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Abstract

Background

Cognitive impairment is one of the important critical issues in hemodialysis (HD) patients.

However, the associating factors of brain atrophy in HD patients have not been fully

elucidated.

Purpose and methods

Brain magnetic resonance imaging (MRI) was performed in 34 of total 72 HD outpatients in

our dialysis center. These MRI images were analyzed by an application software; Voxel-

based Specific Regional Analysis System for Alzheimer’s Disease (VSRAD). VSRAD quan-

titatively calculates the extent of brain atrophy (percent of volume reduction) comparing with

a MRI imaging database of 80 age-matched healthy controls. The extent of both hippocam-

pal and whole-brain atrophy was evaluated with possible contributing factors.

Results

In all patients, the mean extent of hippocampal atrophy was 27.3%, and the mean extent of

whole-brain atrophy was 11.2%. The extent of hippocampal atrophy was significantly corre-

lated with low body mass index (BMI), total serum homocysteine (tHcy) levels, and brachial-

ankle pulse wave velocity (baPWV). The extent of whole-brain atrophy showed significant

correlations with age, hypoalbuminemia, and baPWV. Based on the multiple regression

analysis, tHcy was an independent determinant of hippocampal atrophy (β = 0.460, R2 =

0.189, P<0.01); while age was an independent determinant of whole-brain atrophy (β =

0.594, R2 = 0.333, P<0.01).

Conclusions

In this exploratory pilot study, hippocampal atrophy was significantly correlated with hyper-

homocysteinemia in HD patients.
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Introduction

Chronic kidney disease (CKD) is classified as one of the major risk factors for the progression

of atherosclerotic disease [1]. Furthermore, CKD and atherosclerosis are forming vicious cycle

with interacting each together. Higher serum levels in homocysteine (total homocysteine;

tHcy) are also known to be as an independent risk factor for atherosclerotic disease [2]. In

hemodialysis (HD) patients, serum tHcy levels are known to be highly elevated frequently [3].

A cognitive impairment is prevalent among dialysis patients [4]. According to a report of

the Japanese Society for Dialysis Therapy, 9.9% of all dialysis patients had cognitive

impairment [5]. The underlying pathogenesis of cognitive impairment could be numerous.

However, at early phase of cognitive impairment, the ischemic change of capillary in cerebral

parenchyma has been recognized. We have already reported a relationship between traditional

atherosclerotic disease and cognitive impairment [6]. Brain ischemia due to atherosclerosis

may simultaneously accelerate the progression of cognitive impairment and brain atrophy. It

has been already known that cerebral atrophy is more severe in HD patients than in healthy

volunteers [7]. However, the associating factors for advanced brain atrophy in HD patients

have not been clarified.

In the present study, we investigated hippocampal atrophy level by magnetic resonance

imaging (MRI). We also investigated factors that related to atrophy of both whole-brain and

hippocampus in HD patients.

Materials and methods

Tokushukai group ethical committee in the Mirai Iryo Research Center Inc. permits this

study. Permission number of this study; TGE00396-061.

We got the informed consent from participants by both written and verbal methods. When

we performed MRI, we got written informed consent after having explained significance of the

inspection. Afterwards, before we used MRI imaging data in this study, we announced using

poster presentation about the study in the dialysis center and gathered opt outs. This process

was approved by ethical committee in our medical group. As a result, there were no partici-

pants who displayed opt out. Verbal consent was explained as follows; demented patients have

been rapidly increasing along with aging of the population in Japan. Supporting diagnosis

such as the MRI imaging is generally conducted to judge the risk of the dementia onset. Simi-

larly in the dialysis field, there have been social problems about the dialysis introduction in

case of high age patients, and the long-term dialysis patient with aging. We think it important

to measure brain atrophy level of patients because of both maintaining dialysis treatment safely

and preventing the progression of dementia in dialysis patients. We keep the written consent

in a personal medical record. Our ethics committees/IRBs approved as Inclusion agreement.

Patients

This study was conducted in single HD center where a total of 72 stable outpatients received

maintenance HD. We selected qualified patients who met all three following inclusion criteria,

1) prevalent HD patient with more than 3 month dialysis history, 2) patients without any hos-

pitalization in preceding 3 months, and 3) patients received regular 4 hour HD three times a

week. Between January 2010 and December 2010, 34 patients (17 males and 17 females, mean

age: 68.4 years) were enrolled in this study after excluding the following cases; 1) patients in

whom MRI was contraindicated, 2) patients with a history of symptomatic cerebrovascular

disease, 3) patients with old cerebral infarction or cerebral hemorrhage on MRI, and 4)

patients who did not give consent (Fig 1).
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All patients underwent brain MRI, echocardiography for measurement of left ventricular

mass index (LVMI), and brachial-ankle pulse wave velocity (baPWV) as a surrogate of arterial

stiffness on non-dialysis day. In addition, measurements of blood pressure and pulse rate as

well as collection of blood samples were done at the beginning of the first dialysis session of

the week. Information concerning past history, and complications/pre-existing diseases

(including hypertension (HTN), diabetes mellitus (DM), ischemic heart disease (IHD), and

peripheral arterial disease (PAD); settled these diseases as ‘concurrent diseases’ in the following

sentences) were collected from questionnaires and clinical records.

Concurrent diseases were defined as follows.

Fig 1. Patient enrollment flow in this study. 34 patients were enrolled in this study from 76 maintenance HD patients in our dialysis center.

https://doi.org/10.1371/journal.pone.0175102.g001
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• HTN: pre-dialysis blood pressure (at the beginning of the week) over 140/90 mmHg or use

of antihypertensive medications.

• DM: previous diagnosis or use of anti-diabetic drug.

• IHD: a history/treatment for myocardial infarction or angina pectoris.

• PAD: a history of revascularization therapy for lower limbs’ arteries or an ABI value below

0.9.

VSRAD

Analysis of brain MRI images was performed to determine the extent of hippocampal (HP)

atrophy and the extent of whole-brain (WB) atrophy using Voxel-based Specific Regional

Analysis System for Alzheimer’s Disease (VSRAD plus1, Eisai, Japan) software. This software

requires a three-dimensional volumetric acquisition of a T1-weighted gradient echo sequence

of thin sagittal sections. VSRAD automatically analyzes MRI data as a series of segmentation,

anatomical standardization and smoothing using SPM2 (Statistical Parametric Mapping

2002), and Z-score analysis. Specifically, after taking MRI imaging, VSRAD software automati-

cally extracts the gray matter, and standardizes the brain shape of each subject. The software

divides whole brain imaging into the voxel of the 2mm cube unit by the Voxel-based mor-

phometry method, and analyzed the capacity of each voxel. The values of voxel, that mean

gray matter bulk density with brightness, are calculated in each voxel level. VSRAD compared

subject’s result with the normal control image, and calculated the percentage of HP atrophy (%

HP extent) and WB atrophy (%WB extent). VSRAD has a database of 80 healthy Japanese

male and female volunteers aged between 54 to 86 years (mean 70.1, S.D. 7.7). Healthy volun-

teers showed normal levels in memory and the cognitive function test by both Wechsler Mem-

ory Scale-Revised and Wechsler Adult Intelligence Scale-Revised. Their mini-mental state

examination (MMSE) score ranged from 26 to 30; mean 28.7, S.D. 1.5.Then Z-score; ([(normal

control average of voxel level—patient’s voxel level)/ (normal control standard deviation)]) are

calculated in each voxel and judged as atrophy if the deletional expanse of the voxel more than

Z-score 2. The severity of volume reduction was expressed with percent volume loss (e.g.;

when there is no atrophy, the value is 0%). Calculating formula was as follows; (number of the

voxels judged more than Z-score 2) / (number of all voxel in the VOI (volume of interest, in

this case, both two region: hippocampal, parahippocampal gyrus area and whole brain)) ×100

(%). The validity of VSRAD software has already been reported elsewhere [8, 9].

We used MRI device with strength of magnetic field 1.5 tesra (SIGNA EXCITE1, version

11.1, GE Healthcare, Waukesha, Wisconsin, USA).

Statistical analysis

Data was expressed as mean±standard deviation (SD). Skewed data including tHcy, high sensi-

tive C-reactive protein (hsCRP), and %HP extent or %WB extent were converted to logarith-

mic values before the analysis. Then, the correlation between log %HP extent and log %WB

extent was analyzed with several clinical and physiological parameters. When a single correla-

tion was significant, the factor was used to multiple regression analysis. We also tried to define

the associating factors of hippocampal atrophy using 3 different models, model 1, model 2,

and model 3. Possible variables of hippocampal atrophy included age, HD vintage, and DM in

model 1, model 1 plus nutritional and inflammatory variables including serum albumin, BMI,

and hsCRP in model 2, and model 2 plus atherosclerotic surrogates including baPWV and

tHcy in model 3. In all analyses, P<0.05 was considered to be significant.
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Results

Patients

Clinical characteristics of the patients, concurrent diseases and their prescription drugs are

shown in Table 1. The median duration of dialysis was 29.5 months. Concurrent diseases were

as following; DM (n = 14 (41%)), HTN (n = 32(94%)), IHD (n = 6(17%)), and PAD (n = 8

(23%)). The mean pre-dialysis blood pressure at the beginning of the week were 152/78

mmHg. The results of blood tests for HD status, nutritional status, and inflammatory parame-

ters were on relatively stable condition (Table 1).

Table 1. Baseline characteristics of the patients.

Mean±SD or median (IQR) Reference ranges

Age (years old) 68.4±7.34

Gender Male: Female = 17:17

Cause of renal failure, n (%) • Diabetic nephropathy 13 (38.2)

• Chronic glomerulonephritis 9 (26.5)

• Nephrosclerosis 4 (11.8)

• Chronic pyelonephritis 2 (5.9)

• Unknown 3 (8.8)

Hemodialysis duration (month) 29.5 (17–65.5)

BMI (kg/m2) 21.8±3.3

Diabetes Mellitus, n (%) 14 (41.2)

Hypertension, n (%) 32 (94.1)

Ischemic heart disease, n (%) 6 (17.6)

Peripheral arterial disease, n (%) 8 (23.5)

Calcium Channel Blocker use, n (%) 16 (47.1)

RAS inhibitor (ACE-I, ARB) use, n (%) 20 (58.8)

Active form vitamin D use, n (%) 26 (76.5)

Pre dialysis systolic BP(mmHg) 152±23

Pre dialysis diastolic BP(mmHg) 77±11

Pulse pressure(mmHg) 74.4±17.2

Total Protein(g/dl) 6.40±0.58 6.4–8.3

Albumin(g/dl) 3.80±0.34 3.8–5.2

Corrected Ca (mg/dl) 8.98±0.48 8.3–10.4

IP (mg/dl) 5.71±1.35 2.7–4.5

Ca×IP (mg2/dl2) 51.3±12.4

Intact PTH (pg/ml) 177.1±122.4 8.7–79.5

Hemoglobin(g/dl) 11.0±1.2 11.0–15.6

Platelet (×104/μl) 17.6±5.5 12.4–30.5

hs-CRP (mg/dl) 0.11(0.04–0.38) <0.5

Log hs-CRP -0.92±0.6

Fibrinogen (mg/dl) 366.2±68.8 150–400

β2microgloblin (mg/l) 25.3±6.5 0.9–1.9

tHcy (μmol/l) 27.6(20.5–52.7) 5.1–11.7

Log tHcy 1.55±0.32

Abbreviations are; BMI, body mass index; RAS, renin-angiotensin system; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin type2

receptor blocker; BP, blood pressure; Ca, calcium; IP, inorganic phosphate; PTH, parathyroid hormone; hs-CRP, hypersensitive C-reactive protein; tHcy,

total homocysteine; Log tHcy, logarithmic total homocysteine.

https://doi.org/10.1371/journal.pone.0175102.t001
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%HP extent, %WB extent and related parameters

Mean %WB extent showed 11.2% (median 11.3%) with a normal distribution (Fig 2).

However, %HP extent did not show normal distribution, but U-shaped distribution in

which 8 patients were without hippocampal atrophy (Fig 3). The mean±SD baPWV was

1729±290 cm/second with serum tHcy levels of 48.9±48.1 nmol/mL (median 27.6

nmol/mL) which was more than twice the upper limit of normal distribution (19 nmol/mL)

(Table 2).

By single correlation analysis, % HP extent showed significant correlations with low body

mass index (BMI), logarithmic tHcy, and baPWV (Table 3). With regard to the %WB extent, it

showed significant correlations with age, hypoalbuminemia, and baPWV (Table 3). In multi-

ple regression analysis, logarithmic tHcy was independently associated with logarithmic %HP

extent (β = 0.460, R2 = 0.189, P<0.01) (Fig 4), while age (β = 0.594, R2 = 0.333, P<0.01) was

independently associated with logarithmic %WB extent (β = 0.594, R2 = 0.333, P<0.01)

(Table 3).

Comparison with or without hippocampal atrophy

Eight patients without hippocampal atrophy showed significantly lower serum tHcy concen-

tration compared with those in 26 patients with hippocampal atrophy (tHcy; 23.6±8.2 vs. 56.7

Fig 2. Distribution of %WB extent. %WB extent showed normal distribution.

https://doi.org/10.1371/journal.pone.0175102.g002
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±52.6, P<0.01); however, serum inorganic phosphate (IP) (6.7±1.6 vs. 5.4±1.1 mg/dl,

P = 0.01), BMI (23.9±4.1 vs. 21.1±2.7 kg/m2, P = 0.03), and calcium (Ca) x IP (59.3±14.4 vs.

48.8±10.9 mg2/dl2, P = 0.04) were significantly higher in patients without hippocampal atrophy

compared with those in patients who had hippocampal atrophy (Table 4).

Fig 3. Distribution of % HP extent. %HP extent showed U-shaped distribution.

https://doi.org/10.1371/journal.pone.0175102.g003

Table 2. Results of %HP extent, %WB extent and surrogates of atherosclerosis.

Mean±SD or median(IQR) Reference ranges

%HP extent (%) 7.72 (0.38–66.4) 0

Log %HP extent 0.45±1.51

%WB extent (%) 11.2±5.7 0

Log %WB extent 0.99±0.26

LVMI (g/m2) 149.3±38.5 Male<125 Female<110

ABI 1.16±0.17 0.9–1.3

baPWV (cm/s) 1729.8±290.3

TBI 0.74±0.18 >0.6

HD patient showed median %HP extent 7.72%, and median %WB extent 11.2%. Also, they showed high

levels of serum tHcy and LVMI.

Abbreviations are: HP, hippocampus; WB, whole-brain; LVMI, left ventricular mass index; ABI, ankle

brachial index; baPWV, brachial-ankle pulse wave velocity; TBI, tibial brachial index

https://doi.org/10.1371/journal.pone.0175102.t002
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Multiple regression analysis of %HP extent and concurrent diseases,

associated factors

We made three models to adjust the concurrent important diseases and the above-mentioned

factor concerned. Multiple regression analysis is shown in Table 5.

Model 1 contained basic factors such as age, HD vintage, and DM. In model 2, inflamma-

tion and nutritional parameters were added to model 1; serum albumin concentration, loga-

rithmic hsCRP, and BMI. In model 3, atherosclerotic parameters were added to model 2;

baPWV and logarithmic tHcy concentration. Even in the case of multiple linear regression

analysis that includes concurrent diseases, only logarithmic tHcy concentration is related to

the %HP extent (β = 0.44, P<0.05) (Table 5).

Discussion

Our cross-sectional exploratory pilot study showed that the %HP extent was correlated with

BMI, tHcy, and baPWV in a single correlation analysis, of which tHcy was an independent

determinant of %HP extent. The %WB extent was correlated with age, hypoalbuminemia, and

baPWV as well. Among these parameters, age was an independent determinant of %WB

extent.

There have been already many reports concerning the relationship between cerebral atro-

phy and aging in non-dialysis patients [7]. The present study also showed that %WB extent

was highly associated with age also in HD patients. We identified 8 HD patients without hip-

pocampal atrophy. Hippocampal atrophy was reported to be more prominent in hypertensive

patients [10]. However, there was no significant difference in both systolic and diastolic blood

pressure levels between our HD patients with or without hippocampal atrophy (Table 4).

Moreover, multiple regression analysis showed significantly positive association between %

HP extent and serum tHcy levels. Although limited, a few reports have been published con-

cerning the relationship between higher serum level of tHcy with cognitive impairment [11]

and hippocampal atrophy [12] in non-dialysis patients. Serum tHcy usually shows abnormally

Table 3. Correlation of %HP extent and %WB extent with several factors.

%HP extent

Single correlation analysis Multiple linear regression analysis

r P β P

Log tHcy 0.51 <0.01 0.46 <0.01

BMI -0.38 0.03 -0.28 0.08

baPWV 0.43 0.01 0.23 0.16

%WB extent

Single correlation analysis Multiple linear regression analysis

r P β P

Age 0.65 <0.01 0.60 <0.01

sAlb -0.48 <0.01 -0.25 0.11

baPWV 0.61 <0.01 0.14 0.47

%HP extent was related to high log tHcy level. On the other hand, %WB extent was related to high age,

significantly.

Abbreviations are; %HP, percentage of hippocampal atrophy; %WB, percentage of whole-brain atrophy;

tHcy, total homocysteine; BMI, body mass index; baPWV, brachial-ankle pulse wave velocity; sAlb, serum

albumin.

https://doi.org/10.1371/journal.pone.0175102.t003
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elevated levels in HD patients [13]. It is clearly reported that serum tHcy significantly and

inversely correlates with renal function [14].

Hyperhomocysteinemia is known to adversely affect endothelial cells, and neurons. These

mechanisms are: first, homocysteine induces DNA damage/apoptosis due to oxidative stress

mediated via an increase of intracellular H2P2/caspase 3 [15]; second, vascular endothelial cell

damage by increasing tissue factors/ICAM-1 [16]; third, thrombus formation via both platelet

activation and decreased thrombomodulin/protein C activation [17]; and fourth, direct neuro-

toxicity via promotion of pro-apoptotic signaling and increased sensitivity to extracellular tox-

ins [18]. Hyperhomocysteinemia is thought to affect the hippocampus more strongly than any

other part of the brain. It has been recently reported that hyperhomocysteinemia affects the

cerebral smaller vessels more than major vessels [19]. Blood of hippocampal region is supplied

via the anterior choroidal artery, which arises from distal to the bifurcation of the posterior

communicating artery, and is classified as a perforator branch. Although the diameter of ante-

rior choroidal artery is relatively large (being 0.7–2.0 mm), thrombosis and thrombotic infarc-

tion are more likely to occur in this vessel because of its long course through the subarachnoid

space.

We recently studied the relationship between the regional cerebral blood flow (rCBF) by

quantitative single-photon emission-computed tomography (SPECT) and various parameters

Fig 4. Correlation between log %HP extent and log tHcy. Log %HP extent was strongly associated with log tHcy

level linearly.

https://doi.org/10.1371/journal.pone.0175102.g004
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including cognitive function test (MMSE) in patients on HD [6] and also peritoneal dialysis

(PD) [20]. More than half of HD patients (63%) showed normal range of MMSE scores more

than 28 (full score 30). However, rCBF of all HD patients’ studies was significantly lowered

compared with rCBF of normal control patients [6]. Moreover, we provided ischemic changes

of parahippocampal lesion in these very sensitive and detailed brain perfusion studies [6, 20].

The limitations of this study were 1) a single center cross-sectional observational study with

a small number of Japanese patients, 2) lack of nutritional assessment, and 3) lack of cognitive

function test. The main limitation of this study is that cognitive impairment was not assessed

Table 4. Comparison with or without hippocampal atrophy.

atrophy (-) (n = 8) atrophy (+) (n = 26) P

Age (years old) 65.0±9.9 69.4±6.2 0.264

Gender (Male: Female) 3:5 14:12 0.419

Hemodialysis duration (month) 57.6±104 58.6±60.9 0.974

BMI (kg/m2) 23.9±4.1 21.1±2.7 0.034

Diabetes Mellitus, n (%) 4 (50) 10 (38.5) 0.562

Hypertension, n (%) 8 (100) 24 (92) 0.419

Ischemic heart disease, n (%) 1 (13) 5 (19.2) 0.662

Peripheral arterial disease, n (%) 3 (38) 5 (19) 0.287

Calcium Channel Blocker use, n (%) 2 (25) 14 (54) 0.153

RAS inhibitor (ACE-I, ARB) use, n (%) 4 (50) 16 (61.5) 0.562

Active form vitamin D use, n (%) 5 (62.5) 21 (80.8) 0.287

Pre dialysis systolic BP(mmHg) 159±28 150±22 0.360

Pre dialysis diastolic BP(mmHg) 83±12 76±11 0.179

Pulse pressure(mmHg) 76.3±23.6 73.8±15.3 0.731

Total Protein(g/dl) 6.4±0.36 6.4±0.64 0.944

Albumin(g/dl) 3.9±0.26 3.8±0.36 0.300

Corrected Ca (mg/dl) 8.8±0.35 9.0±0.51 0.345

IP (mg/dl) 6.7±1.6 5.4±1.1 0.013

Ca×IP (mg2/dl2) 59.3±14.4 48.8±11.0 0.035

Intact PTH (pg/ml) 189.4±174 173.3±106 0.751

Hemoglobin(g/dl) 10.9±1.6 11.1±1.1 0.688

Platelet (×104/μl) 18.8±8.8 17.2±5.9 0.481

Log hs-CRP -0.9±0.6 -0.9±0.6 0.996

Fibrinogen (mg/dl) 349.6±64 371.2±70.6 0.448

β2microgloblin (mg/l) 23.3±2.0 25.9±7.2 0.318

Log %WB extent 0.91±0.19 1.01±0.27 0.318

tHcy (B exten 23.6±8.2 56.7±52.6 0.004

Log tHcy 1.36±0.12 1.61±0.34 0.003

LVMI (g/m2) 142±29 152±41 0.549

ABI 1.2±0.16 1.1±0.17 0.467

baPWV (cm/s) 1648±290 1757±265 0.327

TBI 0.79±0.17 0.73±0.18 0.429

Patients without hippocampal atrophy were related to high BMI, high serum IP level, high Ca×IP level, low tHcy level, and low log tHcy, significantly.

Abbreviations are; BMI, body mass index; RAS, renin-angiotensin system; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin type2

receptor blocker; BP, blood pressure; Ca, calcium; IP, inorganic phosphate; PTH, parathyroid hormone; hs-CRP, hypersensitive C-reactive protein; WB,

whole-brain; tHcy, total homocysteine; LVMI, left ventricular mass index; ABI, ankle brachial index; baPWV, brachial-ankle pulse wave velocity; TBI, tibial

brachial index

https://doi.org/10.1371/journal.pone.0175102.t004
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and we could not know anything of its presence or severity in the studied group. Measuring of

brain atrophy without cognitive assessment is not enough, but preventing strategies may be or

should be implemented in every patient regardless of the diagnosis, of course especially in a

group with higher risk of developing dementia like patients with kidney failure treated with

hemodialysis. Our present exploratory pilot study indicated the close relationship between hip-

pocampal atrophy and hyperhomocysteinemia in HD patients. However, small sample size

made it difficult to conclude definitely. In a future research, it will be needed to assess cognitive

function and nutritional status along with brain atrophy in more large scale.

Conclusions

In conclusion, tHcy was an independent determinant of hippocampal atrophy while age was

an independent determinant of whole-brain atrophy in this exploratory pilot study. Although

we could not provide the causative relationship, our study showed association between hyper-

homocysteinemia and hippocampal atrophy. Because hippocampal and whole-brain atrophy

is thought to be associated with cognitive dysfunction, influence of serum tHcy levels on longi-

tudinal changes of hippocampal atrophy and cognitive function should be clarified in the

future.
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