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A notable feature of dementia in chronic kidney disease (CKD) patients is the high frequency of vascular dementia,

making its prevention through the management of classical risk factors such as hypertension, diabetes mellitus,

dyslipidemia, smoking, etc., associated with atherosclerosis and arteriosclerosis. Other effective measures, including the

use of renin–angiotensin system inhibitors, addressing anemia, exercise therapy, and lifestyle improvements, have been

reported. The incidence and progression of cognitive impairment (CI) may also be influenced by the type of kidney

replacement therapy, with reports suggesting that long-duration dialysis, low-temperature hemodialysis, peritoneal

dialysis, and kidney transplantation can have a preferable effect on the preservation of cognitive function. In conclusion,

patients with CKD are at a higher risk of developing CI, with brain atrophy being a contributing factor. 

Keywords: brain atrophy ; cognitive impairment ; chronic kidney disease ; dialysis

1. Introduction

In Japan, which is rapidly moving towards a hyper-aged society, the number of patients with cognitive impairment (CI) is

increasing rapidly, along with the number of those with chronic kidney disease (CKD) . In recent years, it has

become evident that CKD patients have a higher frequency of CI, and various studies have been conducted to explore the

mechanisms, relationships, and strategies concerning CKD and CI . Although many findings have been

presented, numerous problems remain unresolved . On the other hand, it has been shown that cerebral atrophy

progresses rapidly in patients with CKD, especially in dialysis patients . Brain atrophy is significantly

associated with CI, and atrophy of the frontal lobe and hippocampus is more remarkable in such patients .

2. Brain Atrophy in Patients with CKD

2.1. Brain Atrophy in Patients with Non-Dialysis Dependent CKD (ND)

The brain volume in ND patients has been reported to exhibit more advanced brain atrophy compared to that in healthy

controls . Recently, the relationship between urinary protein and renal function levels and brain volume was

examined by magnetic resonance imaging (MRI) in 8630 participants from the general population in Japan, and it was

reported that the higher the urinary albumin excretion and the lower the estimated glomerular filtration rate (eGFR), the

lower the whole brain volume and the faster the progression of brain atrophy . In contrast, Grasing et al.  reported no

significant association between brain volumes and the eGFR in a cross-sectional analysis of 1596 participants from the

database of the Alzheimer’s Disease Neuroimaging Initiative (ADNI) with a mild to moderately reduced eGFR, as revealed

by a multiple linear regression model. While unadjusted associations were initially observed, these were later attributed to

the confounding effect of age.

2.2. Brain Atrophy in Patients on Hemodialysis (HD)

Brain atrophy has been demonstrated in several reports . Yoshimitsu et al.  evaluated brain atrophy in

55 HD patients and 35 healthy subjects using the ventricular–brain ratio (VBR) quantified from MRI images, and reported

that the VBR of HD patients was significantly greater at every 10 years of age in the 30s to 60s age range. In HD patients,

the frequency of brain atrophy is high even at a young age, and it is thought that the mechanism cannot be explained by

aging alone.
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2.3. Brain Atrophy in Patients on Peritoneal Dialysis (PD)

In recent years, it has been reported that the brain gray matter volume (GMV) and GMV ratio (GMR) decrease with age,

but the white matter volume (WMV) and WMV ratio (WMR) remain unchanged, as revealed through the analysis of brain

MRI using statistical parametric mapping (SPM) . Subsequently, researchers conducted an analysis using SPM on

brain MRI data from patients with ND, PD, and HD, comparing both brain volume and the rate of change .

2.3.1. Comparison between PD and ND Patients

It has been reported that cognitive function is more impaired in PD patients than in ND patients . However, there have

been few studies examining the brain volume in PD patients, and none specifically comparing them . Therefore,

researchers conducted a comparison of brain volume and its change over time between the two patient groups .

First, in a cross-sectional study involving 69 patients with ND (ages 61 ± 10 years, 37/32 males and females, eGFR 39 ±

12 mL/min/1.73 m ) and 62 PD patients (ages 60 ± 12 years, 41/21 males and females), researchers observed a

significant negative correlation between GMR and age, whereas WMR did not exhibit a correlation with age . Moreover,

the regression line was lower in PD patients compared to ND patients (indicating smaller GMR in PD patients at the same

age), and this difference further increased with age .

In a subsequent longitudinal study involving 61 ND patients (age 61 ± 10 years, 32/29 males and females, eGFR 39 ± 12

mL/min/1.73 m ) and 34 PD patients (age 60 ± 11 years, 21/13 males and females) who underwent brain MRI

examinations after a 2-year interval, researchers found that the annual change in GMR (AC-GMR) was −0.38 ± 0.10

percentage-points/year in ND patients and −0.83 ± 0.14 percentage points/year in PD patients. This indicates that brain

atrophy progressed more than two times faster in PD patients compared to ND patients . According to a report on

general healthy subjects, GMR decreases with age at a rate of 0.2–0.3 percentage points/year, suggesting that brain

atrophy progresses three times more rapidly in PD patients than in healthy subjects.

2.3.2. Comparison between PD and HD Patients

Next, researchers conducted a comparison of brain atrophy between PD and HD patients. In total, 73 PD and 34 HD

patients who underwent brain MRI were recruited for a cross-sectional analysis. Among them, 42 PD and 25 HD patients

who underwent a second brain MRI after 2 years were recruited for a longitudinal analysis. In the cross-sectional analysis,

GMR was significantly lower in PD patients than in HD patients [least square mean (LSM): 39.2% vs. 40.0%, p = 0.018).

AC-GMR was significantly greater in PD patients than in HD patients, and this difference remained statistically significant

even after adjusting for potential confounding factors (LSM: −0.68 vs. −0.28 percentage-points/year, p = 0.011) . 

3. Relationship between Brain Atrophy and CI in CKD Patients

The association between brain volume, brain atrophy, and cognitive function has been extensively investigated in studies

involving Parkinson’s disease, multiple sclerosis, Alzheimer’s disease, and the general population; yet, few studies have

explored the relationship between CI and white matter lesions, as well as brain atrophy, in CKD patients .

Yeh et al.  found a significant correlation between attention and executive function and white matter lesions, but no

correlation with brain atrophy.

Researchers conducted a trail making test (TMT) in 95 ND patients who underwent MRI and examined the relationship

between TMT scores and brain volume. Researchers demonstrated a significant negative correlation between TMT

scores and GMR, and this significance persisted even after adjusting for confounding factors such as age, sex, diabetes

mellitus, eGFR, educational history, systolic blood pressure, smoking and alcohol consumption, hemoglobin level, history

of cardiovascular disease, and amount of urinary protein .

More interestingly, when the brain was partitioned into four regions (frontal lobe, temporal lobe, parietal lobe, and occipital

lobe), and the correlation between the GMR and TMT scores in each region was investigated, a significant negative

correlation was observed in the frontal and temporal lobes even after adjusting for multivariable variables. No correlation

was found in the parietal and occipital lobes. This suggests that the atrophy of the frontal and temporal lobes contributes

to the decline in frontal lobe function (executive function).
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4. Mechanisms of CI in Chronic Kidney Disease

4.1. Atherosclerosis and Cerebrovascular Disease

Cerebrovascular disease in CKD primarily arises from a synergistic interplay between classical and non-classical

mechanisms. The classical risk factors and mechanisms encompass hypertension, diabetes, atrial fibrillation, carotid

artery disease, heart failure, obesity, and dyslipidemia, which are all frequently comorbid in CKD. Non-classical risk

factors, including chronic inflammation, uremic toxins, reactive oxygen radicals, anemia, and bone mineral disorders, are

believed to contribute to the risk of cerebrovascular accidents and CI by inducing vascular injury and endothelial

dysfunction . Uremia is considered to promote atherosclerosis through protein carbamylation and contribute to

dyslipidemia.

Tasmoc et al.  investigated the association between pulse wave velocity (PWV), reflecting arterial stiffness, and

cognitive function (TMT, MMSE, etc.) in a study involving 72 HD patients. They reported a significant correlation between

elevated PWV values and CI. Additionally, in the COPE study , a prospective multicenter cohort study in the

Netherlands involving 85 elderly CKD patients including ND and dialysis patients, the relationship between PWV

measured by MRI and cognitive function was examined. The study found significant correlations between PWV and all

aspects of memory, executive function, and psychomotor speed. In particular, in executive function, a significant

association persisted even after adjusting for age, gender, and education.

On the other hand, in the PACE study of 330 dialysis patients , it was reported that the augmentation index (AI) and

central pulse pressure (cPP), which more notably reflect systemic arterial stiffness than PWV, were significantly

associated with CI compared to PWV. Recently, Nishimura et al.  reported in a study of 100 HD patients (mean age

67.9 years old, mean history of dialysis 7.3 years) that those with an ankle brachial index (ABI) ≥ 1.06 (n = 69) had

significantly higher Montreal Cognitive Assessment (MoCA) scores (25.5 ± 3.9 vs. 22.3 ± 4.6) compared to patients with

an ABI < 1.06 (n = 31). Moreover, the ABI and MoCA showed a significant positive correlation in the multiple regression

analysis.

These studies suggest that arterial stiffness may be associated with CI and could represent the underlying mechanism of

incident CI in elderly CKD patients.

4.2. Hypotension and Decrease of Regional Cerebral Blood Flow during HD

In HD patients, there are specific factors related to HD that influence the risk of cerebrovascular accidents, including

cerebral hypoperfusion, enhanced arteriosclerosis, and blood pressure fluctuations . The mean flow velocity of cerebral

arteries has been shown to decrease significantly during HD, leading to transient cerebral ischemia and ischemic white

matter lesions over time .

One of the factors associated with CI in HD is a rapid decrease in blood pressure during HD. Mizumasa et al. 

conducted a three-year longitudinal study examining the association of rapid hypotension during HD with brain ischemia

and brain atrophy using brain MRI. The study revealed a positive association between the total number of rapid

hypotension episodes during the HD sessions and the number of lacunar infarctions, along with the degree of frontal lobe

atrophy over the three-year period.

In addition, the relationship between decreased regional cerebral blood flow (rCBF) and CI has been reported. Kobayashi

et al.  examined the cognitive function of rCBF and MMSE measured by SPECT in 54 HD patients, and reported that

the rCBF in the middle cerebral artery perfusion region was significantly lower than in other areas in patients with reduced

MMSE.

It has also been reported that cerebral oxygen saturation (rSO ) decreases during HD, as observed using near-infrared

spectroscopy (NIRS) . Malik et al.  reported that rSO  decreased most significantly at 35 min after the initiation of

HD. More recently, MacEwen et al.  highlighted that the decrease in rSO  observed was strongly influenced by the

reduction in blood pressure during HD. They found that a decrease in mean blood pressure by 10 mmHg during HD

increased the risk of cerebral ischemia (rSO  decreased by 15% or more) by 3%, and the risk rose rapidly when the mean

blood pressure dropped below 60 mmHg.

Recently, there has been extensive research on the relationship between cerebral ischemia and CI in dialysis patients.

The extent of reduction in the mean cerebral blood flow velocity during HD correlates with the degree of cognitive decline

and the deterioration of white matter lesions after 12 months. Additionally, the rSO2 of the left frontal lobe, measured by
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NIRS, is significantly correlated with the MoCA score. Furthermore, a correlation has been reported between the mixed

venous oxygen saturation and MoCA score in the left internal cerebral vein .

4.3. Oxidative Stress

In order to elucidate the mechanism of CI in CKD, researchers conducted the following experiments using CKD mice

created through 5/6 nephrectomy. At 8 weeks post-modeling, researchers performed the water maze test and evaluated

the learning function of CKD mice compared to sham-operated control mice. Subsequently, researchers conducted

pathological and immunohistological examinations using the extracted brains. In the hippocampus of CKD mice,

degenerated cells with nuclear condensation (pyknotic cells) appeared along with the accumulation of 8-hydroxy-2′-

deoxyguanosine (8-OHdG). The learning ability of CKD mice was significantly decreased in the water maze test.

Conversely, in CKD mice administered with an antioxidant (Tempol), the accumulation of 8-OHdG and pyknotic cells in the

hippocampus was minimal, and the results of the water maze test were equivalent to those of the control mice . These

findings suggest that oxidative stress associated with CKD plays a significant role in neuronal damage in the brain and the

decline of learning ability in CI in CKD.

4.4. Insoluble Tau Protein

Recently, Matsuki et al.  demonstrated CI in CKD mice. The researchers extracted the hippocampus from both CKD

and healthy mice, performing a proteomic analysis by partitioning the hippocampus into soluble and insoluble fractions

through salting and salting out. The results indicated increased levels of insoluble tau protein and RNA splicing-related

proteins in the brains of CKD mice, akin to findings in Alzheimer’s disease. The study further revealed elevated levels of

insoluble phosphorylated tau protein in the hippocampus and cerebral cortex of CKD mice, along with increased

immunoglobulin heavy chains. This suggests that the dysfunction of the blood–brain barrier (BBB) enhances substance

permeability. Additionally, a multivariable logistic regression analysis of 980 CKD patients, considering CI as the objective

variable, identified that elevated blood urea nitrogen and a low nutritional status are strong risk factors for dementia. This

implies that the accumulation of urea and other uremic substances is secondarily associated with CI rather than the pure

kidney filtration function itself.
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