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Abstract

Purpose

End-stage renal disease (ESRD) patients exhibit silent white-matter alterations after long-

term hemodialysis, which may be due to ESRD itself or the hemodialysis. The purpose of

this study was to investigate the longitudinal white-matter alterations in the ESRD patients

under 3-year long-term hemodialysis using voxel-wise analysis of diffusion tensor imaging

(DTI).

Materials and methods

15 ESRD patients and 15 age-matched healthy controls participated in this study. Due to

the development of abnormal brain lesions in some cases, 13 ESRD patients and 13 age-

matched healthy controls were enrolled and underwent cognitive function assessment and

DTI acquisition at two-time points separated by 3 years. Voxel-based analysis was per-

formed to globally detect white-matter alterations between the two groups as well as

between the two scans within the two groups.

Results

In the ESRD patients, diffusivity indices were significantly increased and the fractional

anisotropy was significantly decreased in both scans, as compared with healthy controls.
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Longitudinal comparisons showed significant white-matter alterations in healthy controls in

three years, but little or no significant alterations were noted in the ESRD patients after addi-

tional 3-year hemodialysis.

Conclusion

Poorer white matter integrity and cognitive function are noted in ESRD patients and the toxic

effect of ESRD may be the major factor of white matter alterations.

Introduction

End-stage renal disease (ESRD) is defined as the final stage of chronic kidney disease, with a

permanent loss of>90% of normal renal function [1]. In the ESRD patients, urea and toxic

metabolites are accumulated in the blood and tissues, which in turn leads to multiple organ

dysfunction. In recent years, hemodialysis has been the most common treatment to remove

excess metabolic waste from the body. However, the ESRD patients on dialysis may still

develop uremic neuropathies such as osmotic demyelination syndrome, dialysis disequilib-

rium syndrome, and cerebrovascular diseases [2–4]. Thus, it is important to monitor changes

in the brain tissue in such patients.

Previous studies used magnetic resonance imaging (MRI) to detect abnormalities in the

brain tissue caused by hemodialysis. These studies showed T2 hyperintensities in both the

supra- and infra-tentorial regions in the ESRD patients immediately after hemodialysis,

whereas long-term hemodialysis gradually normalizes the T2 signals in these altered regions

[5, 6]. Another study performed diffusion-weighted imaging (DWI) to measure subtle

changes in the apparent diffusion coefficient (ADC) in the brain tissue of the ESRD patients

immediately after hemodialysis [7]. They showed that hemodialysis immediately and signifi-

cantly increased ADC in some regions of the brain. Because the effects of transient hemodial-

ysis may be different from those of long-term hemodialysis, additional studies performed

diffusion tensor imaging (DTI) to detect white-matter alterations in the ESRD patients

on hemodialysis for more than 1 year [8, 9]. They showed that DTI-derived fractional anisot-

ropy (FA) was significantly decreased and axial diffusivity (AD), radial diffusivity (RD), and

mean diffusivity (MD) were significantly increased in white-matter tissue after long-term

hemodialysis.

Although significant correlations were noted between the DTI indices and duration of

hemodialysis in the previous cross-sectional studies [8, 9], it remains unclear whether the

major cause of white matter alterations in the ESRD patients is ESRD itself or the hemodialy-

sis, which might be better understood from a longitudinal study. In addition, because previous

reports showed that long-term hemodialysis helped normalize the T2 signals in the altered

brain regions [5, 6], the white matter alterations might be slow down in the ESRD patients

after long-term hemodialysis. Therefore, the purpose of this study was to monitor the longitu-

dinal changes of global white-matter alterations in the ESRD patients on regular hemodialysis

and to understand whether 3-year regular hemodialysis could lead to additional white matter

alterations in the ESRD patients.

Longitudinal white matter alterations in ESRD patients
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Materials and methods

Subjects

This prospective study was approved by the Kaohsiung Medical University Chung-Ho Memo-

rial Hospital Institutional Review Board (KMUH-IRB-980232) and written informed consent

was obtained from each participant. 15 ESRD patients and 15 age-matched healthy control

subjects were recruited. To avoid possible confounding factors, the participants with interval

development of diabetes, alcoholism, drug abuse, psychiatric disorders, or major neurologic dis-

orders (severe head injury, stroke, epilepsy, or visible lesions) were excluded. In this study, 2

ESRD patients and 2 healthy control subjects were excluded due to the development of abnor-

mal brain lesions. Finally, 13 ESRD patients and 13 age-matched control subjects were enrolled

with planned reassessment after 3 years, as shown in Fig 1. For the ESRD patients, the last regu-

lar hemodialysis was conducted 2 days before the MRI examination. Table 1 lists the demo-

graphic characteristics of the enrolled participants. After obtaining informed consent, we used

the cognitive abilities screening instrument (CASI) assessment and performed an approximately

30-min-long overall evaluation of cognitive function in all participants [10]. This assessment

covers nine domains of cognition, including attention, concentration, orientation, short-term

Fig 1. Flowchart of follow-up. The flowchart shows the number of volunteers participating in the inceptive

examination and the 3-year follow-up, where some participants failed to undergo follow-up assessments. The 15 ESRD

patients and 15 age-matched control subjects who participated from the inception through the 3-year follow-up

constituted the study group. Finally, 13 ESRD patients and 13 age-matched control subjects were enrolled after

excluding 2 ESRD patients and 2 healthy control subjects due to the development of abnormal brain lesions during the

3 years.

https://doi.org/10.1371/journal.pone.0215942.g001

Longitudinal white matter alterations in ESRD patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0215942 April 30, 2019 3 / 15

https://doi.org/10.1371/journal.pone.0215942.g001
https://doi.org/10.1371/journal.pone.0215942


memory, long-term memory, language, visual construction, list-generating fluency, and abstract

thinking judgment, and is commonly used in the clinical evaluation of cognitive changes.

Data acquisition

All brain MRI data were acquired using a 1.5T MR scanner (Signa Excite, GE Medical Sys-

tems). After tri-planar scans and the acquisition of calibration data for ASSET parallel imaging,

20 axial T1WI, T2WI, and T2-FLAIR images were sequentially obtained from each participant.

Because previous MRI studies showed that patients who had dialysis disequilibrium syndrome

or osmotic dysmyelination after undergoing hemodialysis may exhibit T2 hyper signal intensi-

ties [5, 6, 11], we used anatomical images to diagnose pre-existing lesions in patients, and

those who were diagnosed with lesions were excluded from this study.

For those patients without pre-existing lesions, DTI acquisitions were performed using a

single-shot, twice-refocused, spin-echo, echo-planar, diffusion-weighted sequence with an

8-channel phased array neurovascular coil. Thirty contiguous axial slices covering the whole

brain were acquired, with the slice orientation parallel to the line joining the anterior and pos-

terior commissures. Other imaging parameters were as follows: TR/TE = 8000/82.8 ms, matrix

size = 128 × 128, b = 1000 s/mm2, the number of the non-collinear diffusion direction = 33,

the number of b0 = 1, FOV = 240 × 240 mm, NEX = 1, ASSET factor = 2.0, and slice thick-

ness = 4.4 mm. The scan time for the DTI acquisition was 4 min and 48 s.

DTI analysis

All DTI data were transferred to a standalone workstation and processed using FSL (FMRIB

Software Library, Oxford) to obtain diffusion tensor maps. First, the eddy current distortions

were corrected using affine registration to minimize the diffusion gradient-induced eddy cur-

rent distortions in 33 DWIs, with the b0 image as the reference. Subsequently, a diffusion ten-

sor was fitted with the least square estimation on a voxel-by-voxel basis to obtain three

eigenvalues, from which AD, RD, MD, and FA values were calculated for comparisons.

Voxel-wise DTI analysis

In the voxel-based analysis, the whole brain FA maps were spatially normalized to an interna-

tional consortium for brain mapping FA template [12] using affine registration to minimize

global differences between individual and template images. In addition, because local differ-

ence may still exist after affine registration and bias the statistical results, this study further uti-

lized non-linear diffeomorphic demon registration [13,14], which was demonstrated to

outperform several non-rigid registration methods including FNIRT (https://fsl.fmrib.ox.ac.

uk/fsl/fslwiki/FNIRT) used in tract-based spatial statistics [15], to further minimize local

Table 1. Demographic characteristics of participants.

ESRD patients Control subjects

First Second First Second

Gender (M/F) 7 / 6 4 / 9

Age (y/o) 36.9 ± 8.1 39.9 ± 8.1 40.3 ± 6.3 43.3 ± 6.3

Dialysis Duration (y) 7.2 ± 3.4 10.2 ± 3.4 N/A

CASI score 91.2 ± 7.8� 89.8 ± 5.8† 97 ± 3.5� 95.2 ± 2.5†

Demographic characteristics of ESRD patients and control subjects at two MRI scans separated by 3 years.

� indicate statistically significant difference (P< 0.05) between the ESRD and controls groups in the first scan.
† indicate statistically significant difference (P< 0.05) between the ESRD and controls groups in the second scan.

https://doi.org/10.1371/journal.pone.0215942.t001
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differences between individual and template images. The displacement maps generated from

the image registrations were then used to spatially normalize the corresponding AD, RD, and

MD maps. The post-processing steps of voxelwise DTI analysis are shown in Fig 2.

Statistical analysis

Subsequently, the voxel-wise comparison was performed using Statistical Parametric Mapping

8 (Wellcome Department of Cognitive Neurology, London, UK) on a MATLAB platform

(MathWorks, Natick, Mass). The following five different statistical analyses were performed in

this study: 1) a Mann-Whitney test and a Wilcoxon signed rank to show the difference in clini-

cal data between the two groups and between the two scans, respectively, 2) a voxelwise two-

sample t-test with age and gender as covariates to show the differences between the ESRD

patients and the healthy subjects in the DTI indices, 3) a voxelwise flexible factorial design to

show the interaction of group by time in the DTI indices in the ESRD patients and the healthy

subjects, respectively, using a 2 x 2 design-matrix which consisted of two groups (controls and

patients) and two conditions (time points: 0 and 3 years) with age and gender as covariates. In

the significant regions, a Mann-Whitney U test was further performed to compare the DTI

indices between the two groups. 4) a voxelwise multiple regression analysis to reveal the age-

dependent white matter changes in the ESRD patients and the healthy subjects, respectively,

and 5) Pearson’s correlational analysis to reveal the relationship between the DTI indices and

CASI scores in regions with significance. In the voxelwise analysis, regions with statistical sig-

nificance were displayed as red-yellow colors and superimposed on averaged maps of DTI

indices of all healthy subjects for better visualization, and DTI results were reported if cluster-

level corrected P<0.05 (P<0.01 and cluster size >100 voxels). The results of clinical data and

the correlational analysis were reported if P-values were <0.05.

Results

Demographic characteristics of participants

In this study, sex and age were not significantly different between the two groups. Mann-Whit-

ney test showed that the CASI scores of the ESRD patients were significantly lower than that of

the healthy controls at the first and the follow-up scans. Although the CASI scores of both

Fig 2. The post-processing steps of voxelwise DTI analysis. After scalp stripping, individual whole-brain DTI maps are spatially normalized to an

international consortium for brain mapping (ICBM) FA template using linear affine and non-linear diffeomorphic demon registrations. Subsequently,

the normalized DTI maps are utilized in voxelwise DTI analysis to show the differences between ESRD patients and healthy controls.

https://doi.org/10.1371/journal.pone.0215942.g002

Longitudinal white matter alterations in ESRD patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0215942 April 30, 2019 5 / 15

https://doi.org/10.1371/journal.pone.0215942.g002
https://doi.org/10.1371/journal.pone.0215942


ESRD patients and control subjects in the follow-up scan were lower than that in the first scan,

the Wilcoxon Signed-rank test did not show significant changes of CASI scores between the

first and follow-up scans in both ESRD patients and control subjects (Table 1). Moreover, no

significant correlations were observed between the CASI scores, age, sex, or dialysis duration

in the ESRD patients and normal controls.

Group comparisons of the first scan

At the first scan, the ESRD patients had significantly higher AD values in the bilateral anterior

frontal lobes and right posterior limb of internal capsule than healthy controls. RD values in

bilateral anterior frontal and occipital lobes and the left posterior corona radiata were signifi-

cantly higher in the ESRD patients than in healthy controls. MD values in the bilateral anterior

frontal and parietal lobes were widespread significantly higher in the ESRD patients than in

healthy controls. Moreover, FA values of the ESRD patients in the bilateral anterior frontal

and parietal lobes, bilateral inferior longitudinal fasciculus, and splenium of corpus callosum

were significantly lower than that of healthy controls (Fig 3 and S1 Table).

Group comparisons of the second scan

At the second scan, the ESRD patients who underwent additional 3-year hemodialysis did not

have significantly different AD values from healthy controls. However, RD values in bilateral

superior frontal and parietal lobes were sporadically significantly higher in the ESRD patients

than in healthy controls. MD values in the bilateral superior frontal and parietal lobes of the

ESRD patients were significantly higher than that of healthy controls. Moreover, the results

also showed that FA values of the ESRD patients were significantly lower than healthy controls

in bilateral parietal lobes, right superior longitudinal fasciculus, and bilateral forceps major

(Fig 4 and S2 Table).

Interaction analysis of group by time

The interaction analysis (flexible factorial design) between the group (control and patient) and

condition (time points: 0 and 3 years) showed that no significant change of AD values in both

the ESRD patients and healthy controls between the two time points separated by 3 years. RD

values of healthy controls in bilateral frontal lobes were significantly increased after 3 years,

but no significant RD change was noted in the ESRD patients after additional 3-year hemodial-

ysis. MD values of healthy controls were significantly increased in the left forceps minor, right

posterior corona radiata, and right sagittal stratum, but were significantly decreased only in

the left superior corona radiata after 3 years. Again, no significant difference was noted in the

ESRD patients after additional 3-year hemodialysis. FA values of the healthy controls were sig-

nificantly decreased in the bilateral forceps minor, right splenium of corpus callosum, left sag-

ittal stratum and left forceps major. However, no significant FA change was noted in the ESRD

patients after an additional 3 years of hemodialysis (Fig 5).

Moreover, in the significant regions, the post-hoc comparisons showed significantly differ-

ent MD and FA values in multiple white matter regions between the two groups in the two

scans (Fig 6), which however were not significantly different in the voxelwise analysis.

White matter demyelination

According to a previous study that demyelination could be characterized by increased RD

with unchanged AD in white matter tissues [16], this study further detected white matter

regions with increased RD and unchanged AD in the healthy controls over 3 years. The results

Longitudinal white matter alterations in ESRD patients
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showed that no significant worsening of white matter demyelination occurred in the ESRD

patients in the period of three years, but there was significant longitudinal white matter

demyelination detected in bilateral anterior frontal lobes, left posterior corona radiata, and left

forceps major of healthy controls (Fig 5). Pearson’s correlational analysis further showed sig-

nificant negative correlations between the RD and CASI scores in these demyelinated white

matter regions of the healthy controls (Table 2).

Fig 3. Group comparisons of the DTI indices between patient and control groups at the first scan. Red-yellow

colors show the regions with significantly higher AD (a-c), RD (d-f), MD (g-i), and significantly lower FA (j-l) values

than control subjects. Color bars in the right-hand side indicate T-value.

https://doi.org/10.1371/journal.pone.0215942.g003
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Age-dependent white matter changes

The multiple regression analysis revealed significant positive correlations between AD, RD,

MD, and age, and a significant negative correlation between FA and age in multiple white mat-

ter regions in the healthy subjects (S1 Fig). The significant regions were mainly in the frontal

lobe, including genu of corpus callosum, bilateral anterior corona radiata, and bilateral supe-

rior corona radiata. In the ESRD patients, the significant positive correlations were found

between RD, MD, and age, and a significant negative correlation between FA and age in more

widespread white matter regions (S2 Fig). The significant regions included bilateral anterior,

superior, and posterior corona radiata, sagittal stratum, and forceps major. However, no sig-

nificant correlation was noted between AD and age in the patients (Fig 7).

Discussion

To the best of our knowledge, this is the first study using a voxel-based DTI analysis to assess

longitudinal alterations in white-matter tissue in both ESRD patients and healthy subjects over

a 3-year period. Consistent with previous findings [8, 9, 17–19], the declines of the cognitive

functions with associated alterations of the DTI indices were noted the ESRD patients.

Fig 4. Group comparisons of the DTI indices between patient and control groups at the second scan. Red-yellow

colors show the regions with significantly higher RD (a-c), MD (d-f), and significantly lower FA (g-i) values than

control subjects. Color bars in the right-hand side indicate T-value.

https://doi.org/10.1371/journal.pone.0215942.g004
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However, the longitudinal follow-up showed that the ESRD patients had no more interval

changes of the DTI indices than the healthy controls. The findings suggest that the DTI indices

in the ESRD patients undergoing regular hemodialysis were in a relatively stable condition, as

the healthy controls.

In the cross-sectional analysis of our study, the higher diffusivity indices, including axial,

radial and mean diffusivities, and the lower FA of white matter in the ESRD patients were

noted than that in the healthy subjects in both the first and the follow-up scans. The findings

of these microstructural alterations in ESRD patients were consistent with the previous studies

about ESRD patients [8, 9, 17–19]. The decrease of FA may suggest the axonal degeneration or

demyelination caused by ESRD and the decrease of the diffusivity indices may reflect the loss

of axon and myelin [16, 20, 21]. However, in the follow-up scan, the extents of altered white-

matters in the ESRD patients were slightly less than that in the first scan, especially in AD and

FA values. Because FA in an indicator of white matter integrity, the results suggested that the

3-year hemodialysis did not worsen the white matter integrity in the ESRD patients.

In the interaction analysis (flexible factorial design), significant alterations of the DTI indi-

ces, including increased diffusivities and decreased FA, were noted in multiple white-matter

regions only in the healthy controls after 3 years. The white-matter alterations in healthy

Fig 5. Interaction analysis of the DTI indices of healthy controls between the two scans. Red-yellow colors show

the regions with significant increase of RD (a-c), MD (d-f), and FA (g-i) values in healthy controls after 3-years. Color

bars in the right-hand side indicate T-value.

https://doi.org/10.1371/journal.pone.0215942.g005
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controls were likely associated with normal aging as reported in the previous studies [22, 23].

However, when lowering statistical criteria to P< 0.05 and cluster> 100 voxels, slight and

scattered white-matter alterations could be observed in the ESRD patients but more alterations

with larger extent were also detected in white matter tissues of healthy controls. Hence, it is

likely that ESRD patients with long-term hemodialysis may have similar degenerative alter-

ations of white matter to healthy controls. As the ESRD patients should have had similar

white-matter alterations to the age-matched control subjects due to normal aging over the

period of 3 years, the unchanged or less altered the DTI indices in the ESRD patients indicated

that an additional 3-year regular hemodialysis helped maintain white matter integrity during

the period of this study.

In terms of dialysis duration, multiple regression analysis showed positive correlations with

diffusivities and negative correlation with FA in white matter tissues of the ESRD patients,

Fig 6. Comparisons of DTI indices between ESRD patients and healthy controls in significant regions of interaction analysis. In the significant

regions, MD (a) and FA (b) values were significantly higher in healthy controls than in ESRD patients. Asterisks (�) indicate statistical significance

(P< 0.05). Fmajor = forceps major; Fminor = forceps minor; SCC = splenium of corpus callosum; SCR = superior corona radiata; PCR = posterior

corona radiata; SS = sagittal stratum; Lt. = left; Rt. = right.

https://doi.org/10.1371/journal.pone.0215942.g006

Table 2. Correlation Coefficients between DTI indices and CASI scores.

Regions Correlation coefficient

RD MD FA

Rt. PCR -0.4424� -0.3419 0.3251

Rt. Fmajor -0.4142� 0.0146 0.3076

Lt. Fminor -0.5040� -0.3864 0.3085

Rt. Fminor -0.3827� -0.1874 0.1270

The table shows the correlation coefficients between DTI indices and CASI scores of healthy controls in

demyelinated white-matter regions characterized as increased RD and unchanged AD.

� P < 0.05

PCR = posterior corona radiata; Fmajor = forceps major; Fminor = forceps minor

https://doi.org/10.1371/journal.pone.0215942.t002
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which were consistent with the previous DTI findings [8, 9]. In the cross-sectional analysis, the

significant correlations between the DTI indices and the dialysis duration were mainly noted

in the frontal lobes, which were also mentioned in the previous DTI findings [9, 17–19]. The

finding suggests that the worsening of white matter integrity in the frontal lobes of the ESRD

patients undergoing hemodialysis may be responsible for the decline of cognitive functions.

However, the longitudinal analysis of our study revealed that the interval change of the DTI

indices in frontal lobes of the ESRD patients was not significant. In our study, the dialysis

duration (7.2 ± 3.4years) is longer than the follow-up interval (3 years) and the longer dialysis

time may be the major variable causing the different results between the multiple regression

analysis for dialysis duration and the longitudinal analysis for interval changes. The findings

may emphasize that the 3-year regular hemodialysis did not cause significant white matter

alterations and toxic effect of ESRD may be the major factor for the alteration of the DTI indi-

ces in the white matter tissues.

The patho-etiology of brain injury in ESRD is complex and controversial. The correlations

between the serum urea levels and the alteration of the DTI indices in the ESRD patients in the

previous studies [17, 18] may suggest that the cytotoxic effect of severe azotemia may be one of

the major disease entities of brain damage in the ESRD patients. For the ESRD patients, hemo-

dialysis can reduce the toxin level. However, some clinical complications may be noted in the

initiation of hemodialysis and the interstitial edema of brain was identified as the significantly

increased diffusivities of the brain tissue in the diffusion MR images after the hemodialysis

immediately [7]. Nevertheless, the enrolled ESRD patients in our study have a long history of

hemodialysis (mean duration of 10.2 years in the follow-up scan) and the MRI scan was per-

formed two days after hemodialysis, so the effect of immediate hemodialysis, if any, could be

neglected and the white-matter alterations observed in the ESRD patients were mainly due to

ESRD itself.

Fig 7. Correlations of DTI indices and age in ESRD patients and healthy controls. In whole-brain significant

clusters, the correlation analysis showed significant correlations of DTI indices and age (a) in both ESRD patients (b)

and healthy controls (c).

https://doi.org/10.1371/journal.pone.0215942.g007
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Regarding cognitive function, the ESRD patients exhibited significantly lower CASI scores

than healthy controls at both scans, suggesting that the patients had impaired cognitive func-

tions which were likely associated with the white-matter alterations. Although the longitudinal

analysis did not show a significant decrease of CASI scores in both groups, slightly more

decline of CASI scores was noted in healthy controls than the ESRD patients after three years,

in line with the results of DTI analysis that more significant white matter alterations were

detected, especially in bilateral frontal lobes, in healthy controls than the ESRD patients after 3

years.

Furthermore, the significant interval white matter demyelination, characterized as

increased RD but unchanged AD, was detected in bilateral anterior frontal lobes, left posterior

corona radiata, and left forceps major of healthy controls. In these regions with significant

demyelination, Pearson’s correlational analysis demonstrated that only RD value was signifi-

cantly negatively correlated with the CASI scores. The findings suggest that RD is more closely

associated with cognitive functions than other DTI indices. In addition, the white matter

changes were significantly associated with age in multiple white matter regions in both the

ESRD patients and the healthy subjects. Consistent with previous findings, the results demon-

strated that white matter changes were age-dependent in both groups. However, more white

matter regions with significant correlations were revealed in the ESRD patients than in the

healthy subjects, suggesting that the ESRD patients exhibited more white matter changes due

possibly to both normal aging and toxic effect of ESRD.

This study has some limitations. First, the study population was small because of the inclu-

sion and exclusion criteria (young participants without pre-existing brain lesions and diabetes

mellitus, and images scanned on the same scanner at two time points separated by 3 years).

Lost to follow-up of some participants resulted in small sample size and some differences

between the two groups (such as gender and age). Second, this study did not scan the ESRD

patients before undergoing hemodialysis, so the influence of ESRD alone cannot be assessed in

this study. Third, the neurological complications in ESRD are complicated and only cognitive

function test was performed in our study. So, we could not provide the correlations between

DTI and other neurological complications (e.g., depression, anxiety, dementia). Fourth, it has

been known that the accuracy of voxel-wise analysis relies on the performance of the registra-

tion method in spatial normalization. This study performed both linear affine and non-linear

demon registrations to reduce the global and local difference between the individual and tem-

plate brain images in a voxel-based analysis, in order to minimize registration errors. Finally,

DTI data were acquired with a 4-mm slice thickness, which led to more prominent partial vol-

ume effects in the through-plane direction and possibly affected the results.

Conclusions

In the cross-sectional DTI analysis, white matter integrity was significantly lower in the ESRD

patients than in the healthy controls; however, in the longitudinal voxel-based DTI analysis,

less white-matter alterations were noted in the ESRD patients than that in healthy participants

after a 3-years follow-up. In conclusion, poorer white matter integrity and cognitive function

are noted in ESRD patients. The toxic effect of ESRD may be the major factor for white matter

alterations in the ESRD patients, but 3-year regular hemodialysis did not cause significant

white matter alterations.

Supporting information

S1 Fig. Multiple regression analysis for correlations between white matter alterations and

age in healthy controls. Red-yellow colors show the regions with significant positive
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correlations between AD (a-c), RD (d-f), MD (g-i) and age, and a significant negative correla-

tion between FA (j-l) and age. Color bars in the right-hand side indicate T-value.

(TIF)

S2 Fig. Multiple regression analysis for correlations between white matter alterations and

age in ESRD patients. Red-yellow colors show the regions with significant positive correla-

tions between RD (a-c), MD (d-f) and age, and a significant negative correlation between FA

(g-i) and age. Color bars in the right-hand side indicate T-value.

(TIF)

S1 Table. Group comparisons of the DTI indices between patient and control groups at

the first scan. The table shows MNI coordinates of regions with significantly different AD,

RD, MD, and FA values of the first scan between the two groups.

(PDF)

S2 Table. Group comparisons of the DTI indices between patient and control groups at

the second scan 3 years later. The table shows MNI coordinates of regions with significantly

different AD, RD, MD, and FA values of the second scan between the two groups.

(PDF)

Acknowledgments

We are grateful for the support of our patients and healthy volunteers.

Author Contributions

Conceptualization: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang,

Wei-Shiuan Chung.

Data curation: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang, Wei-

Shiuan Chung.

Formal analysis: Ming-Chung Chou, Chih-Hung Ko.

Funding acquisition: Tsyh-Jyi Hsieh.

Investigation: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang, Wei-

Shiuan Chung.

Methodology: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang.

Project administration: Ming-Chung Chou, Tsyh-Jyi Hsieh.

Resources: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang, Wei-Shiuan

Chung.

Software: Ming-Chung Chou, Wei-Shiuan Chung.

Supervision: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang.

Validation: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh.

Visualization: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming Chang.

Writing – original draft: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming

Chang, Wei-Shiuan Chung.

Writing – review & editing: Ming-Chung Chou, Chih-Hung Ko, Tsyh-Jyi Hsieh, Jer-Ming

Chang, Wei-Shiuan Chung.

Longitudinal white matter alterations in ESRD patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0215942 April 30, 2019 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215942.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215942.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215942.s004
https://doi.org/10.1371/journal.pone.0215942


References
1. Foley RN, Collins AJ. End-stage renal disease in the United States: An update from the United States

renal data system. Journal of the American Society of Nephrology. 2007; 18(10):2644–8. https://doi.

org/10.1681/ASN.2007020220 PMID: 17656472

2. Brouns R, De Deyn PP. Neurological complications in renal failure: a review. Clinical Neurology and

Neurosurgery. 2004; 107(1):1–16. https://doi.org/10.1016/j.clineuro.2004.07.012 PMID: 15567546

3. Benna P, Lacquaniti F, Triolo G, Ferrero P, Bergamasco B. Acute Neurologic Complications of Hemodi-

alysis—Study of 14,000 Hemodialyses in 103 Patients with Chronic-Renal-Failure. Italian Journal of

Neurological Sciences. 1981; 2(1):53–7. PMID: 7333806

4. Silver SM, Sterns RH, Halperin ML. Brain swelling after dialysis: Old urea or new osmoles? American

Journal of Kidney Diseases. 1996; 28(1):1–13. PMID: 8712203

5. Tarhan NC, Agildere AM, Benli US, Ozdemir F, Aytekin C, Can U. Osmotic demyelination syndrome in

end-stage renal disease after recent hemodialysis: MRI of the brain. American Journal of Roentgenol-

ogy. 2004; 182(3):809–16. https://doi.org/10.2214/ajr.182.3.1820809 PMID: 14975990

6. Agildere AM, Benli S, Erten Y, Coskun M, Boyvat F, Ozdemir N. Osmotic demyelination syndrome with

a disequilibrium syndrome: reversible MRI findings. Neuroradiology. 1998; 40(4):228–32. PMID:

9592792

7. Chen CL, Lai PH. A preliminary report of brain edema in patients with uremia at first hemodialysis: Eval-

uation by diffusion-weighted MR imaging. American Journal of Neuroradiology. 2007; 28(5):807-.

8. Hsieh TJ, Chang JM, Chuang HY, Ko CH, Hsieh ML, Liu GC, et al. End-Stage Renal Disease: In Vivo

Diffusion-Tensor Imaging of Silent White Matter Damage. Radiology. 2009; 252(2):518–25. https://doi.

org/10.1148/radiol.2523080484 PMID: 19528357

9. Chou MC, Hsieh TJ, Lin YL, Hsieh YT, Li WZ, Chang JM, et al. Widespread White Matter Alterations in

Patients with End-Stage Renal Disease: A Voxelwise Diffusion Tensor Imaging Study. American Jour-

nal of Neuroradiology. 2013; 34(10):1945–51. https://doi.org/10.3174/ajnr.A3511 PMID: 23788598

10. Teng EL, Hasegawa K, H A., I Y., Larson E, G A., et al. The Cognitive Abilities Screening Instrument

(CASI): A practical test for cross-cultural epidemiological studies of dementia. Int Psychogeriatr. 1994;

6(1):45–58. PMID: 8054493

11. Lakadamyali H, Ergun T. MRI for acute neurologic complications in end-stage renal disease patients on

hemodialysis. Diagnostic and Interventional Radiology. 2011; 17(2):112–7. https://doi.org/10.4261/

1305-3825.DIR.3063-09.1 PMID: 20683820

12. Mori S, Oishi K, Jiang HY, Jiang L, Li X, Akhter K, et al. Stereotaxic white matter atlas based on diffusion

tensor imaging in an ICBM template. Neuroimage. 2008; 40(2):570–82. https://doi.org/10.1016/j.

neuroimage.2007.12.035 PMID: 18255316

13. Vercauteren T, Pennec X, Perchant A, Ayache N. Diffeomorphic demons: Efficient non-parametric

image registration. Neuroimage. 2009; 45(1):S61–S72.

14. Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage. 2007; 38(1):95–113.

https://doi.org/10.1016/j.neuroimage.2007.07.007 PMID: 17761438

15. Ou YM, Akbari H, Bilello M, Da X, Davatzikos C (2014) Comparative Evaluation of Registration Algo-

rithms in Different Brain Databases With Varying Difficulty: Results and Insights. Ieee Transactions on

Medical Imaging 33: 2039–2065. https://doi.org/10.1109/TMI.2014.2330355 PMID: 24951685

16. Song SK, Sun SW, Ramsbottom MJ, Chang C, Russell J, et al. (2002) Dysmyelination revealed through

MRI as increased radial (but unchanged axial) diffusion of water. Neuroimage 17: 1429–1436. PMID:

12414282

17. Bai Z, Ma X, Tian J, Dong J, He J, Zhan W, et al. Brain Microstructural Abnormalities Are Related to

Physiological Alterations in End-Stage Renal Disease. PloS one. 2016; 11(5):e0155902. Epub 2016/

05/27. https://doi.org/10.1371/journal.pone.0155902 PMID: 27227649

18. Kong X, Wen JQ, Qi RF, Luo S, Zhong JH, Chen HJ, et al. Diffuse interstitial brain edema in patients

with end-stage renal disease undergoing hemodialysis: a tract-based spatial statistics study. Medicine.

2014; 93(28):e313. Epub 2014/12/20. https://doi.org/10.1097/MD.0000000000000313 PMID:

25526483

19. Zhang R, Liu K, Yang L, Zhou T, Qian S, Li B, et al. Reduced white matter integrity and cognitive deficits

in maintenance hemodialysis ESRD patients: a diffusion-tensor study. European radiology. 2015; 25

(3):661–8. Epub 2014/10/19. https://doi.org/10.1007/s00330-014-3466-5 PMID: 25326436.

20. Song SK, Yoshino J, Le TQ, Lin SJ, Sun SW, et al. Demyelination increases radial diffusivity in corpus

callosum of mouse brain. Neuroimage. 2005; 26: 132–140. https://doi.org/10.1016/j.neuroimage.2005.

01.028 PMID: 15862213

Longitudinal white matter alterations in ESRD patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0215942 April 30, 2019 14 / 15

https://doi.org/10.1681/ASN.2007020220
https://doi.org/10.1681/ASN.2007020220
http://www.ncbi.nlm.nih.gov/pubmed/17656472
https://doi.org/10.1016/j.clineuro.2004.07.012
http://www.ncbi.nlm.nih.gov/pubmed/15567546
http://www.ncbi.nlm.nih.gov/pubmed/7333806
http://www.ncbi.nlm.nih.gov/pubmed/8712203
https://doi.org/10.2214/ajr.182.3.1820809
http://www.ncbi.nlm.nih.gov/pubmed/14975990
http://www.ncbi.nlm.nih.gov/pubmed/9592792
https://doi.org/10.1148/radiol.2523080484
https://doi.org/10.1148/radiol.2523080484
http://www.ncbi.nlm.nih.gov/pubmed/19528357
https://doi.org/10.3174/ajnr.A3511
http://www.ncbi.nlm.nih.gov/pubmed/23788598
http://www.ncbi.nlm.nih.gov/pubmed/8054493
https://doi.org/10.4261/1305-3825.DIR.3063-09.1
https://doi.org/10.4261/1305-3825.DIR.3063-09.1
http://www.ncbi.nlm.nih.gov/pubmed/20683820
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.neuroimage.2007.12.035
http://www.ncbi.nlm.nih.gov/pubmed/18255316
https://doi.org/10.1016/j.neuroimage.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17761438
https://doi.org/10.1109/TMI.2014.2330355
http://www.ncbi.nlm.nih.gov/pubmed/24951685
http://www.ncbi.nlm.nih.gov/pubmed/12414282
https://doi.org/10.1371/journal.pone.0155902
http://www.ncbi.nlm.nih.gov/pubmed/27227649
https://doi.org/10.1097/MD.0000000000000313
http://www.ncbi.nlm.nih.gov/pubmed/25526483
https://doi.org/10.1007/s00330-014-3466-5
http://www.ncbi.nlm.nih.gov/pubmed/25326436
https://doi.org/10.1016/j.neuroimage.2005.01.028
https://doi.org/10.1016/j.neuroimage.2005.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15862213
https://doi.org/10.1371/journal.pone.0215942


21. Mori S, Zhang J. Principles of diffusion tensor imaging and its applications to basic neuroscience

research. Neuron 2006; 51: 527–539. https://doi.org/10.1016/j.neuron.2006.08.012 PMID: 16950152

22. Wu YC, Field AS, Whalen PJ, Alexander AL. Age- and gender-related changes in the normal human

brain using hybrid diffusion imaging (HYDI). Neuroimage. 2011; 54(3):1840–53. https://doi.org/10.

1016/j.neuroimage.2010.09.067 PMID: 20932911

23. Inano S, Takao H, Hayashi N, Abe O, Ohtomo K. Effects of Age and Gender on White Matter Integrity.

American Journal of Neuroradiology. 2011; 32(11):2103–9. https://doi.org/10.3174/ajnr.A2785 PMID:

21998104

Longitudinal white matter alterations in ESRD patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0215942 April 30, 2019 15 / 15

https://doi.org/10.1016/j.neuron.2006.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16950152
https://doi.org/10.1016/j.neuroimage.2010.09.067
https://doi.org/10.1016/j.neuroimage.2010.09.067
http://www.ncbi.nlm.nih.gov/pubmed/20932911
https://doi.org/10.3174/ajnr.A2785
http://www.ncbi.nlm.nih.gov/pubmed/21998104
https://doi.org/10.1371/journal.pone.0215942

