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Introduction: The current study aimed to depict intrinsic structural changes and the
spontaneous brain activity patterns in voxel level in patients with end-stage renal disease
(ESRD) undergoing hemodialysis (HD) by using diffusion-tensor imaging and resting-state
functional magnetic resonance (MR) imaging with an amplitude of low-frequency fluctua-
tions (ALFF) algorithm and their clinical relevance.

Materials and Methods: In the study, the diffusion-tensor imaging and resting-state
functional MR imaging were performed in forty-two hemodialysis patients with ESRD and
42 healthy control subjects. Neuropsychological and laboratory tests were performed in all
subjects. ALFF, fraction anisotropy (FA), and mean diffusivity (MD) values were compared
between the two groups. Correlations between ALFF, FA or MD values, and clinical markers
were analyzed.

Results: We found that ESRD patients exhibited significantly lower ALFF values in multi-
ple areas, including medial frontal gyrus, limbic lobe, superior frontal gyrus, bilateral lingual
gyri, occipital lobe, parahippocampal gyrus, precuneus, while increased ALFF values in
medial frontal gyrus than healthy controls. FA values were decreased in medial frontal gyrus,
parietal lobe, and left precuneus regions in the ESRD group compared with controls.
Importantly, FA for the frontal and parietal lobes was negatively associated with the dialysis
duration of ESRD patients, ALFF z-scores for the medial prefrontal cortex (MPFC) were
positively correlated with the dialysis duration of ESRD patients and Serum calcium of
ESRD patients negatively correlated with FA values in the frontal and parietal lobes
(»<0.05).

Conclusion: Our study revealed that both impaired brain structure and function in ESRD
patients with routine hemodialysis distributed mainly in the parietal, temporal, and frontal
lobes. ESRD patients have cognitive impairment and declined memory ability. Serum
calcium and dialysis duration might be associated with the impairment of brain structure
and function in patients with ESRD.

Keywords: cognitive impairment, hemodialysis, end-stage renal disease, resting-state
functional MRI, diffusion-tensor imaging

Introduction

End-stage renal disease (ESRD) has been shown to not only be accompanied by
central nervous system abnormalities (eg white matter lesions, cerebral atrophy, and
myelinoclasis)! but also results in various neurological problems (eg dialysis
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encephalopathy, uremic encephalopathy).” Moreover,
ESRD patients have a higher risk for developing cognitive
impairments and ultimately death.>* Therefore, early
assessment of brain abnormalities in neurologically
asymptomatic patients with ESRD is crucial for prompt
treatment and the improvement of patients’ prognosis.
Approximately 75% of the patients who are receiving
dialysis exhibit cognitive impairments. The impairments
involve a range of cognitive domains, including concen-
tration, memory, and planning, which may be associated
with more frequent and longer hospitalizations.”® The
underlying pathophysiology of this cognitive dysfunction
in the ESRD patients undergoing hemodialysis (HD)
remains unclear.

Recently, neuroimaging techniques have been estab-
lished as a valuable tool to investigate the neuropathologic
underlying ESRD-related
complications.””® Insights from resting-state functional

mechanisms neurological
Magnetic Resonance imaging (rs-fMRI) have suggested
that the pathophysiology of various mental disorders in
humans is associated with changes of spontaneous low-
frequency blood-oxygen-level-dependent (BOLD) signal
fluctuations (<0.08 Hz) in the brain.'” rs-fMRI is
a reliable tool for investigating neural networks. The
amplitude of low-frequency fluctuation (ALFF) is
a method that has been used to evaluate local spontaneous
neuronal activity in rs-fMRI analysis based on BOLD
signals. It reflects the amplitude of neuronal activity within
a single voxel by calculating the square root of the power
spectrum in a frequency range (typically 0.01-0.08 Hz)."
Previous studies have shown the specific patterns of ALFF
in patients with ESRD who were undergoing peritoneal
dialysis (PD) that correlate with cognitive impairments.'!
only a few rs-fMRI
studies'*'* have been performed in ESRD patients.

However, to our knowledge,

These studies did not investigate the effect of the specific
dialysis modality on spontaneous brain activity in patients
with ESRD, as they included patients undergoing HD and
peritoneal dialysis and also those not undergoing dialysis.
This can have a confounding effect on the study results.
In addition, most previous studies have been focused
on abnormal gray and white brain matter structures.’'*'®
The studies showed that compared with normal controls,
not only the local microstructure of white matter
fiber

tractography'® is changed in patients with ESRD. Zhang
1o

integrity'®'”  but also the interregional

et al ~ using diffusion-tensor imaging (DTI) and rs-fMRI

to investigate structural and functional alterations of the

default mode network (DMN) in the brain after renal
transplantation in patients with end-stage renal disease,
found that functional connectivity changes in the DMN,
which were associated with improved hematocrit levels
and cognitive function, may recover earlier than structural
connectivity changes do 1 month after renal transplanta-
tion. DTI, a non-invasive tool for probing the microanato-
mical organization of human brain white matter in vivo,
has been used to investigate the property of white matter in
ESRD. Fractional anisotropy (FA), an index derived from
DTI, which can be used to evaluate the extent of aniso-
tropy in tissues, mainly reflecting the integrity of fiber
bundle. Higher FA value represents greater diffusion ani-
sotropy. For Mean diffusivity (MD) the dispersion level
and resistance of the whole molecule can be reflected,
regardless of the direction of dispersion. Larger MD indi-
cates more free water molecules in the tissue.?’

To our knowledge, no study has combined DTI with rs-
fMRI to investigate the fiber bundle impairment and func-
tional cerebral deficits simultaneously in ERSD. This
method could have the potential to explore the neurobio-
logical mechanisms of ESRD patients.

We hypothesized that HD had a negative effect on
resting-state spontaneous brain activity and abnormalities
on the diffusion tensor function in ESRD patients. To
verify this hypothesis, we applied both DTI and rs-fMRI
in 42 ESRD patients and 42 control subjects to analyze the
changes in structural connectivity and spontaneous brain
activity patterns in ESRD patients who were under-
going HD.

Materials and Methods

Subjects
A total of forty-two patients with ESRD (22 males and 20
females with mean age 51£10.2 years) on maintenance
HD (three times per week) for at least 3 months, all right-
handed, were enrolled. All patients were recruited from the
dialysis center of Second Affiliated Hospital of Nanjing
Medical University. Exclusion criteria included: history of
drug or alcohol abuse, obvious brain lesions such as stroke
and tumor, a history of Parkinson’s or neurodegenerative
disease, psychiatric disorder, or major neurologic disorders
(severe head injury, visible lesions, epilepsy, or stroke),
and any contraindications to MR imaging.

Forty-two controls (22 males and 20 females with
mean age 50 £10.0 years; all right-handed) were recruited
from the local community. None of the controls had any
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kidney disease or history of neurological or psychiatric
diseases. We used the same exclusion criteria as those
used for the ESRD patients.

Laboratory Examinations and

Neuropsychological Tests

Previous work reported that studies performed during or
immediately after hemodialysis could induce adverse acute
effects on brain physiology and cognitive function,”* %’
which we sought to avoid. Thus, for our study, cognitive
function and MRI experiments were performed at least 24
h after a hemodialysis session. All participants were
required to refrain from food or drink containing caffeine
for at least 8 h before the MRI exam or cognitive
assessment.”® Each MRI or cognitive assessment study
for each participant was scheduled at a similar time
of day. All participants were instructed to complete the
Beijing version of Montreal Cognitive Assessment
(MoCA), under the supervision of a physician. The sub-
sequent neuropsychological battery was tested in memory
cognition domains by the Auditory Verbal Learning Test
(AVLT) delay recall.?’ The clinical data including duration
of hemodialysis, the evaluation of systolic and diastolic
blood pressure were also collected. The ESRD group
completed multiple biochemical tests after the hemodialy-
sis (within 36 hours) but before the MR imaging (within
24 hours). The biochemical tests included lipoprotein,
cholesterol, hemoglobin, serum phosphorus, and serum
calcium.

MR Imaging

Imaging data were acquired on a 3 Tesla MR scanner (GE
Healthcare, signaHDxt). All of the patients were instructed
to hold still, keep their eyes closed but be awake in the
MR scanner. During the scan, the participants were fitted
to foam padding to reduce head motion. The T2-FLAIR
sequence and T1-weighted sequence images were obtained
for every subject to exclude brain anatomical lesions.
A gradient-echo echo-planar sequence was used to acquire
BOLD rs-fMRI data. The parameters were as follows:
repetition time (TR) = 2000ms (echo time) TE = 30ms,
slice thickness = 4.0mm, slice gap = 0.4mm, FOV =
240X24Omm2, matrix = 64x64, flip angle = 90°, number
of slices =32, and 250 volumes. Each fMRI scan lasted
500s. Besides, a spin-echo echo-planar imaging sequence
was

performed to acquire diffusion-tensor images.

A diffusion gradient was applied in 20 noncollinear

directions with b values of 0 and 1000 sec/mm? (TR =
13500ms, TE = 87ms, FOV = 240%x240 mmz, matrix =
130%128, slice thickness = 3mm; no intersection gap).

Data Preprocessing
BOLD-fMRI data were pre-processed with the Data
Processing and Analysis of Brain Imaging software*® run-
ning in MATLAB (MathWorks, Natick, MA, USA). The
first 10 volumes were discarded to allow the MR signal to
reach a steady-state and to allow the participants to adapt
to the scanner environment. The pre-processing steps
included a slice-timing correction, realignment of the func-
tional data to each participant’s first images, co-
registration of the functional to structural images, and
spatial that of the

Neurological Institute (MNI, resampled voxel size = 3 x
3)

normalization to Montreal

3 x3 mm™ were conducted. After normalization, a band-
pass filter was applied to maintain low-frequency fluctua-
tions within a frequency range of 0.01-0.08 Hz. Finally,
subjects with head movement > 2mm were excluded from
the analysis. Several nuisance covariates (friston 24 head
motion parameters, the average signals of cerebrospinal
fluid and white matter) were regressed out from the data.

ALFF Analysis

The ALFF analysis was performed based on a previous
study.>' The time sequences for a given voxel were trans-
formed to the frequency series by Fast Fourier Transform
(FFT), and the square root of the power spectrum was
calculated and filtered across 0.01-0.08 Hz. The average
square root was considered to be the ALFF value. To
reduce individual differences among subjects, the average
ALFF value was subtracted from the ALFF value of each
voxel and divided by the global mean ALFF value for
standardization purposes.

DTI Analysis

The DTI imaging data were preprocessed with Diffusion
Toolkit, a set of command-line tools with a GUI frontend
that performs data reconstruction and fiber tracking on diffu-
sion MR images (http://www.trackvis.org/dtk). The work-
flow of Diffusion Toolkit (DTK) contained 2 major steps:
(1) convert the raw DICOM images into a series of

ANALYZE images and (2) reconstruct the raw images.
Then, the MD and FA functional maps were processed and
analyzed by the software of SPM8 (based on MATLAB). The
BO maps of each subject were co-registered with the EPI
template in SPMS to the MNI standard space. Then, the MD
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and FA maps were standardized with the co-registered BO
maps. Finally, the registered FA and MD maps were
smoothed with an isotropic Gaussian kernel (8-mm full-
width at half maximum).

Statistics Analysis

All of the demographic and clinical data were analyzed by
utilizing SPSS 17.0 (SPSS Inc., Chicago, IL). The
Kolmogorov—Smirnov test indicated that not all the data
showed normality. Therefore, the years of education, cog-
nitive test results (AVLT, MoCA) were compared by non-
parametric tests. A two-sample #-test was used to compare
the age, systolic blood pressure, diastolic blood pressure
and hemoglobin. Chi-square tests were used for the gender
of the two groups. The ALFF, FA and MD values between
patient and control groups were compared using voxel-
wise two-sample t-tests with age and gender as covariates
by using Statistical parametric mapping software (SPMS;
The FIL Methods Group, London, England). To check for
multiple comparisons in the statistical analysis, we used
the AlphaSim correction to adjust the alpha level (p < 0.05
and cluster size of at least 66 voxels, AlphaSim corrected,
Analysis of Functional Neurolmages, http://afni.nimh.nih.

gov/afni/).32 The surviving clusters were reported.

A Spearman correlation analysis was conducted to
observe the possible clinical relevance between changes
in brain function and all clinical biochemical markers of

ESRD. Individual mean ALFF, FA and MD z-scores for
the surviving clusters of ESRD patients were extracted for
a Spearman correlation analysis. These correlations were
adjusted for age and gender as covariates. Significant
correlations were determined based on p-values less
than 0.05.

Results

An initial group of 60 ESRD patients was recruited from
the dialysis center of Second Affiliated Hospital of
Nanjing Medical University. All hemodialysis patients
successfully completed both cognition assessment and
MRI sessions. In addition, the data of eighteen patients
were excluded resulting from excessive motion during
MRI exams. Therefore, a total of 42 hemodialysis
patients were included for final data analysis. A total
of 42 age- and sex-matched controls were recruited
accordingly.

Demographic Results

Demographic, clinical data and the biochemical results of
the participants are shown in Table 1. The distributions of
gender, age, and education were matched between the two
groups. Systolic and diastolic blood pressure values did
not differ between the ESRD and control groups.
Significant differences were found in hemoglobin level,
MoCA and AVLT scores (p < 0.001).

Table | The Demographic, Biochemical and Clinical Characteristics for All the Participants

Demographic ESRD Controls p value
Gender* (Male/Female) 22/20 22/20 0.663*
Age (years) 50.93£10.17 50.43+£9.97 0.821°
Education™* (years) 12(3) 9(3) 0.625°
MoCA** (score) 22.5(5.25) 25.5(4.25) <0.001°¢
AVLT-delay recall** 5.07 (2.00) 7.07(3.25) <0.001°¢
Systolic blood pressure 130.56+25.46 125.87+15.53 0.312°
Diastolic blood pressure 85.82+12.88 83.14£10.27 0.295°
Hemoglobin (g/L) 108.12+14.58 145.83+18.37 <0.001°
Dialysis duration (months) 113.02+78.08

Serum calcium (mmol/L) 2.46+0.24

Serum Phosphorus (mmol/L) 1.54+0.39

Notes: Unless otherwise indicated, data are represented as meanzstandard deviation. *Data are number of patients or control subjects. **Data are median (Quartile
distance). *The p value was obtained by chi-square test. "The p values were obtained by two-side two-sample t-tests. “The p values were obtained by nonparametric tests.
Abbreviations: MoCA, Montreal Cognitive Assessment; AVLT: Auditory Verbal Learning Test.
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Figure | FA maps show differences between ESRD and the control groups (p<0.05, AlphaSim corrected). The patients with ESRD showed a significant FA decrease in the
medial frontal gyrus, parietal lobe, supramarginal gyrus, inferior parietal gyrus and middle temporal gyrus.

DTI Analysis

Figure 1 illustrates the results of the two-sample analysis
of FA and MD between the two groups. Compared with
the control group, the patients with ESRD showed
a significant FA decrease in the medial frontal gyrus,
parietal lobe, supramarginal gyrus, inferior parietal gyrus
and middle temporal gyrus (»p<0.05, AlphaSim corrected),
while no significant findings were found in MD values
between the two groups (Table 2 and Figure 1).

ALFF Analysis

Compared to the control group, ESRD patients showed
a significant ALFF decrease in the medial frontal gyrus,
parietal lobe, inferior parietal gyrus, supramarginal gyrus,
right lingual gyrus, and parahippocampal gyrus, but an
increase in the bilateral superior frontal gyrus as shown in
Table 3 and Figure 2 (p<0.05, AlphaSim corrected). We also
calculated the frame-wise displacement (FD) at each time

point using 6 displacements from the rigid body motion

correction procedure.’*** There were no significant differ-
ences in the FD values between the groups (p > 0.05).

Correlation Analysis

As shown in Figure 3, the duration of hemodialysis of
patients negatively correlated with mean z scores of FA in
the medial frontal gyrus, parietal lobe (r=—0.326, p<0.05)
(Figure 3A). The duration of hemodialysis had a positive
relationship with mean z scores of ALFF in medial frontal
gyrus (= 0.312, p<0.05) (Figure 3B). Serum calcium of
ESRD patients negatively correlated with FA values in the
frontal and parietal lobes (r=—0.319, p<0.05) (Figure 3C).
There was no significant correlation between FA, ALFF
values and other clinical and biochemical markers.

Discussion

By combining both ALFF and DTI approaches to detect
functional and structural plasticity in patients with ESRD,
this study revealed the following important findings.

Table 2 Regions Showing FA Differences Between ESRD and Control Groups

Brain Regions Brodman Area MNI Coordinates (mm) Volume (mm®) Peak t Value
x y z
Medial frontal gyrus 8 -10 17 51 800 3.48
Right parietal lobule 39 48 -6l 22 69 2.66
Right supramarginal gyrus 40 48 =57 30 33 3.04
Left parietal lobule 40 —48 =51 30 217 3.54
Left supramarginal gyrus 39 —44 —52 24 90 3.12
Left inferior parietal gyrus 40 -39 -35 34 88 2.98
Left superior frontal gyrus 8 10 29 51 727 3.48
Left middle temporal gyrus 39 -39 =75 24 351 3.12
Left middle occipital gyrus 18 -39 -70 —14 149 2.47

Note: Minus sign represents a decrease (p<0.05, AlphaSim corrected).
Abbreviation: MNI, Montreal Neurological Institute.
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Table 3 Regions Showing ALFF Differences Between ESRD and Control Groups
Brain Regions Brodman Area MNI Coordinates (mm) Volume (mm?®) Peak t Value
x y z
Left parietal lobule 41 —45 =25 8 41 3.29
Left Inferior parietal lobule 40 —42 —24 9 37 3.29
Left superior temporal gyrus 13 —49 -23 8 37 3.29
Left supramarginal Lobule 42 —42 —-18 8 31 3.29
Medial frontal gyrus 6 3 -3 54 52 4.74
Parahippocampal gyrus 19 21 =51 -3 87 3.35
Left superior frontal gyrus 9 —-18 36 39 74 2.56
Right superior frontal gyrus 6 15 15 57 8l 4.6l
Right medial frontal gyrus 9 9 48 24 41 3.10

Note: Minus sign represents a decrease (p<0.05, AlphaSim corrected).
Abbreviation: MNI, Montreal Neurological Institute.

Firstly, patients with ESRD have significantly lower
FA values than healthy control subjects in the medial
frontal gyrus, parietal lobe, supramarginal gyrus, inferior
parietal gyrus, and middle temporal gyrus.

Secondly, ALFF values in patients with ESRD were
significantly decreased in the medial frontal gyrus, parietal
lobe, inferior parietal gyrus, and parahippocampal gyrus, but
increased in the bilateral superior frontal gyrus. These
changes in nerve fibers and spontaneous neuron activity
suggested an abnormality in the microstructure and resting-
state brain function of patients with ESRD. As this study also

showed, ESRD patients had lower hemoglobin levels, possi-
bly resulting in anemia, which can induce brain perfusion
elevation via cerebral vessel dilation to compensate for ane-
mia-associated reduced rate of oxygen delivery to brain
tissue in order to maintain necessary brain metabolism and
function. However, the circulatory stress of routine hemodia-
lysis can also cause cerebral vasculature damage, especially
in older ESRD patients.*® The end results may be worsening
endothelial dysfunction, negatively affecting cerebral vessel
dilation as a compensation mechanism. A positron emission
tomography (PET) study of CO, response with small cohorts

Figure 2 ALFF maps show differences between ESRD and control groups (p<0.05, AlphaSim corrected). The patients with ESRD showed a significant ALFF decrease in the
medial frontal gyrus, parietal lobe, inferior parietal gyrus, supramarginal gyrus, right lingual gyrus and parahippocampal gyrus (cold colors), but an increase in the bilateral

superior frontal gyrus (warm colors).
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Figure 3 Scatter plot show correlation of dialysis duration with mean value of FA and ALFF in MPFC. The dialysis duration of ESRD patients negatively correlates with mean
FA value in MPFC (r= —0.326, p=0.035) (A). Dialysis duration show positive correlation with mean ALFF value in MPFC (r=0.312, p=0.045) (B). Serum calcium of ESRD

patients negatively correlated with mean FA value in MPFC (r=-0.319, p=0.039) (C).

Abbreviation: MPFC, medial prefrontal cortex.

of pre-hemodialysis and hemodialysis patients®® suggested
reduced compensatory cerebral vessel dilation in hemodia-
lysis patients. The reduced ability in compensatory cerebral
vessel dilation can cause perfusion decline and inadequate
oxygenation. This may explain the observed significant
decline of ALFF. Thirdly, compared with the HCs, the
ESRD patients had significantly lower MoCA and AVLT-
delay recall scores, which indicated a decline in global cog-
nitive function and memory. Interestingly, all of the brain
areas with significant FA and ALFF changes were located in
the frontal, temporal and parietal lobes. Frontal lobe dysfunc-
tion is characterized clinically by decreased abstraction,
spontaneity, initiative, judgment, insight, perseverance, and
response inhibition.*” Parietal cortex lesions are considered
to be engaged in distinct attention functions such as

visuospatial attention, attention shift, working memory, and
supramodal control.>**° The differences may contribute to
a decline in cognitive function. Although no significant cor-
relation was found between the neuropsychological tests and
ALFF or FA values. The MoCA and AVLT neuropsycholo-
gical tests used here only evaluated cognitive and memory
function in general, and each specific cognitive ability was
not assessed. So it cannot deny that the differences in ALFF
or FA are associated with cognitive impairment. Some pre-
vious studies found that spontaneous neural activity in the
special brain regions of DMN was correlated with number
connection test-A (NCT-A) and digital symbol test (DST),
which were associated with the domains of psychomotor
speed, attention, and visual memory. So, more specific cog-
nitive scales need to be added in the future.*' These regions

International Journal of Nephrology and Renovascular Disease 2021:14

submit your manuscript

83

Dove


http://www.dovepress.com
http://www.dovepress.com

Guo et al

Dove

are considered to be important components of human
default-mode networks.*> The inferior parietal lobe is
a major posterior component of the DMN.>*** This is con-
sistent with previous rs-fMRI studies based on functional
connectivity” and independent component analysis
methods'* in ESRD. Many previous studies'®*** have
demonstrated abnormalities in brain structure and biochem-
istry of multiple DMN regions in ESRD patients.

Functionally, the DMN is engaged in a broad array of
cognitive processing related to episodic memory, self-
awareness, and interactive modulation between the inter-
nal brain activities and external tasks.***® Patients with
ESRD often develop various cognitive deficits involving
attention, executive function, and memory*’** before any
overt neurological manifestation. Thus, we speculated that
the changed ALFF and FA values within-DMN might in
part underlie these cognitive disturbances in ESRD. Our
findings are similar to previous brain imaging study.'* Xue
Liang et al investigated the spontaneous neural activity in
ESRD patients by using rs-fMRI with regional homogene-
ity analysis (ReHo) algorithm. They found that ESRD
patients show decreased ReHo in multiple areas of bilat-
eral frontal, parietal, and temporal lobes. In addition, they
found neuropsychological tests including NCT-A and
DST, which were associated with the domains of psycho-
motor speed and domains of psychomotor speed, attention,
and visual memory, were correlated with ReHo values in
the special brain regions of DMN.

Furthermore, we found that the duration of hemodia-
lysis in the ESRD group positively correlated with ALFF
values in the bilateral superior frontal gyrus and negatively
correlated with FA values in the medial frontal gyrus,
parietal lobe, supramarginal gyrus, inferior parietal gyrus,
and middle temporal gyrus. These results are different
from those by Luo et al'' in which rs-fMRI with ALFF
algorithm was applied to analyze the spontaneous brain
activity patterns in ESRD patients undergoing peritoneal
dialysis. This may be because different types of dialysis
have different effects on brain function. Moreover, they
found that line tracing test scores negatively correlated
with ALFF values in bilateral middle temporal gyri and
cuneus, and ALFF values in the right superior parietal lobe
positively correlated with DST scores of patients in the PD
group. A negative correlation was observed between serial
dotting test scores and ALFF in the bilateral precuneus.
But, they did not assess the global cognitive function. All
the scales they used were associated with the domains of
executive function. Therefore, a full cognitive battery

measuring domain-specific cognitive function would be
more informative and needed. We also found serum cal-
cium of ESRD patients negatively correlated with FA
values in the frontal and parietal lobes. The possible
explanation is that many ESRD patients undergo dialysis,
which is still not able to remove all the toxins, middle-
large molecules in particular,49 and, for unknown reasons,
these toxins have been shown to particularly affect frontal
white matter. The serum calcium level may play an impor-
tant role in the integrity of the fiber bundle.

As well known in the literature, the majority of ESRD
patients, including those in hemodialysis, are hypertensive.
However, the cohort of HD patients in this study is not
significantly different from the healthy control group in
terms of blood pressure. As the ESRD patients and con-
trols were randomized to have hypertension. Hypertension
is very common in this age group, it is difficult to exclude
the effect of blood pressure on results if only patients who
do not have hypertension are selected.

We acknowledge several limitations to our study. First,
the patients recruited in this study had heterogeneous
etiologies, which may affect the statistical analysis and
comprehensive interpretation of the results. Further studies
with large-cohort and homogeneous etiology are needed.
Second, this was a cross-sectional, but not a longitudinal
study. A longitudinal study in patients with ESRD before
and after hemodialysis is necessary to further investigate
the pathophysiology of cognitive impairments in HD
patients. Third, the differences in ALFF, FA, and MD
between ESRD and control group may be partly related
to ESRD itself and others were secondary to dialysis.
Therefore, dialysis is possibly a crucial factor that leads
to structural and functional impairment. Further studies
about whether dialysis is requested and the pattern of
dialysis nephropathy should be considered. Fourth, the
MoCA and AVLT scale measured only global cognitive
function and memory. A full cognitive battery measuring
domain-specific cognitive function would be more

informative.*!

Conclusion

Our study revealed both brain structure and function were
impaired in the ESRD patients with routine hemodialysis,
which distributed mainly in the parietal, temporal, and
frontal lobes. ESRD patients had cognitive impairment
and a decline in memory ability. The associations between
ALFF, FA values and dialysis duration suggested that
Serum calcium and dialysis duration might be associated
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with impairment of brain structure and function in patients
with ESRD.
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