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Abstract

Hemodialysis (HD) is the most regularly applied replacement therapy for end-stage renal disease, but it may result in
brain injuries. The correlation between cerebral blood flow (CBF) alteration and iron deposition has not been inves-
tigated in patients undergoing HD. Ferritin level may be a dominant factor in CBF and iron deposition change. We
hypothesize that ferritin level might be the key mediator between iron deposition and CBF alteration. The correlation in
the putamen was estimated between the susceptibility values and CBF in patients undergoing HD. Compared with
healthy controls, patients showed more altered global susceptibility values and CBF. The susceptibility value was neg-
atively correlated with CBF in the putamen in patients. Moreover, the susceptibility value was negatively correlated with
ferritin level and positively correlated with serum iron level in the putamen of patients. CBF was positively correlated
with ferritin level and negatively correlated with serum iron level in the putamen of patients. These findings indicate that
iron dyshomeostasis and vascular damage might exist in the putamen in patients. The results revealed that iron
dyshomeostasis and vascular damage in the putamen may be potential neural mechanisms for neurodegenerative pro-
cesses in patients undergoing HD.
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Introduction resistance. CBF might be kept comparatively perpetual
Chronic kidney disease (CKD) results in end-stage DY cereb'ral autqregul@tion, a complex ipter-reactign of
renal disease (ESRD), which progresses to a glomerular metabolic, angiogenic, and neurogenic mechanisms.

filtration rate (GFR) <15ml/min/1.73 m2.! Hemodialysis HD involves repetitive fluid removal, inducing changes
in blood pressure and volume, which may result in cir-

culatory stress.'? An increase in blood viscosity, acid-
balance shifts, and uremic toxin changes followed fluid
removal during HD.'"? Whether HD affects these

(HD) is the most regularly applied replacement therapy
for patients with ESRD,’ but it may result in brain
injury.® HD therapy factors include the case itself, fre-
quency, and dialysate and may cause brain damage
through hemodynamic fluctuations, such as iron depo-
sition,* restless legs syndrome (RLS),” progressive
cognitive decline,® cerebral small vessel disease,” and
cerebral blood flow (CBF) alteration,® '! which seri-
ously diminish the quality of life of patients and Corresponding author: ' o '
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mechanisms owing to intrinsic hemodynamic stress and
metabolic changes is currently unknown. All of these
procedures can theoretically affect macrmacro micro-
vascular CBF and brain metabolism. Therefore, it is
imperative to explain the pathophysiology of CBF
alterations in patients undergoing HD.

The abnormal iron deposition is implicated in
age-related neurodegenerative disorders, including
Alzheimer’s disease'* and Parkinson’s disease,'> and
patients undergoing HD.>'® Abnormal iron metabo-
lism and tissue iron overload can be found in the
brains of patients undergoing HD,'” suggesting the
role of iron metabolism dysfunction in cognitive
impairment development. Iron plays an important
role in the development of normal cerebral functions,
such as oxyhemoglobin carrying oxygen transport,
which contains iron ions. Although our previous
study showed that CBF alterations due to vascular
injury are involved in the pathological process of
HD,' the correlation between CBF change and iron
deposition has not been investigated. Further investi-
gation in this field, along with the association between
CBF and iron deposition, using quantitative imaging
and high-resolution techniques, would be especially
useful for perceiving their association.

Moreover, the mechanism by which these two
changes are related at the pathophysiological level
remains unclear. Recent theories have suggested that
iron deposition may reflect impaired drainage of iron
in the gray matter (GM), which may cause metabolic
waste aggregation and subsequent ferroptosis, finally
resulting in CBF alteration.'® Interestingly, some stud-
ies using quantitative parametric techniques and new
microstructural methods have found that ferritin level
might be a dominating factor in CBF change.'"!
Taken together, we hypothesize that ferritin level
might be the key mediator between iron deposition
and CBF change.

In the current study, we aimed to (1) confirm iron
deposition and CBF change in the local and whole
brain at the voxel level using quantitative susceptibility
mapping (QSM) and arterial spin labeling (ASL) in
patients undergoing HD, (2) measure whether labora-
tory examination data are associated with iron deposi-
tion and CBF alterations, and (3) testify whether
ferritin level mediates the association between iron
deposition and CBF alterations.

Materials and methods

This study was approved by the Medical Ethics
Committee of Beijing Friendship Hospital, Capital
Medical University. All participants provided informed
consent in bye Declaration of Helsinki. Eighty patients
(42 men and 38 women; age, 53.2+4+10.3 years)

undergoing HD were recruited, and 80 normal age-
and sex-matched participants (41 men and 39 women;
age, 51.2 £10.2 years) were included as healthy control
(HC) in this study (Figure 1). All the participants were
right-handed. The demographics and laboratory
examinations of all participants are shown in Table 1.
The data of nine patients and three HC were excluded
because of claustrophobia, head movement, and
unqualified image quality. The underlying reason of
patients undergoing HD was primary hypertensive
nephropathy or glomerulonephritis. GFR was used to
diagnose all participants undergoing HD. When the
GFR is <15mL/min/1.73m?, the participant needs to
be hospitalized for maintenance HD in which the dial-
ysis duration is longer than 6 months. All participants
undergoing HD underwent HD three times per week as
a standard, and a single HD session lasted approxi-
mately 4h. The exclusion criteria were as follows: (I)
participants with a history of brain diseases, including
stroke, cerebral trauma, cerebral infarct, and tumors;
(IT) participants receiving other dialysis therapies; (I1I)
participants with diabetic nephropathy; (IV) partici-
pants with a history of drug or alcohol abuse; (V) par-
ticipants with vertigo or intolerance of magnetic
resonance (MR) scanning; and (VI) participants with
a history of psychiatric disorders.

Magnetic resonance imaging data acquisition

Images were acquired using a 3.0-Tesla MR system
with an eight-channel phased array coil (Discovery
MR750W, General Electric, Milwaukee, Wisconsin,
USA). All participants were required to refrain from
consuming caffeine-containing foods or drinks before
MR imaging (MRI) scanning.

QSM imaging was acquired using a three-
dimensional (3D) multi-echo gradient echo (GRE)
sequence with the following parameters: repetition
time (TR), 42.3ms; number of echoes, eight; first
echo time (TE), 3.5ms; flip angle, 12°; field of
view (FOV), 256 x 256 mm; reconstruction matrix,

Patients who underwent standard
hemodialysis treatments (N=89)

Exclusion:
L n=2 Claustrophobia
II.  n=1 head movement
M. n=2 Chronic i

Patients who received analysis
(N=84)

Exclusion: I
L n=4 Poor imaging quality I

Patients included
(N=80)

Figure |I. Summary of hemodialysis patient recruitment and
exclusions.
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Table 1. Clinicodemographic characteristics of the HD and HC groups.

HD (n=280) HC (n=80) P-value
Age, mean £ SD (years) 53.2+10.3 51.2+10.2 0.794*
Sex, male/female 42/38 41739 0.752°
Education, mean + SD (years) 127 +£34 12.6 +£3.5 0.286°
HD duration, mean £ SD (months) 96.4+7.7 NA
Urea, mean +SD (mmol/L) 24254475 NA
Creatinine, mean £ SD (umol/L) 956.6 +232.8 NA
Phosphate, mean &+ SD (mmol/L) 2.01 £0.58 NA
Ca®", mean +SD (mmol/L) 244403 NA
Hematocrit, mean £ SD (%) 374+ 11.63 NA
Parathyroid hormone, mean =+ SD (pg/mL) 272.1 £33.2 NA
Hemoglobin, mean £ SD (g/L) 1147 +128 NA
Ferritin, mean &= SD (ng/ml) 1848+ 13.8 NA
Serum iron, mean + SD (umol/L) 13.5+5.2 NA

Data are presented as mean (standard deviation). HC: healthy control; HD: hemodialysis; HD duration: hemodialysis duration; NA: not applicable.

*Two-sample t-test.
PFischer’s exact test.

256 x 256; slice thickness, 1.0mm, with no gap; and
axial slices, 140. The perfusion imaging used was
pseudo-continuous ASL sequence with a 3D fast
spin-echo acquisition and background suppression
with the following parameters: TR, 4844ms; TE,
10.5ms; FOV, 240 x 240 mm; matrix, 128 x 128; axial
slices, 36; slice thickness, 4 mm; labeling duration/post
label delay, 2,025 ms/2025 ms; number of excitations, 3;
and spiral-in readout, 512 sample points with eight
arms. CBF images were obtained from the original
ASL data using an MRI scanner. We also acquired
separately a pre-saturated proton-density weighted
(PD-w) reference scan with background suppression
with regular sampling for coil sensitivity and fully-
relaxed magnetization (MO0) estimation. A structural
image was acquired using the 3D brain volume imaging
sequence with the following parameters: TR, 8.8 ms;
TE, 3.5ms; inversion time, 450 ms; axial slices, 196 with
I-mm thickness (no gap); matrix, 256 x 256; FOV,
240 x 240mm; and flip angle, 15° (Supplementary
Figure 1).

Before each scan, participants were instructed to
relax with their eyes closed, not think of anything in
particular, and avoid falling asleep. Soft foam padding
and earplugs were used to minimize head motion, and
earplugs were used to reduce head movement and scan-
ner noise.

QSM image reconstruction and voxel-based analysis

The QSM images reconstructed from the phase image
data were obtained using Prof. Liu’s STI Suite (http://
people.eecs.berkeley.edu/~chunlei.liu/software.html).

The QSM reconstruction methods were presented in
our previous study.® All QSM images were visually
inspected to screen for artifacts or gross anatomical

abnormalities. The post-processing procedures were
as follows. First, a Laplacian-based phase unwrapping
method was used to obtain the phase images.*> Second,
the variable spherical kernel size method was used to
eliminate the background phase with the radius of the
spherical kernel increasing from 0.6 mm at the bound-
ary of the brain to 25mm toward the center of the
brain.* Finally, susceptibility maps were derived
from the frequency map of the brain tissue using an
improved LSQR method.?*** In previous QSM stud-
ies, susceptibility values were estimated directly for
comparison without reference to any selected struc-
tures,”>> In the current study, the reference suscepti-
bility value was set as the mean susceptibility of the
whole brain. The mean susceptibility of the whole
brain is least likely to be biased by variations in any
single structure because it contains all composition
sources. Thus, it is the most stable reference available?®
(Figure 2(a)).

QSM images were preprocessed using Statistical
Parametric Mapping 12 (SPM12) software and code
written in MATLAB 2018b (MathWorks, Natick,
MA, USA). First, to normalize the QSM maps to
Montreal Neurological Institute (MNI) space, the T1
structural images of each participant were co-registered
to the first echo amplitude image acquired using a
multi-echo GRE sequence. Second, the co-registered
T1 images were normalized to MNI space using FSL
(www.fmrib.ox.ac.UK/FL, version 6.0), and all the
QSM images were transformed into MNI space.
Standardized QSM images were then smoothed with
a 6-mm isotropic Gaussian kernel to reduce interindi-
vidual variability. Finally, the normalized QSM maps
between the HD and HC groups were compared at the
voxel-level in the GM mask of the whole brain using


http://people.eecs.berkeley.edu/�chunlei.liu/software.html
http://people.eecs.berkeley.edu/�chunlei.liu/software.html
http://people.eecs.berkeley.edu/�chunlei.liu/software.html
http://www.fmrib.ox.ac.UK/FL
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Figure 2. Summary steps of the processing pipeline for QSM and CBF reconstruction (phase pre-processing and map estimation)
and whole brain/regional analysis. (a) QSM reconstruction and whole brain/regional analysis and (b) CBF standardization, normali-

zation and whole brain/regional analysis.

V-SHARP: variable spherical kernel size; iLSQR: improved LSQR; QSM: quantitative susceptibility mapping; CBF: cerebral blood flow.

SPM12.” To eliminate the influence of cerebral atro-
phy, total intracranial volume (TIV) was considered a
nuisance covariate.

After estimating the whole-brain susceptibility value
changes associated with patients undergoing HD, brain
regions with significant differences were derived using

the Automated Anatomical Labeling (AAL) atlas. The
susceptibility values of these regions were extracted,
and the mean susceptibility values were compared
between the two groups using a two-sample indepen-
dent t-test, which can provide additional information
on the degree of change.
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Cerebral blood flow calculation and analysis

The methods of ASL calculation were presented in our
previous studies.'"'® All ASL images were visually
inspected to screen for artifacts or gross anatomical
abnormalities. Quality controls were used to exclude
unqualified results. The ASL difference image was cal-
culated by subtracting the label image from the control
image using the single compartment model.”® The three
ASL difference images were averaged to estimate the
CBF maps in combination with proton density-
weighted reference images.”” Data preprocessing was
performed using SPM12. Using a nonlinear transfor-
mation in SPM12, CBF images of 80 HC were co-
registered to a positron emission tomography perfusion
template in the MNI space. The mean co-registered
CBF map of 80 HC was defined as the standard CBF
template. The CBF maps of all participants (HC and
patients) were co-registered to the standard CBF tem-
plate of the MNI and resampled to a 2 x 2 x 2-mm
voxel size. A 6-mm full-width at half-maximum
(FWHM) Gaussian kernel was used to smooth each
co-registered CBF image. The CBF of each voxel was
normalized by dividing it by the mean CBF of the
whole brain. To eliminate the influence of cerebral
atrophy, TIV was considered a nuisance covariate
(Figure 2(b)).

After estimating the whole-brain CBF changes asso-
ciated with patients undergoing HD, brain regions with
significant differences were derived using the AAL
atlas. The normalized CBF of these grey matter regions
was extracted and compared between the two groups
using a two-sample independent t-test, which can pro-
vide additional information on the degree of change.

GMYV image segmentation and analysis

Voxel-based morphometry analysis was performed
using a computational anatomy toolbox (CATI12)
implemented in SPM 12 software. The CATI12 software
(http://www.neuro.uni-jena.de/cat/) was used to calcu-
late GMV in our previous study.*° First, spatially co-
registered T1-weighted images were normalized to the
MNI space by applying the Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra algo-
rithm. Second, bias field inhomogeneity was corrected.
Third, by applying the standard unified segmentation
model, structural images were segmented into white
matter, GM, and cerebrospinal fluid. Owing to the spa-
tial registration, the segmentations were normalized by
scaling with numerous volume changes. The total
amount of GM in the normalized image was the
same as that in the original image. Finally, a 6-mm
FWHM Gaussian kernel was used to smooth the
GMV images to reduce interindividual variability.

Total intracranial volume (TIV) was used as a covari-
ate in the statistical analysis of QSM and CBF.

Correlations among CBF, susceptibility value, and
ferritin and serum iron levels

To test whether the susceptibility value and CBF of
brain regions with significant between-group differen-
ces correlated with the clinical data, region of interest
(ROI)-based Pearson’s correlation analyses between
imaging measures and clinical data were performed.
Given the exploratory nature of these correlation anal-
yses, a significance threshold was set at P < 0.05. Age,
sex, and HD duration were considered nuisance
covariates.

Statistical analysis

Statistical analysis was performed using SPSS v.22.0
(Chicago, IL) and GraphPad Prism 9. Kolmogorov-
Smirnov testing estimated that the susceptibility value
and CBF value were normally distributed. Group dif-
ferences in age and education were examined by two-
tailed t-tests. Chi-square test was used to find out
whether sex was different among groups. Group differ-
ences in susceptibility value and CBF value were tested
using voxel-wise t-tests with age and sex as covariates.
For t-tests of susceptibility value and CBF value, we
used an FDR method with a significance threshold of
P <0.05. Pearson correlation analyses were used to test
the associations between the susceptibility values and
CBF values in putamen and laboratory examination
data (urea, creatinine, phosphate, parathyroid hor-
mone, ferritin, serum iron, and hemoglobin) of the
HD patients. Multiple comparisons were corrected
using the Bonferroni method (P < 0.05/7=0.0071).

Results

Demographics and clinical characteristics

Eighty patients (42 men and 38 women) undergoing
HD and 80 HC (41 men and 39 women) were recruited
for this study. The demographic and clinical features
of the participants are presented in Table 1. The
two groups were well matched in terms of sex
(4> =2.237, P=0.752), education (two-sample -test,
F=0.669, P=0.286), and age (two-sample r-test,
F=0.121, P=0.794). Moreover, the levels of urea, cre-
atinine, phosphate, Ca”", hematocrit, parathyroid hor-
mone, and hemoglobin are shown in Table 1.

Between-group differences in the susceptibility value

For voxel-based analysis, the susceptibility value differ-
ences between the HD and HC groups are shown in


http://www.neuro.uni-jena.de/cat/
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Figure 3 and Supplementary Table 1. Compared with
the HC group, the HD group exhibited increased
susceptibility in the right putamen (cluster size =21
voxels, peak MNI coordinate x/y/z=20/—12/20, peak
t=6.24), right thalamus (cluster size =19 voxels, peak
MNI coordinate x/y/z=20/—12/20, peak t=06.24),
right superior frontal gyrus/precentral gyrus/postcen-
tral gyrus/supplementary motor area (primary motor
cortex, cluster size =650 voxels, peak MNI coordinate
x/y/z=16/—16/72, peak t=6.84), and left paracentral
lobule/precentral gyrus (cluster size =300 voxels, peak
MNI coordinate x/y/z=—14/—22/78, peak t=6.81)
(P <0.05, cluster-level false discovery rate [FDR] cor-
rected). Compared with the HC group, the HD group

exhibited lower susceptibility values in the left inferior
frontal gyrus, triangular part/opercular part, left insula
(cluster size =342 voxels, peak MNI coordinate X/y/
z=-38/16/10, peak t=—6.45), right inferior frontal
gyrus, triangular part/opercular part (cluster size =308
voxels, peak MNI coordinate x/y/z=42/28/8, peak
t=—6.89), left rolandic operculum (cluster size =99
voxels, peak MNI coordinate x/y/z=—42/—14/20,
peak t=—6.29), and right median cingulate and para-
cingulate gyri (cluster size = 73 voxels, peak MNI coor-
dinate x/y/z=2/-24/32, peak t=-6.55) (P<0.05,
cluster-level FDR corrected). Further ROI-based anal-
yses showed that the voxel-based comparison results
(Figure 5(a)) and the intergroup differences in

(a)
HD-HC
(P <0.05FDR)

HD-HC
(P <0.05FDR)

Figure 3. Voxel-based QSM analyses. The results were shown on the study-wise magnitude template in the MNI coordinate system.
(a) Yellow/red clusters represent significantly higher susceptibility values in the HD group than in the HC group and (b) Blue/cyan
clusters represent significantly lower susceptibility values in the HD group than in the HC group.

FDR: false discovery rate; HD: hemodialysis; HC: healthy control; MNI: Montreal Neurological Institute; QSM: quantitative

susceptibility mapping.
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susceptibility value of the putamen (¢t =0.789, P < 0.05)
were significant after adjusting for the age and sex
effects.

Between-group differences in CBF

For voxel-based analysis, the susceptibility value differ-
ences between the HD and HC groups are shown in
Figure 4 and Supplementary Table 2. Compared with
the HC group, the HD group exhibited higher CBF in
the left thalamus (cluster size =172 voxels, peak MNI
coordinate x/y/z=—10/—20/6, peak t=6.09) and right
thalamus (cluster size=43 voxels, peak MNI
coordinate x/y/z=16/—20/6, peak t=5.62) (P <0.05,

cluster-level FDR corrected). Compared with the HC
group, the HD group exhibited lower CBF in the right
parahippocampal gyrus (cluster size = 126 voxels, peak
MNI coordinate x/y/z = 18/8/—24, peak t = —6.08), left
parahippocampal gyrus (cluster size =28 voxels, peak
MNI coordinate x/y/z=—18/4/22, peak t=—-5.39),
right insula (cluster size =362 voxels, peak MNI coor-
dinate x/y/z=44/14/—10, peak t=—7.18), left inferior
frontal gyrus, triangular part/opercular part (cluster
size =207 voxels, peak MNI coordinate x/y/z= —38/
16/10, peak t=—7.18), left insula/left inferior frontal
gyrus/triangular part/opercular part (cluster size =250
voxels, peak MNI coordinate x/y/z=—40/16/—10,
peak t=-6.90), right median cingulate and

(a)

HD-HC
(P <0.05 FDR)

"

HD-HC
(P<0.05FDR)

88668608
@@@@

@@M

‘- - -ﬁ»‘

Figure 4. Voxel-based CBF analyses. The results were shown on the study-wise magnitude template in the MNI coordinate system.
(a) Yellow/red clusters represent significantly higher CBF values in the HD group than in the HC group and (b) Blue/cyan clusters
represent significantly lower CBF values in the HD group than in the HC group.

FDR: false discovery rate; HD: hemodialysis; HC: healthy control; MNI: Montreal Neurological Institute; QSM: quantitative

susceptibility mapping.
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paracingulate gyri (cluster size =293 voxels, and peak
MNI coordinate x/y/z=2/38/22, peak t=-7.03)
(P <0.05, cluster-level FDR corrected). Further ROI-
based analyses showed voxel-based comparison results
(Figure 5(b)); moreover, the intergroup differences in
susceptibility values of the putamen and thalamus
(t=0.867, P<0.05) were significant after adjusting
for the age and sex effects.

Correlation among normalized CBF, susceptibility
value, and ferritin and serum iron levels

The significant correlations among the susceptibility
value, normalized CBF, and clinical measures are
depicted graphically in Figure 6. The normalized
CBF in the putamen was positively correlated with fer-
ritin level (r =0.4635, P=0.0009) (Figure 6(a)) and neg-
atively correlated with serum iron level (r=—0.5180,
P=0.0072) (Figure 6(c)). Meanwhile, the susceptibility
value in the putamen was negatively correlated with fer-
ritin level (r=—0.5063, P=0.0004) (Figure 6(b)) and
positively correlated with serum iron level (r=0.3924,
P=0.0002) (Figure 6(d)). Interestingly, the normalized
CBF was negatively correlated with the susceptibility

Discussion

In the present study, we observed an interesting corre-
lation between normalized CBF and susceptibility
value in the putamen. The brain regions were compo-
nents of increased susceptibility value in the right puta-
men, right thalamus, and right primary motor cortex
and decreased susceptibility value in the left inferior
frontal gyrus, triangular part/opercular part, left
insula, right inferior frontal gyrus, triangular part/
opercular part, right median cingulate, and paracingu-
late gyri in patients undergoing HD. The brain regions
were components of higher CBF in the left thalamus
and right thalamus and reduced CBF in the right para-
hippocampal gyrus, left parahippocampal gyrus, right
insula, left inferior frontal gyrus, triangular part/oper-
cular part, left insula/left inferior frontal gyrus/triangu-
lar part/opercular part, right median cingulate, and
paracingulate gyri in patients undergoing HD. Lower
ferritin level was associated with reduced CBF and
increased susceptibility in the bilateral putamen in
patients undergoing HD. Meanwhile, lower serum
iron level was associated with higher CBF and reduced
susceptibility in the bilateral putamen. Furthermore,
the susceptibility value was a mediator of the associa-

value in the putamen (r=-0.2396, P=0.0323) tion between ferritin and serum iron level and normal-
(Figure 6(e)). ized CBF in the bilateral putamen.
(@) - =3 HD
11500 i = HC
£
< 11000+
S
2 10500 9 é %
|G © oo HO HY
&
9500 1 1 1 1 L) 1
Caundate Putamen Pallidum Thalamus Red nuelens Substantia nigra
(b) * * = HD
2.5 — LI =3 HC
o, 204
& v
-E 1.5 #
E 1.0 - =
Z
0.5+
0.0 T T T T T T
Caudate Putamen Pallidum Thalamus Red nucleus  Substantia nigra

Figure 5. (a) and (b) showed susceptibility values and CBF statistical differences between the two groups for each ROI. Age and sex
effects were adjusted for the covariates. The violin plot data were reported as means and quartiles, in which HD =80 and HC =80

cases. Asterisks show the strength of the group difference, that is,

*=P<0.05.

HD: hemodialysis; HC: healthy control; QSM: quantitative susceptibility mapping; CBF: cerebral blood flow.
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Figure 6. Scatter plots of correlations between normalized CBF, susceptibility value, ferritin level, and serum iron level in HD
patients. (a) Positive correlations between ferritin level and normalized CBF in the significant putamen. (b) Negative correlations
between ferritin level and susceptibility value in the significant putamen. (c) Negative correlations between serum iron and normalized
CBF in the significant putamen. (d) Positive correlations between serum iron and susceptibility value in the significant putamen and
(e) Negative correlations between normalized CBF and susceptibility value in the significant putamen. **P < 0.001.

pr: partial correlation coefficient; CBF: cerebral blood flow; HD: hemodialysis.

The findings of our study correspond with those of
previous studies that used ROI-based analysis with
QSM techniques.*> However, the present study indi-
cated that patients undergoing HD had higher brain
iron levels in the right primary motor cortex and
lower susceptibility value in the left inferior frontal

gyrus, triangular part/opercular part, left insula, right
inferior frontal gyrus, triangular part/opercular part,
right median cingulate, and paracingulate gyri com-
pared with HC. The primary motor cortex is associated
with previously learned motor performance.’’
Abnormal spontaneous brain activity or structure in
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the primary motor cortex may lead to movement dis-
orders* and result in the lack of control of leg move-
ments displayed by patients undergoing HD.** Our
previous study showed abnormal CBF and GMV alter-
ations in the primary motor cortex in patients with
RLS undergoing HD. More importantly, we also
found a lower susceptibility value in the left insula
and right median cingulate in patients undergoing
HD compared to HC. This finding was reported for
the first time in a similar study. The insular and
median cingulate gyri are typically associated with
salience networks (SALs). The insular, the key compo-
nent of the SAL, accounts for attentional, cognitive,
and behavioral functions’ and pain perception.®
The median cingulate gyrus participates in motor activ-
ity, memory, language processing, and visual and audi-
tory attention and is considered an important area of
the cerebral limbic system.>® We found significant cor-
relations among ferritin level, serum iron level, and
susceptibility value in the bilateral putamen. These
results indicate that an altered susceptibility value
might be a useful biomarker for investigating disease
progression and pathological changes in patients
undergoing HD.

In this study, several brain regions that showed sig-
nificant alterations in CBF were important for cogni-
tive processing. The inferior frontal gyrus, medial
frontal gyrus, and insula are the foundations of the
SAL, which contributes to executive control and work-
ing memory function and may play an important role
in neural reorganization.’’*® The parahippocampal
gyrus is part of the limbic system, which is closely relat-
ed to cognitive functions.” These CBF changes were
similar to previous studies, suggesting neurodegenera-
tive processing in patients undergoing HD,'!' which
might be related to abnormalities in working
memory*” and cognitive impairment* * in patients
with ESRD. The thalamus is considered a crucial
relay station for multiple functional circuits that regu-
late cognitive processing, including memory, emotion,
attention, and information processing. We also found
significant correlations among ferritin level, serum iron
level, and CBF in the bilateral putamen. Taken togeth-
er, the SAL, parahippocampal gyrus, and thalamus
were impaired in patients undergoing HD, which
might explain their abnormal neurocognitive
performance.

Iron is one of the most important minerals for
organisms. Moreover, 48% of iron is involved in hemo-
globin production and is bound to oxygen transport in
the organism.** In addition, approximately 17% of
iron plays an important role in many physiological
and pathological processes of the organism, such as
DNA synthesis,** nerve repair, myelination, neuro-
transmitter synthesis, antioxidant enzyme function,

and iron homeostasis.*> Iron homeostasis is crucial
for maintaining normal brain function. Iron dysho-
meostasis, which is disturbed by inflammation,*®
aging,*” and oxidative stress*® involved in iron metab-
olism, ultimately leads to cell damage and neurological
diseases. Inflammation and oxidative stress have one of
the most prominent roles among the singular features
exhibited by patients with ESRD.* Chai et al. reported
that the iron deposition of GM nuclei in patients
undergoing HD was higher than that in HC and that
the iron deposition of GM nuclei increased over
approximately 2 years.*'® Consistent with previous
studies, brain iron deposition was detected in the pre-
sent study. However, patients undergoing HD
exhibited a negative correlation between CBF and sus-
ceptibility value in the putamen in the current study. It
is possible that susceptibility values increased and CBF
values decreased in the putamen, leading to a decrease
in blood perfusion caused by vascular wall damage and
an increase in free iron caused by oxidative stress.
Vascular wall damage and increased free iron level
may be the earliest pathological events in patients
undergoing HD, and the two may not exist indepen-
dently. We hypothesize that vascular injury results in
the leakage of ferritin and accumulation of hemosiderin
between tissues, whereas the increase in free iron results
in further damage of the vascular wall through a per-
oxidation stress reaction. Vascular injury can weaken
cognitive impairment and accelerate dementia.>®
Therefore, CBF measurements by ASL and susceptibil-
ity values by QSM may provide potential evidence for
HD pathology.

Additionally, susceptibility values were negatively
correlated with ferritin level and positively correlated
with serum iron level in the bilateral putamen. CBF
was positively correlated with ferritin level and nega-
tively correlated with serum iron level in the bilateral
putamen. Ferritin, which is influenced by several fac-
tors, is an intracellular iron storage protein and a
marker of acute inflammation.”’ Nutritional status
constantly affects serum ferritin levels, as has been
observed in adult patients undergoing HD.>* Given
the significant baffling influence, the effect of ferritin
as a marker of iron status in patients with CKD has
been questioned for a long period. The putamen is the
basal ganglia nucleus that plays a significant role in
cognitive function, especially executive function.
Sarnak et al. reported that poor cognitive performance
is common in patients undergoing HD and primarily
affects executive function.”® Interestingly, a lower fer-
ritin level was associated with an increased susceptibil-
ity value in the bilateral putamen in our study,
implying that the susceptibility value might be a more
precise biomarker for investigating brain iron status.
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Our study has some limitations. First, the current
study used a cross-sectional study design, and further
follow-up studies are required to examine iron deposi-
tion and CBF in patients undergoing HD. Second, we
did not assess effective and specific neuropsychiatric
scales in patients undergoing HD; therefore, we were
unable to establish a correlation between CBF and sus-
ceptibility values to clinical severity measures. Third,
T2 fluid-attenuated inversion recovery was used to
detect intracerebral ischemic lesions. Because vessel
occlusions can influence uniform spin labeling and
lead to changes in CBF, MR angiography may be
useful for estimating the vessel status of the cerebral
artery in the future. Finally, brain ventricle size and
registration errors may also be the cause of changed
iron deposition and CBF. A more accurate registration
method should be performed in future studies.

In conclusion, we found iron deposition changes
in some brain regions and extensively altered CBF in
patients undergoing HD. Increased iron deposition in
the putamen was accompanied by decreased blood per-
fusion. CBF and susceptibility value for specific brain
regions are valuable in the predictive diagnosis of
patients undergoing HD and in quantifying disease
progression.
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