
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However, the neuropathologic substrate underlying ESRD 

cannot be established well, particularly at the structure level 

from a cortical GM morphology perspective.

The morphology of cortical GM is commonly assessed 

using T1-weighted magnetic resonance imaging (MRI) with 

automated computerized methods, such as voxel-based mor-

phometry (VBM). Most previous studies in this field analyzed 

regional alterations in the brain GM volume or density in 

patients with ESRD.10,12,13 For example, Ma et al10 found 

that the brain GM volumes in the bilateral medial prefrontal 

gyrus, anterior cingulate gyrus, superior temporal gyrus, 

middle temporal gyrus, lingual gyrus, parahippocampa gyrus, 

putamen, caudate, insula, and right middle cingulate gyrus 

were reduced in patients with ESRD. Zhang et al13 found 

that patients with ESRD showed diffusely decreased GM 

volume, which further decreased in the presence of enceph-

alopathy. They also discovered that the GM volumes in these 

areas were negatively correlated with serum urea level. Qiu 

et al12 showed that the GM volume in the bilateral medial 

orbital-prefrontal cortices, bilateral dorsal lateral prefrontal 

cortices, and left middle temporal cortices of patients with 

ESRD considerably decreased. However, VBM is influenced 

by registration strategies and the choice of a normalization 

template.14,15 In addition, VBM analysis may provide a 

mixed measure of GM alteration combined with abnormali-

ties in cortical thickness, cortical surface area, and cortical 

folding.16,17 These factors potentially reduce the sensitivity 

of VBM analysis for detecting significant effects of brain 

structural abnormalities in diseased brains.

Structural neuroimaging studies have largely focused on 

volumetric measures of the cerebral cortex.12,13 This metric 

is, however, a composite measure derived from the product 

of cortical surface area and cortical thickness, each of which 

may in turn be differentially affected by a variety of factors. 

It is, therefore, surprising that there have been relatively 

few studies focusing on the analyses of cortical thickness or 

surface area as discrete measures in patients with ESRD. In 

this study, we investigated ESRD-related alterations in the 

morphology of cortical GM. These alterations might be a 

more appropriate measure than GM volume when evaluat-

ing morphologic abnormalities in the brain structure.18–21 

Cortical thickness can provide valuable information of 

brain neuroanatomy, and it reflects the size, density, and 

arrangement of cells (neurons, neuroglia, and nerve fibers). 

Moreover, cortical thickness can represent a more sensitive 

and complementary measure of brain structure change than 

standard MRI-based volumetry in patients with ESRD. Based 

on previous structural and functional studies on ESRD, we 

hypothesized that cortical thickness in certain areas of the 

brain can be altered, especially in the orbito-prefrontal cor-

tices, bilateral dorsal lateral prefrontal cortices, and the left 

middle temporal cortex10,12 of individuals with ESRD, and 

that the nephrotoxicity or duration of dialysis is associated 

with altered cortical thickness. To test this hypothesis, we 

calculated the cortical thickness in patients with ESRD and 

control groups using vertex-wise methods. Simultaneously, 

our aim is to determine the brain structure changes in patients 

with ESRD by calculating cortical thickness of the entire 

brain and to explore whether changes in renal function and 

cortical thickness may be predicted or correlated with each 

other. Our results provided direct evidence for cortical GM 

disturbances in ESRD at the structural level.

Patients and methods
Participants
A total of 38 patients with ESRD (all right-handed) were 

recruited from the Renal Transplantation Department of 

Guangdong No. 2 Provincial People’s Hospital, Guangzhou, 

China, from August 2011 to July 2013. The exclusion criteria 

were as follows: 1) psychiatric disorders or major neurologic 

disorders (eg, severe head injury, stroke, epilepsy, or vis-

ible lesions); 2) ischemic diseases including acute ischemic 

cerebrovascular disease, acute peripheral arterial occlusion, 

and advanced liver or heart failure; 3) asymptomatic coro-

nary ischemia by electrocardiogram testing; 4) a history of 

diabetes; and 5) substance abuse, particularly drugs, alcohol, 

and cigarettes. Conventional MR images were examined by 

an experienced radiologist who was blinded to whether the 

images were from the patient or control group. Three patients 

were excluded because of abnormal hyperintensities in their 

T2-weighted-fluid-attenuated inversion recovery (T2-FLAIR) 

MR images. Therefore, 35 patients with ESRD (28 males, 

7 females; mean age 37.5±11.3 years, range 18–61 years) 

were included in the final analysis. Because Guangdong 

No. 2 Provincial People’s Hospital is an affiliated hospital of 

Southern Medical University, ethical approval was provided 

by the Research Ethics Review Board of the Institute of Men-

tal Health at the Southern Medical University, and written 

informed consent was obtained from each participant.

All the patients completed biochemical tests, such as 

serum creatinine, urea level, hemoglobin level, choles-

terol level, serum albumin level, serum kalium, and serum 

calcium within 24 hours before the MRI. In this study, 

none of the patients were on erythropoiesis-stimulating 

agents (ESAs) and treated with vitamin D, calcitriol, and/or 

phosphorus-chelating agents, ASE, whereas they were treated 
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with intravenous iron. Indeed, intravenous iron can raise lev-

els of hemoglobin even without the use of ESAs and enhance 

the efficacy of ESAs, and also has non-erythropoietic effects 

including improvement in physical performance, cognition, 

and amelioration of restless leg syndrome.22 We did not 

check the serum parathyroid hormone (PTH) level for the 

patients with ESRD. The serum calcium levels were corrected 

with serum albumin levels using the Payne’s formula.23 The 

dialysis modality and duration (15.5±6.6 months) were also 

recorded from the medical history of patients. All the patients 

underwent a neuropsychological test involving a mini-mental 

state examination (MMSE).24

Forty age- and gender-matched healthy controls 

(HCs) (all right handed; 32 males, 8 females; mean age of 

41.5±10.6 years, range 22–58 years) were recruited from the 

local community. All the HCs had normal renal functions, 

having no detected abnormalities in abdominal MRI and 

no physical disease or history of psychiatric or neurologic 

diseases. All the demographic and clinical information is 

summarized in Table 1.

Data acquisition
All participants were scanned using a 1.5 T MR scanner 

(Achieva Nova-Dual; Philips, Best, the Netherlands) at 

the Department of Medical Imaging, Guangdong No. 2 

Provincial People’s Hospital. The conventional imaging 

sequences, including T1-weighted images and T2-FLAIR 

images, were obtained for each participant to detect clini-

cally silent lesions. High-resolution anatomical images were 

acquired using a T1-weighted three-dimensional volumetric 

magnetization-prepared rapidly acquired gradient-echo 

(MPRAGE) sequence set at the following parameters: rep-

etition time=1,600 ms; echo time=2.13 ms; flip angle=9°; 

inversion time (TI)=1,000 ms; slice thickness=1 mm; no gap; 

in-plane resolution=1×1 mm2; and matrix=256×224×176. For 

each participant, resting-state functional MRI (fMRI) data 

and diffusion-weighted imaging were also acquired but were 

not used in the current study.

Image processing
Cortical thickness was estimated using three-dimensional 

MPRAGE images from patients with ESRD and HCs with 

the use of FreeSurfer software package (Version 5.3.0, 

http://surfer.nmr.mgh.harvard.edu),62 a widely documented 

and automated program for reconstructing brain cortical 

surfaces.25–27

The brain cortical surface reconstruction included the 

following steps: 1) brain extraction using a hybrid watershed/

surface deformation procedure; 2) automated segmentation 

to obtain the cerebrospinal fluid (CSF), WM, and deep GM 

structures; 3) generation of the cutting planes to separate two 

hemispheres and subcortical structures; 4) repairmen of the 

interior holes of the segmentation; 5) a triangular mesh tes-

sellation of the GM–WM boundary and the mesh deformation 

over the GM–WM boundary to form the GM–WM interface 

(white surface) and the GM–CSF interface (pial surface); 

6) automatic fixation of the topologic defects on the surface; 

7) inflation of the individual mesh surface; and 8) registra-

tion of all individual cortical surfaces to a common surface 

template (fsaverage).

Cortical thickness was measured during the reconstruc-

tion as follows: two distances were estimated for each 

Table 1 Demographics and clinical characteristics of all participants

Variables ESRD (n=35) HC (n=40) P-value

Gender (M/F) 28/7 32/8 1a

Age (years) 37.5±11.3 (18–61) 41.5±10.6 (22–58) 0.119b

Education level (years) 11.8±3.2 (3–16) 10.8±2.8 (6–18) 0.148b

MMSE 26.9±1.9 (22–30) 29.5±0.9 (26–30) 0.001b

Dialysis duration (months) 15.5±6.6 (6–30)
Blood systolic pressure 159±19 (120–190)
Blood diastolic pressure 90±11 (60–110)
Serum calcium (corrected) 9.3±1.3 (6.7–12.3)
Serum kalium (mmol/L) 4.5±0.9 (2.9–6.3)
Hemoglobin (g/L) 102.5±23.5 (56–158)

Serum creatinine (μmol/L) 838.1±483.6 (80–2,030)
Blood urea nitrogen (mmol/L) 17.8±8.2 (4.1–30.2)
Cholesterol (mmol/L) 5.1±1.4 (3.7–9.9)

Serum calcium×phosphorus (mg/dL) 54±22.8 (22–98)

Notes: Values are represented as mean±SD (min−max). aThe P-value was obtained by chi-squared test. bThe P-value was obtained by two-sided two-sample t-test.
Abbreviations: ESRD, end-stage renal disease; HC, healthy control; MMSE, mini-mental state examination; M, male; F, female.
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vertex: the shortest distance between a given point on an 

estimated pial surface and white surface and that between a 

given point on the white surface and an estimated pial sur-

face. These distances were averaged to estimate the cortical 

thickness. After the normalization to a common template, the 

cortical thickness was smoothed with a 25-mm full-width-

half-maximum Gaussian kernel to improve the signal-to-

noise ratio and statistical power.

Statistical analysis
We performed multivariate analysis to examine the differences 

between the cortical thicknesses of the patients with ESRD 

and those of HCs. SurfStat software was used for the surface-

based analysis, and general linear models (http://www.math.

mcgill.ca/keith/surfstat/)63 were used. Two-sample t-tests 

were performed to compare the cortical thickness between 

the two groups. The mean cortical thickness from each par-

ticipant was used as covariate. The resulting T-maps were 

corrected for multiple comparisons using the random-field 

theory (RFT) correction method at a P-value of 0.05.

To estimate whether demographic and clinical informa-

tion affects the changes in cortical thickness in patients with 

ESRD, we calculated the Pearson correlations between the 

indices (demographic and clinical) and cortical thickness 

in a local peak vertex from the between-group difference 

results. The correlations were considered significant at a 

threshold of P0.05.

Results
Demographic and clinical characteristics
Thirty-five patients with ESRD (28 males, 7 females; mean 

age of 37.5±11.3 years, range of 18–61 years) and 40 HCs 

(32 males, 8 females; mean age of 41.5±10.6 years, range of 

22–58 years) were included in the final analysis. As shown 

in Table 1, no significant difference was observed in gender 

(P=1), age (P=0.119), or education level (P=0.148) between 

the ESRD and HC groups. Patients with ESRD had lower 

MMSE score than HCs (P0.001). The mean duration of 

hemodialysis for the patients was 15.5±6.6 months. The mean 

calcium, kalium, hemoglobin, creatinine, urea, and cholesterol 

levels for the patients were 2.3±0.2 mmol/L, 4.5±0.9 mmol/L, 

102.5±23.5 g/L, 838.1±483.6 µmol/L, 17.8±8.2 mmol/L, and 

5.1±1.4 mmol/L, respectively (Table 1).

Between-group differences in cortical 
thickness
Figure 1 displays the difference in cortical thickness between 

patients with ESRD and HCs. The patients with ESRD 

showed lower cortical thicknesses than HCs. The most sig-

nificant cluster with decreased cortical thickness was found 

in the right prefrontal cortex (P0.05, RFT correction). 

Four local peak vertices were observed in the prefrontal 

cluster as shown in Figure 2. Their MNI coordinates are 

Peak 1 (25.438, 42.1878, 23.7868), Peak 2 (27.191, 51.987, 

8.085), Peak 3 (28.108, 34.569, -10.259), and Peak 4 (2.543, 

39.725, -19.244), respectively. Peaks 1 and 2 were in the 

lateral prefrontal cortex, Peak 3 was located in the medial 

prefrontal cortex, and Peak 4 was in the ventral prefrontal 

cortex. No increase in cortical thickness was observed in the 

ESRD group at the same statistical threshold.

Cortical thickness–clinical relationship
For the ESRD patients, cortical thicknesses from the four 

local peak vertices were correlated with demographic and 

clinical information across subjects to delineate the demo-

graphic and clinical factor resulting in the observed differ-

ences in the cortical thickness.

In patients with ESRD, correlation analysis revealed no 

significant correlations between the cortical thicknesses of 

all the four peak vertices and the MMSE scores (P0.05), 

and the cortical thicknesses of all the four peak vertices 

showed negative correlation with blood urea nitrogen (BUN) 

(Peak 1: r=-0.384, P=0.023; Peak 2: r=-0.38, P=0.024; Peak 

3: r=-0.47, P=0.004; and Peak 4: r=-0.44, P=0.009). The 

cortical thickness in three of the four peak vertices showed 

negative correlation with serum creatinine (Peak 1: r=-0.34, 

P=0.043; Peak 2: r=-0.335, P=0.049; and Peak 3: r=–0.39, 

P=0.021). By contrast, the cortical thickness in Peak 3 

located in the medial prefrontal cortex was positively cor-

related with hemoglobin (r=0.34, P=0.046) and negatively 

correlated with serum kalium (r=-0.33, P=0.049). Another 

positive correlation was observed between the cortical 

thickness in Peak 2 and corrected serum calcium (r=0.35, 

P=0.037). The scatter plots of all these correlations are 

visualized in Figure 2, and all significant correlation results 

are shown in Table 2.

Discussion
Using vertex-wise methods, we explored the differences 

between the ESRD and HC group with respect to cortical 

thickness. The vertex-wise surface-based morphometry 

(SBM) analysis indicated that compared with HCs, ESRD 

showed significantly decreased cortical thickness in clusters 

primarily located in the right prefrontal cortex of the brain, 

which includes four local peak vertices in the prefrontal 

cluster, such as lateral prefrontal cortex (Peaks 1 and 2), 
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medial prefrontal cortex (Peak 3), and ventral prefrontal 

cortex (Peak 4). Significant negative correlations were also 

observed between the BUN and cortical thicknesses of all 

four peak vertices in patients with ESRD. Cortical thickness 

in three peak vertices showed negative correlation with 

serum creatinine. Cortical thickness in Peak 3, located in 

the medial prefrontal cortex, was positively correlated with 

hemoglobin but negatively correlated with serum kalium. 

Figure 1 Cortical thickness comparison between patients with ESRD and HCs. (A) Group difference in cortical thickness shown as a T-value map, positive T-values (red, 
yellow) indicate thicker cortical thickness in HC group. (B) Two P-values (P-values for each vertex and P-values for each cluster) are shown simultaneously. The P-value for 
clusters indicates significant corrected P-values with the lightest blue color, and the P-value for vertices indicates significant corrected P-values with the lightest yellow color. 
Only one cluster (blue, right prefrontal cortex) showed thinner cortical thickness in patients with ESRD.
Abbreviations: ESRD, end-stage renal disease; HC, healthy control.
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Figure 2 (Continued)
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Table 2 Correlation between cortical thicknesses of four peak 
vertices and clinical information (P0.05)

Vertices Blood urea 
nitrogen

Serum 
creatinine

Hemoglobin Serum 
calcium

Serum 
kalium

Peak 1 -0.38 -0.34
Peak 2 -0.38 -0.335 0.35
Peak 3 -0.47 -0.39 0.33 -0.33

Peak 4 -0.44

Figure 2 Cortical thickness–clinical correlation. There were four local peak vertices in right prefrontal cortex (white dots in the figure, 1, 2, 3, and 4 represent Peak 1, 
Peak 2, Peak 3, and Peak 4 separately). The correlations were performed between the cortical thickness in four peak vertices and clinical information across patients with 
ESRD. The correlations were considered significant at a threshold of P0.05.
Abbreviations: ESRD, end-stage renal disease; HC, healthy control.

A positive correlation was observed between cortical thick-

ness in Peak 2 and corrected serum calcium.

Renal failure results in accumulation of numerous organic 

substances that possibly act as uremic neurotoxins, but no 

single metabolite has been identified as the sole cause of 

uremia.28 Accumulation of urea, guanidino compounds, uric 

acid, various amino acids, and “middle molecules” has been 
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reported in the literature.29,30 Among the guanidino compounds, 

guanidine and creatinine were found to be highly increased 

in serum, CSF, and brain of uremic patients.31 De Deyn et al 

reported that CSF and brain levels of some guanidine com-

pounds, such as creatinine, guanidine, guanidinosuccinic acid, 

and methylguanidine, are substantially elevated in uremic 

patients.32 Interestingly, these high toxin concentrations (up 

to ten-fold higher in chronic kidney disease (CKD) patients 

than in controls) were found in brain regions that play a deter-

minant role in cognition, such as the thalamus, the mamil-

lary bodies, and the cerebral cortex.32 Moreover, more than 

30 years ago, Passer reported a high prevalence of cerebral 

atrophy (CA) in patients undergoing long-term hemodialysis.33 

It was subsequently shown in such patients that the lesions 

were prominent in the frontal lobes.34,35 In addition, in patients 

with ESRD, alterations in the brain morphometry of the right 

prefrontal cortex are also supported by a recent histologic 

study by Frias et al.36 The reduced brain-derived neurotrophic 

factor is often associated with the atrophy and cellular death 

of glia and neurons in neurodegenerative disorders. Previous 

positron emission tomography (PET) studies also revealed 

abnormalities in these areas. In an F-18-fluorodeoxyglucose 

PET study, Song et al37 found several voxel clusters of sig-

nificantly decreased cerebral glucose metabolism in patients 

with predialysis CKD. These clusters include the left pre-

frontal cortex (Brodmann’s area 9), right prefrontal cortex 

(Brodmann’s area 10), right basolateral prefrontal cortex 

(Brodmann’s area 46), left anterior cingulate gyrus (Brod-

mann’s area 32), left premotor cortex (Brodmann’s area 6), 

left transverse temporal gyrus (Brodmann’s area 41), left supe-

rior temporal gyrus (Brodmann’s area 42), right basolateral 

prefrontal cortex (Brodmann’s area 44), right inferior parietal 

lobule (Brodmann’s area 39), left middle temporal gyrus 

(Brodmann’s area 19), and left angular gyrus (Brodmann’s 

area 39).37 In the present study, VBM analysis results indi-

cated a significant decrease in the GM volumes in the bilateral 

prefrontal cortices of the patients with ESRD.12 Further study 

by Zhang et al13 showed diffusely decreased GM volumes of 

the frontal lobe in patients with ESRD by comparing minimal 

nephron-encephalopathy (MNE) and non-MNE with controls. 

They found that serum urea was negatively associated with 

the changes in GM volume in many regions (bilateral occipi-

tal lobes, bilateral lingual lobes, bilateral calcarine, bilateral 

superior temporal gyri, bilateral temporal poles, bilateral 

uncus, posterior cingulate cortex/precuneus/cuneus, right 

fusiform, right parahippocampus, right amygdala, and left 

hippocampus/parahippocampus).13 However, VBM analysis 

may have reduced sensitivity to the significant effects of brain 

structural abnormalities in diseased brains because of the GM 

alterations and the abnormalities in cortical thickness, cortical 

surface area, and cortical folding.16,17

In this study, we used SBM analyses over VBM to pro-

vide more precise information with morphometry in ESRD. 

ESRD showed significantly decreased cortical thickness 

in clusters primarily located in the right prefrontal cortex. 

The prefrontal cortex subserves cognitive control. In the 

human brain, the areas of the prefrontal cortex are involved 

in the mediation of cognitive control processes for motor 

behavior38–40 and evaluation of motivational responses to 

behavioral and environmental feedback.39,41,42 Thus, our result 

may imply early imaging manifestations of ESRD-related 

functional impairment. Numerous clinical studies suggested 

that ESRD significantly elevates the risk of developing 

cognitive impairments.43–45 The brain morphologic changes 

detected in our study may serve as brain structural bases of 

cognitive impairment in ESRD. Several fMRI studies have 

a similar finding, that is, disrupted functional integration in 

ESRD, particularly in the prefrontal cortex.10,11 This evidence 

suggests that prefrontal cortex plays a decisive role in the 

progress of cognitive impairment in ESRD and is a potential 

observation indicator of cognitive change in ESRD.

In addition, certain correlations were observed between 

morphometry alterations and blood biochemical indicators. 

The four local peak vertices in the prefrontal cluster were 

lateral prefrontal cortex (Peaks 1 and 2), medial prefrontal 

cortex (Peak 3), and ventral prefrontal cortex (Peak 4). 

Significant negative correlations were observed between 

BUN and cortical thicknesses of all the four peak ver-

tices. A negative correlation was observed between serum 

creatinine and cortical thicknesses in three peaks, whereas 

a positive correlation was observed between cortical thick-

ness in the medial prefrontal cortex (Peak 3) and hemoglo-

bin. ESRD is typically accompanied by low hemoglobin 

levels, which could further lead to malnutrition. Previous 

studies showed that chronic malnutrition can result in 

insufficient nutrient supply to the brain, thereby trigger-

ing a series of problems, including brain tissue hypoxia 

and blood viscosity reduction and eventual hypoperfusion 

and/or hypometabolism.46,47 Recent studies highlighted 

the importance of normal metabolism in establishing and 

retaining interregional coordination in the brain,48,49 which 

is the basis of cognitive processing.50 Given that low hemo-

globin is associated with poor mental health in ESRD,51,52 

morphometry alterations of the prefrontal cortex may 

contribute to cognitive disturbances in ESRD because of 

insufficient energy metabolism in the brain because of low 
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hemoglobin levels. We also found significant negative cor-

relations between BUN and the cortical thicknesses of all 

four peak vertices and a negative correlation between serum 

creatinine and cortical thicknesses in three peaks. Galons et 

al53 reported the major role of urea in the pathogenesis of 

cerebral edema in dialysis disequilibrium syndrome. Zhang 

et al13 found that serum urea levels play an important role in 

ESRD MNE using VBM method; this result was consistent 

with our results. Uremic toxins, such as serum urea and 

creatinine, accumulated in vivo in the brains of patients 

with ESRD because of renal failure.54,55 Our results may 

provide several objective evidence of neuronal damage due  

to nephrotoxic substances.

Our study has several limitations. First, the sample size 

was relatively small, and the MRI scanning parameters were 

suboptimal. Thus, the detection of subtle effects was lim-

ited. Future studies must use a large cohort of participants, 

advanced techniques, and optimized parameters. Second, 

depression may complicate ESRD. A recent study found that 

depression itself can affect the alterations in the neurons.56,57 

Thus, a more rigorous experiment is necessary to exclude the 

influence of depression in the future study. Third, another 

main limitation of the study is that all of the ESRD patients 

received regular hemodialysis at the time of the fMRI study. 

Whether and how hemodialysis itself can affect the brain 

is unknown; however, it can affect the patient’s cognitive 

function.58,59 Although we did not find significant correlation 

between the abnormal cortical thickness and hemodialysis 

duration, a more detailed experiment with CKD (stages 4–5) 

without hemodialysis is required in the future study. Finally, 

we did not collect clinical information on Kt/V and episodes 

of dialytic hypotension for the patients. Consequently, we 

could not exclude the possibility that the current findings 

may be confounded by other factors, such as hemodialysis 

modality. As our project progresses, we will address these 

interesting questions with more rigorous experimental design 

and stricter enrollment criteria. In addition, a study has 

shown that all three tested dialysis modes did not differ in 

urea dialysis dose (Kt/V) as a parameter of small molecular 

weight removal.60 The patients showed mild CA on the 

basis of cortical sulci exceeding 3 mm in breadth and an 

Evans ratio exceeding 0.31, for a total of 14 degrees of CA 

(mean 0.9±1), and further conclusions indicated that CA in 

this patient group can only be attributed to uremia-related 

pathology and that it tends to worsen as regular hemodialysis 

treatment continues.61

In conclusion, we detected alterations in the corti-

cal thicknesses of the prefrontal cortices of patients with 

ESRD through a surface-based morphometric analysis. 

Our findings were consistent with those of previous studies, 

which reported the presence of abnormalities in key brain 

regions in the brains of patients with ESRD. To the best of 

our knowledge, this is one of the first studies to evaluate 

the difference between patients with ESRD and HCs with 

respect to cortical thickness. Our findings suggested that 

abnormal cortical thickness in the prefrontal cortex has more 

considerable effect on cognitive capacities of patients in the 

ESRD group than in the normal group. We detected negative 

correlations between the cortical thickness in the lateral pre-

frontal cortex, medial prefrontal cortex, and ventral prefrontal 

cortex, and BUN and serum creatinine. By contrast, a positive 

correlation was observed between cortical thickness in the 

medial prefrontal cortex and hemoglobin. These results may 

contribute vital information to the limited literature on brain 

structural alterations in ESRD.

Conclusion
In summary, this study provided evidence for the first 

time that ESRD showed thinner cortical thickness than 

the HCs by combining resting-state fMRI technique and 

vertex-wise analysis. ESRD had the most significant clus-

ter with decreased cortical thickness, which was found 

in the right prefrontal cortex (P0.05, RFT corrected) 

than HCs. Moreover, significant negative correlations 

were observed between the cortical thicknesses of all four 

peak vertices and BUN; negative correlations, between 

the cortical thickness in three of four peaks and serum 

creatinine; and a positive correlation, between cortical 

thickness in the medial prefrontal cortex (Peak 3) and 

hemoglobin. These results provided compelling evidence 

for cortical abnormality in ESRD and also suggested that 

kidney function may be a critical factor associated with the  

brain alteration.
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