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Abstract

We aimed to investigate the neurovascular coupling (NVC) dysfunction in end-stage renal disease (ESRD) patients
related with cognitive impairment. Twenty-five ESRD patients and 22 healthy controls were enrolled. To assess the
NVC dysfunctional pattern, resting-state functional MRI and arterial spin labeling were explored to estimate the coupling
of spontaneous neuronal activity and cerebral blood perfusion based on amplitude of low-frequency fluctuation (ALFF)-
cerebral blood flow (CBF), fractional ALFF (fALFF)-CBF, regional homogeneity (ReHo)-CBF, and degree centrality (DC)-
CBF correlation coefficients. Multivariate partial least-squares correlation and mediation analyses were used to evaluate
the relationship among NVC dysfunctional pattern, cognitive impairment and clinical characteristics. The NVC dysfunc-
tional patterns in ESRD patients were significantly decreased in 34 brain regions compared with healthy controls. The
decreased fALFF-CBF coefficients in the cingulate gyrus (CG) were associated positively with lower kinetic transfer/
volume urea (Kt/V) and lower short-term memory scores, and were negatively associated with higher serum urea. The
relationship between Kt/V and memory deficits of ESRD patients was partially mediated by the fALFF-CBF alteration of
the CG. These findings reveal the NVC dysfunction may be a potential neural mechanism for cognitive impairment in
ESRD. The regional NVC dysfunction may mediate the impact of dialysis adequacy on memory function.
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high-volume blood flow and low vascular resistance
circulation systems, and they are thus vulnerable to
vascular damage.” Many of the known traditional
risk factors (including hypertension, aging, and diabe-
tes mellitus), nontraditional risk factors (including
chronic inflammation, oxidative stress, and hyper-
coagulable state), and uremic toxins (including
hyperhomocysteinemia, guanidine compounds, and
cystatin-C) mainly result in cerebral vascular injury,
endothelial dysfunction, direct neuronal toxicity, and
eventually lead to cognitive impairment in ESRD
patients.® In addition, maintenance dialysis can also
contribute to cerebral hyperperfusion and hypoperfu-
sion, cerebral edema, cerebral ischemia and cerebrovas-
cular disease by inducing hemodynamic instability,
fluctuating uremic toxin titers, fluid shifts, and direct
neurotoxicity.®”

To sustain normal neuronal function, the brain has
developed a tight temporal and regional coupling called
“neurovascular coupling (NVC)” mechanism, that
refers to brain regions with stronger connectivity that
tend to have higher intrinsic neuronal activities with
more energy consumption, that resulted in increased
cerebral blood flow (CBF).'” The NVC dysfunction is
suggested to play an important role in the neuropath-
ological mechanism for both neurological and psychi-
atric disorders.'"™'® Multimodal neuroimaging has
been established as a valuable tool for the identification
of the neuropathologic mechanisms of cognitive
impairment in patients with ESRD.'®?* ESRD
patients undergoing hemodialysis (HD) and peritoneal
dialysis exhibited elevated CBF over the brain region
compared with healthy controls,'®!” but decreased
regional CBF mainly in the anterior cingulate cortex
compared with nondialysis ESRD patients.'” By ana-
lyzing multiple aspects of blood oxygen level dependent
(BOLD) signals,** including the amplitudes of low-
frequency fluctuation (ALFF), fractional ALFF
(FALFF), regional homogeneity (ReHo), and degree
centrality (DC), resting-state functional MRI (rs-
fMRI) has become a useful and objective tool for iden-
tifying neuronal activity abnormalities characteristic of
cognitive impairments in ESRD patients."®?* For
example, changed ALFF and ReHo values mainly in
default mode network (DMN) region have been found
to reveal abnormal spontaneous neuronal activity in
ESRD patients.'*?° However, previous studies mainly
focused on neural activity or cerebral perfusion, that
could not reflect comprehensively the NVC dysfunc-
tion expressed in the form of an incoordination
between neural activity and CBF in ESRD patients.
Moreover, the spatial inconsistency between changed
cerebral perfusion and abnormal spontaneous neuronal
activity makes it difficult for nephrologists and neuro-
psychiatrists to elucidate the neuropathologic

mechanisms of NVC dysfunctional patterns underlying
cognitive impairment in patients with ESRD.

In the present study, we conducted a series of mul-
timodal neuroimaging analyses to verify three hypoth-
eses. Firstly, the NVC dysfunction was manifested in
ESRD patients. Secondly, the NVC dysfunction was
associated with cognitive impairment. Finally, the
NVC dysfunction mediated links between the clinical
characteristics of ESRD and cognitive impairment. To
address these hypotheses, four types of NVC patterns'”
(including ALFF-CBF, fALFF-CBF, ReHo-CBF, and
DC-CBF correlation coefficients) reflected the NVC
dysfunction in ESRD patients. The BOLD signals
(ALFF, fALFF, ReHo, and DC) represented the
oxygen uptake ability of neurons from different aspects
of neuroimaging. Consequently, the NVC patterns'?
(ALFF-CBF, fALFF-CBF, ReHo-CBF and DC-CBF
correlation coefficients) reflect the coordination
between the requirement of oxygen and the blood
supply, that is the function of NVC.?* Partial least-
squares correlation analysis (PLSC) and mediation
analysis were used to evaluate the relationship among
the NVC pattern’s alteration, cognitive impairment,
and the clinical characteristics in ESRD patients.

Materials and methods

Participants

This study was approved by the Research Ethics
Review Board of the First Ailiated Hospital of Xi’an
Jiaotong University (Approval No. 2020G64) and was
conducted in accordance with the Declaration of
Helsinki. All participants provided written informed
consent. From April 2019 to April 2020, 31 right-
handed ESRD patients who underwent maintenance
HD were recruited. Data from four male and two
female patients were excluded owing to head-
movement induced artifacts during the MRI scans.
Hence, imaging data of 25 patients were included for
statistical analysis (18 males and seven females). The
dialysis durations for all ESRD patients were longer
than three months. The exclusion criteria included: (1)
ages less than 18 years, (2) psychiatric or neurodegen-
erative disorders, (3) history of type I or II diabetes
mellitus, (4) history of alcohol or drug abuse, (5) any
evidence of brain lesions (hemorrhage, stroke, tumor,
encephalomalacia, and head trauma) identified from
the medical history or during conventional MRI
scans, (6) clinically relevant visual and auditory distur-
bances, such as blurred vision, hearing loss, and other
clinically relevant symptoms that cannot be assessed
with neuropsychological scales, or (7) claustrophobia.

Twenty-two demographically similar healthy con-
trols (HCs) (14 males and 8 females) who had no
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relevant medical history or neurological diseases were
recruited  from the local community with
advertisements.

Clinical characteristics

Demographic, medication details and clinical data were
collected from the medical records of ESRD patients.
Furthermore, blood biochemical tests were conducted
in all patients with ESRD on the day before HD treat-
ment. To ensure the adequacy of dialysis, the average
dialysis time in the consecutive three months in all
ESRD patients was approximately 4h. The kinetic
transfer/volume urea measurements (Kt/V) were calcu-
lated by averaging values from consecutive three-
month recordings prior to MR imaging in all ESRD
patients. Twenty patients were dialyzed three times per
week, and five patients were dialyzed five times every
two weeks. The main underlying cause of ESRD in our
patients’ group was glomerulonephritis (21 patients),
two patients were immunoglobulin A (IgA) nephropa-
thy, and two patients were membranous nephropathy.
The HCs participants did not undergo blood biochem-
ical tests (Table 1).

Neuropsychological assessment

Neuropsychological assessments were performed in all
subjects before the MR scan on the day before HD
treatment. The Montreal cognitive assessment
(MoCA) test®® was applied as a screening instrument
for global cognitive function, including the domains of
visuospatial skills, attention, memory, orientation, lan-
guage, executive function, conceptual thinking, and
calculation. The auditory verbal Ilearning test—
Huashan version (AVLT-H) was performed to evaluate
participant’s verbal working memory (immediate recall
total score, IR-S), short-term delayed memory (short-
term delayed recall score, SR-S), long-term delayed
memory (long-term delayed recall score, LR-S), and
recognition (recognition score, REC-S). AVLT-H has
demonstrated to be acceptable to Mandarin speakers
and is sensitive to the detection of memory deficits in
mild cognitive impairments.”’ The trail-making test
(TMT)*®were performed to evaluate participant’s
visual-spatial orientation, attention, psychomotor
speed, and executive function (Table 2).

Moreover, the Beck anxiety inventory (BAI) and the
Beck depreesion inventory (BDI) were performed to
evaluate  participant’s mood  disorder.”  The
Pittsburgh’s sleep quality index (PSQI) scale was used
to evaluate participant’s sleep dysfunction®® (Table 2).

MRI data acquisition

Within 1h after the neuropsychological assessment,
MRI data was obtained with a 3.0 T GE discovery
MR750 scanner with an eight channel phased array
head coil. Foam padding was used to minimize head
motion, and ear plugs were used to reduce scanner
noise. All participants were instructed to keep their
eyes closed, and to relax without falling asleep during
the acquisition period. After the MRI scan, all partic-
ipants were asked questions to verify their cooperation.

Conventional protocols

Individual high-resolution TI1-weighted structural
images were collected with a three-dimensional brain
volume imaging sequence (3D-BRAVO) with the fol-
lowing scan parameters: echo time (TE)=3.2ms, rep-
etition time (TR)=8.2ms, flip angle (FA)=15°,
matrix = 256 x 256, slice thickness=1mm, and slices
number = 140. Clinical T1-fluid attenuated inversion
recovery images (T1-FLAIR: TE/TR =24/1750 ms,
TI=780ms, FA=111°, matrix=256 x 256, slice
thickness=6mm, and slice gap=0.6mm), T2-
weighted periodically rotated overlapping parallel
lines with enhanced reconstruction (PROPELLER)
images (TE/TR =84/9638 ms, refocus angle=142°,
matrix =256 x 256, slice  thickness=6mm, and
gap=0.6mm) were obtained to exclude intracranial
lesions. The conventional protocols were scanned
before 3D pseudocontinuous arterial spin labeling
(3D-pCASL) and rs-fMRI to allow the participant to
adapt to the MRI environment, and then assessed the
participant’s needs once again. We ended the scans in
the instance(s) any participant(s) did not cooperate
with the completion of the MRI scan.

rs-fMRI

The rs-fMRI data were collected with an echo-planar
imaging sequence which was sensitive to BOLD con-
trast (TE=50ms, TR=2000ms, FA=90°, field-
of-view (FOV) =240 x 240 mm°, matrix = 64 x 64,
voxel size=3x 3 x3mm?, slices=45, slices thick-
ness =4mm, slice gap=0mm). Each scan lasted
6min 10s and included 185 functional volumes. After
the rs-fMRI scan, all participants were asked to ensure

if they were awake during the scan.

3D-Pcasl images

ASL is a noninvasive MRI perfusion technique used to
evaluate cerebral hyperperfusion and hypoperfusion in
ESRD patients without introducing exogenous con-
trast agents or radiation exposure.'®!” According to
the consensus statement of the International Society
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Table 1. Demographic information and clinical characteristics in ESRD patients and healthy control subjects (HCs).

Variable HCs (n=22) ESRD patients (n=25) t-value p-value
Age (years) 31.18 (10.54) 33.68 (8.38) —-0.905 0.37°
(26.51, 35.86) (30.22, 37.14)
Gender (M/F) 14 (8) 18 (7) 0.377 0.539°
Education (years) 12.41 (2.77) 11.28 (2.94) 1.355 0.182*
(11.18, 13.63) (10.07, 12.49)

Dialysis vintage (months) / 32.45 (26.45) / /
(23.56, 45.40)

Creatinine (umol/L) / 939.76 (254.83) / /
(834.57, 1044.95)

Urea (mmol/L) / 23.48 (8.48) / /
(19.98, 26.98)

KtV / 1.46 (0.21) / /
(1.38, 1.55)

Hemoglobin (g/L) / 102.44 (20.57) / /
(93.95, 110.93)

Hematocrit (%) / 32.65 (6.39) / /
(30.02, 35.29)

Cystatin C (ug/mL) / 4.59 (1.31) / /
(4.05, 5.13)

Potassium (mmol/L) / 4.98 (0.73) / /
(4.68, 5.28)

Sodium (mmol/L) / 144.48 (3.15) / /
(143.18, 145.78)

Phosphorus (mmol/L) / 1.78 (0.40) / /
(1.62, 1.95)

Calcium (mmol/L) / 2.12 (0.21) / /
(2.04, 2.22)

Parathormone (ng/L) / 747.72 (468.41) / /
(554.37, 941.07)

Medication N %

AT | -blocker 14 56 / /

Beta-blocker 13 52 / /

EPO 23 92 / /

Antidepressants 0 0 / /

Antihistamines 0 0 / /

Analgesics 0 0 / /

Vitamin D 17 68 / /

Calcium antagonists 9 36 / /

ESRD: end-stage renal disease.

Note: Unless otherwise indicated, data were reported as mean (standard deviation) (95% confidence interval).
*Analyzed with the independent two-sample t test; data in parentheses have a 95% confidence interval.

®Analyzed with the chi-square test.

for Magnetic Resonance in Medicine perfusion study
group,®"¥ perfusion images were obtained using a 3 D-
pCASL  technique (TR=5046ms, TE=11ms,
slices = 50, postlabel delay =2025ms, FA=111°, slice
thickness =3mm, FOV =256 x 256mm,” matrix =

128 x 128). Each scan lasted 4 min.

Functional imaging analysis

3D-Pcasl analysis. Data were preprocessed using the
Functional Magnetic Resonance Imaging of the Brain
Software Library (FSL v6.0.3, http://www.fmrib.ox.au.

uk/fsl) and Statistical Parametric Mapping (SPMS,
http://www. fil.ion.ucl.ac.uk/spm). First, the
3D-pCASL and 3D-BRAVO data were corrected for
gradient nonlinearities in all directions, realignment,
segmentation and coregistration. Second, ASL images
were registered to the brain extracted from the
3D-BRAVO data. Mean whole-brain CBF values
were calculated and converted to quantitative CBF
maps with the unit of mL/100 g/min in the mask.
Third, outcomes were normalized to the Montreal’s
Neurological Institute (MNI) space. Subsequently,
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Table 2. Neuropsychological assessment in ESRD patients and Healthy control subjects (HCs).
ESRD patients Unadjusted Unadjusted Adjusted Adjusted

Variable HCs (n=22) (n=25) t-value p-value t-value p-value

AVLT-H

IR-S 26.91 (4.02) 23.64 (4.41) 2.71 0.008*° 2.64 0.01%°
(25.12, 28.69) (21.82, 25.46)

SR-S 10.50 (1.34) 9.04 (1.79) 2.69 0.009*° 3.13 0.003*°
9.91, 11.09) (8.30, 9.78)

LR-S 10.41 (1.33) 8.00(1.66) 5.32 <0.001*° 543 <0.001*°
(9.82, 11.00) (7.32, 8.68)

REC-S 11.77 (0.53) 11.2 (0.96) 3.13 0.003** 2.49 0.017*°
(11.53, 12.00) (10.80, 11.60)

MoCA 26.64 (2.85) 24.08 (2.55) 5.08 <0.001** 3.24 0.002*°
(25.37, 27.90) (23.03, 25.13)

T™MT 44.68 (13.72) 59.80 (30.6) —2.64 0.007*° -2.13 0.038*°
(38.60, 50.77) (47.17, 72.43)

BAI 24.77 (2.56) 30.52 (6.43) —4.26 <0.001*° -3.92 <0.001*°
(23.64, 2591) (27.87, 33.17)

BDI 7.77 (5.57) 18.20 (12.35) —4.48 <0.001** -3.64 0.001*°
(5.30, 10.24) (13.10, 23.30)

PSQI 3.27 (1.61) 5.72 (3.47) —-3.68 0.001*° -3.03 0.004*°
(2.56, 3.99) (4.29, 7.15)

AVLT-H: auditory verbal learning test-Huashan version; IR-S: immediate recall total score; SR-S: short-term delayed recall score; LR-S: long-term
delayed recall score; REC-S: recognition score; MoCA: Montreal cognitive assessment; TMT: trail-making test; BAI: Beck anxiety inventory; BDI: Beck

depreesion inventory; PSQI: Pittsburgh’s sleep quality index.

Data were reported as mean (standard deviation) (95% confidence interval).
?Analyzed with the two-sample t test; data in parentheses have a 95% confidence interval after controlling age, sex and education level.

PIndicates a statistically significant difference.

smoothing was performed with an isotropic Gaussian
kernel of 8 mm (full-width-at-half-maximum, FWHM).

BOLD signals preprocessing

Data were preprocessed using SPM8 (http://www. fil.
ion.ucl.ac.uk/spm) and Data Processing Assistant for
Resting-State fMRI toolbox>® (DPARSF, http://www.
restfmri.net/forum/DPARSF). First, the first 10 vol-
umes of functional images were discarded. Second,
the remaining images were corrected for temporal
shifts between head movement (24 motion-related
regression) and slices (a least-squares approach).’*
Third, the realigned images were spatially normalized
to the MNI template. The resultant normalized func-
tional images were then transformed to the Z value and
smoothed with a Gaussian kernel (FWHM =8 mm).
Finally, a bandpass filtering of only the frequency
within range of 0.01 and 0.1 Hz was applied to keep
low-frequency fluctuations.

ALFF, fALFF, ReHo, and DC analyses

The ALFF, fALFF, ReHo, and DC maps were calcu-
lated using DPARSF.** For ALFF and fALFF, the
time course for each given voxel was decomposed
into the frequency domain with the fast Fourier

transform (FFT). The ALFF value was calculated as
the average square root of the power spectrum follow-
ing the application of the FFT across the frequency
range of 0.01-0.08 Hz for each voxel. The fALFF
value was calculated as the ratio of the power in the
specific frequency band (bandpass filtering in the range
of 0.01-0.08 Hz) to reduce the influence of frequency
ranges of nonspecific signals. To eliminate the differ-
ences of whole-brain fALFF in the overall level
between individuals, the fALFF value of each voxel
was normalized to the Z value.

For the ReHo map, bandpass filtering (0.01—
0.08 Hz) on the normalized images was performed.
ReHo wvalues were quantified by calculating the
Kendall’s coefficient of concordance value between a
given voxel and its neighbors in a voxel-wise way.’
The ReHo value of each voxel was divided by the
global average value of the ReHo map to reduce the
influence of individual variability. Finally, spatial
smoothing was conducted with an 8mm FWHM
Gaussian kernel.

For the DC map, a voxel-based whole-brain corre-
lation analysis was computed on the preprocessed rs-
fMRI data. In the grey matter (GM) mask, the time
course of each voxel was correlated to each voxel time
course. Thus, an n x n matrix of Pearson’s correlation
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coefficients between any pair of voxels was acquired,
where n is the voxel number of the GM mask. By
thresholding each correlation at r>0.25,°® we trans-
formed the Pearson’s correlation data into normally
distributed Fisher Z-scores and constructed the
whole-brain functional network. In the present study,
only positive Pearson’s correlation coefficients were
considered. For a given voxel, the DC was computed
as the sum of the significant connections at the individ-
ual level. The DC map indicates the number of func-
tional connections for a given voxel in the voxel-based
graphs at the individual level, which has been exten-
sively used to represent the node characteristics of
large-scale brain intrinsic connectivity networks.*’

Whole GM-based NVC analysis

To quantitatively evaluate the NVC, whole GM corre-
lation was performed between images of neuronal
activity (averaged ALFF, fALFF, ReHo, DC maps)
and cerebral perfusion (averaged CBF maps). For
each individual, four neurovascular patterns were
assessed (ALFF-CBF, fALFF-CBF, ReHo-CBF and
DC-CBF coefficients) at the whole GM level
(Supplementary Fig. 1).

Brain region-based NVC analysis

The Human Brainnetome Atlas (http://atlas.brainne
tome.org) was used to segregate the cerebrum into
246 independent regions. This provided a fine-
grained, cross-validated atlas that contained informa-
tion on both anatomical and functional connections.®
The correlation coefficient between the neuronal activ-
ity and cerebral perfusion was calculated for each
brain region, and four brain region-based neurovascu-
lar patterns were assessed (ALFF-CBF, fALFF-CBF,
ReHo-CBF and DC-CBF coefficients) (Supplementary
Fig. 1).

Statistical analysis

Between-group difference of clinical characteristics and
cognitive variables. The between-group differences in
the subjects’ demographics (age, educational level),
clinical blood biochemistry tests (Kt/V, creatinine,
urea, hemoglobin, hematocrit, cystatin C, potassium,
sodium, phosphorus, calcium, and parathormone),
and cognitive variables (MoCA, IR-S, SR-S, LR-S,
REC-S, TMT, BAI, BDI, and PSQI) were compared
with the Kolmogorov—Smirnov, Levene’s and indepen-
dent two-sample r-tests (Levene’s test for determining
the equality of variances, Kolmogorov—Smirnov test
for normality, and Student’s r-test for equality of
means) using SPSS (version 20.0, SPSS Statistics,
IBM, Armonk, NY). The difference of gender-ratio

was analyzed with the Chi-square test. A multiple
linear regression analysis was used to eliminate the
impact of age, educational level, and sex between-
group differences of cognitive test results. All p values
less than 0.05 were regarded as statistically significant.

Between-group comparison of ALFF, fALFF, ReHo, DC, and
CBF. A two-sample ¢ test were implemented to test the
group differences of ALFF, fALFF, ReHo, DC, and
CBF maps at the whole brain GM level and the Human
Brainnetome Atlas, respectively. A false discovery rate
(FDR) correction was applied for multiple comparison
corrections at Human Brainnetome Atlas Ilevel;
p<0.05 was considered statistically significant. A
Bonferroni correction was applied for multiple com-
parison corrections at whole brain GM level
(»p=0.05/5, corresponding to p=10.01).

Between-group differences of NVC pattern. Four types of
NVC patterns (ALFF-CBF, fALFF-CBF, ReHo-
CBF, and DC-CBF coefficients) were compared
between ESRD and HCs groups at the whole brain
GM level and the Human Brainnetome Atlas level,
respectively. At the whole GM level, whole GM corre-
lation was performed between neuronal activity images
and cerebral perfusion images. For each individual,
four types of whole GM-based NVC pattern were
assessed (ALFF-CBF, fALFF-CBF, ReHo-CBF, and
DC-CBF coefficients). Then these NVC coefficients
were compared between ESRD group and HCs by
using a two-sample z-test. A Bonferroni correction
was applied to account for testing four types of NVC
patterns at the whole brain GM level (p =0.05/4, cor-
responding to p=0.0125).

At the Human Brainnetome Atlas level (246 brain
regions), the correlation coefficient between neuronal
activity and cerebral perfusion was calculated for each
brain region. Then these correlation coefficients were
compared between ESRD group and HCs by using a
two-sample 7-test. An FDR correction was applied for
multiple comparison corrections at brain regions level;
p <0.05 was considered statistically significant. To cor-
rect for multiple comparisons in measurements, a
Bonferroni correction was applied to account for test-
ing four types of NVC patterns (p=0.05/4, corre-
sponding to p=0.0125). Therefore, the significance
threshold was set at p <0.01.

Multivariate  PLSC analysis between the NVC pattern’s
alteration, the cognitive variables and clinical characteristics.
Multivariate PLSC analysis (graphical user interface,
Rotman Research Institute, Baycrest Centre,
University of Toronto; downloaded from http://www.
rotman-baycrest.on.ca/pls/ running on MATLAB
(R2013b, MathWorks, Inc., Natick, MA, USA)) was
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used to explore co-variations between the NVC pat-
tern’s alteration (ALFF-CBF, fALFF-CBF, ReHo-
CBF, and DC-CBF coefficients), the cognitive
variables (MoCA, IR-S, SR-S, LR-S, REC-S, and
TMT), and clinical blood biochemistry tests (Kt/V, cre-
atinine, urea, hemoglobin, hematocrit, cystatin C,
potassium, sodium, phosphorus, calcium, and para-
thormone) in ESRD patients. We can obtain six pairs
of latent variables (LVs) with corresponding singular
values [representing the proportion of the covariance
accounted for by the given LV (the cross-block covari-
ance)] and saliences (indicating the degree to which
each variable was related to the effect characterized
by that LV).

However, the results might be confused by several
factors, which include age,*® gender,* and education
level.*! Furthermore, the mood disorder and sleep
quality of ESRD patients also have influences on cog-
nitive assessments.>' Therefore, we corrected our data
manually with multiple linear regressions to eliminate
the impact before we conducted our main analyses.

Mediation analysis. To examine the effects of clinical
blood biochemistry indicators on cognitive variables
and NVC pattern’s alteration in ESRD patients, we
performed mediation analyses to identify if the NVC
pattern’s alteration could mediate the role of clinical
indicators in cognitive impairment.

Based on the results of the PLSC analysis, clinical
blood biochemistry indicators constituted the indepen-
dent variable, cognitive impairment measurements
indicated the dependent variable and the NVC pat-
tern’s alteration consisted of the mediator variable.
The mediation analyses were performed with SPSS
20.0. The significance threshold for the Sobel test was
set at p < 0.05.

Results

Demographic, clinical blood biochemistry tests and
neuropsychological results

The demographic, medication details and clinical data
for each group are listed in Table 1. No significant
differences in age, gender, or educational levels were
observed between groups. In terms of neuropsycholog-
ical tests (Table 2), poorer performance was found in
ESRD patients in three subitems of AVLT-H, i.e., IR-S
(»=0.010), SR-S (p=0.003), LR-S (»p<0.001), and
REC-S (p=0.017) compared with the HCs group.
Furthermore, poorer performance was found in
ESRD patients in MoCA (p=0.002), TMT
(»=0.038), BAI (p<0.001), BDI (p=0.001), and
PSQI (p =0.004) compared with the HCs group.

Between-group comparison of ALFF, fALFF, ReHo,
DC, and CBF

The spatial distribution of averaged CBF, ALFF,
fALFF, ReHo, and DC maps in HCs and ESRD
group are shown in Supplementary Fig. 2, the HCs
and ESRD patients had similar spatial distribution.
At the whole brain GM level, the ESRD patients
showed increased averaged CBF and
decreased BLOD signals (averaged ALFF, fALFF,
ReHo, and DC) compared with HCs. At the Human
Brainnetome Atlas level, the ESRD patients
showed increased CBF values and decreased
BLOD signals (ALFF, fALFF, ReHo, and DC) in
multiple brain regions compared with HCs. The
between-group comparison of ALFF, fALFF,
ReHo, DC, and CBF maps at both the whole brain
GM level and the Human Brainnetome Atlas
level are shown in supplementary materials
(Supplementary Fig. 3).

Between-group whole GM-based NVC comparison

No significant differences were found between groups
regarding the ALFF-CBF, fALFF-CBF, ReHo-CBF
and DC-CBF coefficient maps at the whole brain
GM level.

Between-group brain region-based NVC comparison

In the ALFF-CBF maps, significant between-group
differences were found in 22 brain regions of the
Human Brainnetome Atlas, as shown in Figure 1(a)
and Supplementary Table S1. These included the
left superior frontal gyrus (SFQG), left middle frontal
gyrus (MFQG), left orbital gyrus (OrG), left precentral
gyrus (PrG), left superior temporal gyrus (STGQG),
left middle temporal gyrus (MTG), bilateral fusiform
gyrus (FuG), bilateral insular gyrus (INS),
bilateral cingulate gyrus (CG), right medioventral
occipital cortex (MVOcC), left lateral occipital cortex
(LOcC), left amygdala (Amyg), left basal ganglia (BG),
and right thalamus (Tha) (p<0.01 after FDR
correction).

In the fALFF-CBF maps, significant differences
were found between-group in 14 brain regions of the
Human Brainnetome Atlas, as showed in Figure 1(b)
and Supplementary Table S2. These included the left
SFG, right MFG, left OrG, left STG, bilateral MTG,
right inferior temporal gyrus (ITG), right FuG, left
inferior parietal lobule (IPL), bilateral CG, and left
BG (p < 0.01 after FDR correction).

In the ReHo-CBF maps, significant differences were
found between-group in eight brain regions of the
Human Brainnetome Atlas, as shown in Figure 1(c)
and Supplementary Table S3. These included the left
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C. ReHo-CBF

Figure I. Spatial distribution maps between-group differences of the four types of NVC patterns. In comparison with HCs, ESRD
patients showed significantly lower ALFF-CBF, fALFF-CBF, ReHo-CBF, and DC-CBF coefficients in 34 brain regions at the Human

Brainnetome Atlas (p < 0.01, FDR correction).

NVC: neurovascular coupling; ALFF: amplitude of low-frequency fluctuation; fALFF: fractional ALFF; ReHo: regional homogeneity; DC:
degree centrality; HCs: healthy control subjects; ESRD: end-stage renal disease; FDR: false discovery rate.

SFG, left MFG, right inferior frontal gyrus (IFG),
right FuG, right CG, bilateral LOcC, and left Tha
(p<0.01 after FDR correction).

In the DC-CBF maps, significant differences were
found between-group in five brain regions of the
Human Brainnetome Atlas, as shown in Figure 1(d)
and Supplementary Table S4. These included the
right IFG, right FuG, right MVOcC, left LOcC, and
right Amyg (p <0.01 after FDR correction).

The NVC patterns in ESRD patients were
significantly decreased in 34 brain regions at the
Human Brainnetome Atlas compared with the
HCs group. The averaged correlation coefficients
and corresponding standard deviations of four
types of brain region-based NVC patterns in all partic-
ipants were calculated and are shown in Supplementary
Fig. 4.

Multivariate PLSC analysis

Multivariate PLSC between the NVC pattern’s alteration and
clinical blood biochemistry tests. Multivariate PLSC anal-
ysis correlating the NVC pattern’s alteration to clinical
blood biochemistry tests revealed one significant LV
(p <0.05) which accounted for 38.16% of the cross-
block covariance. The pattern identified by the LV
showed that lower fALFF-CBF coefficients in the
CG were associated positively with lower Kt/V, and
were negatively associated with higher serum urea in
ESRD patients (Figure 2).

Multivariate PLSC analysis between the NVC pattern’s
alteration and cognitive variables. Multivariate PLSC anal-
ysis correlating the NVC pattern’s alteration to cogni-
tive variables revealed one significant LV (p <0.05)
which accounted for 46.70% of the cross-block
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Figure 2. Multivariate PLSC analysis between the NVC pattern alteration and clinical blood biochemistry tests in ESRD patients.
Multivariate PLSC analysis correlating the NVC pattern alteration to clinical blood biochemistry tests revealed one significant LV
(p < 0.05) which accounted for 38.16% of the cross-block covariance. The pattern identified by the LV showed that the lower fALFF-
CBF coefficients in the CG (section (a)) were positively associated with lower Kt/V values, and were negatively associated with higher

serum urea (section (b)).

PLSC: partial least-squares correlation; NVC: neurovascular coupling; fALFF: fractional amplitude of low-frequency fluctuation; CBF:
cerebral blood flow; LV: latent variable; CG: cingulate gyrus; Kt/V: kinetic transfer/volume urea; ESRD: end-stage renal disease.

covariance. The pattern identified by the LV showed
that lower fALFF-CBF coefficients in the CG were
associated positively with lower short-term memory
functional scores (lower SR-S) in ESRD patients
(Figure 3).

Multivariate PLSC between the clinical blood biochemistry tests
and cognitive variables. Multivariate PLSC analysis cor-
relating the clinical blood biochemistry tests to cogni-
tive variables revealed one significant LV (p <0.05)
which accounted for 73.50% of the cross-block covari-
ance. The pattern identified by the LV showed that
lower Kt/V and hemoglobin were associated positively
with lower short-term memory function scores (lower
IR-S and SR-S) in ESRD patients (Figure 4).

Mediation analysis. To examine the relationship among
NVC pattern’s alteration, clinical blood biochemistry
indicators and cognitive variables in ESRD patients,
we performed mediation analysis to identify if the
NVC pattern’s alteration could mediate the role of clin-
ical indicators in cognitive impairment. Based on the
results of the PLSC analysis, the independent factor
was Kt/V and the dependent variable was short-term
memory function indicator that were reflected by the
SR-S, with the fALFF-CBF coefficient in the CG as
the proposed mediator based on the results of PLSC.
As shown in Figure 5, the mediation analysis indicated
that lower fALFF-CBF coefficients in the CG partially

mediated the effects of Kt/V on the short-term memory
function deficits (¢'=0.698, p=0.003) in ESRD
patients.

Discussion

Main findings

We aimed to investigate the NVC dysfunction in
ESRD patients related with cognitive impairment by
exploring the multimodal neuroimaging relationship
between the instrinct neuronal activity and the corre-
sponding cerebral blood perfusion. Consistent with our
hypothesis, the NVC patterns in ESRD patients were
significantly decreased in 34 brain regions at the
Human Brainnetome Atlas compared with the HCs.
The decreased fALFF-CBF outcomes in CG were pos-
itively associated with lower Kt/V and lower short-term
memory function, negatively associated with higher
serum urea in ESRD patients. Mediation analysis
proved that the relationship between Kt/V and
memory deficits of ESRD patients was partially medi-
ated by the fALFF-CBF alteration of the CG.

Potential physiological meanings of NVC dysfunction

Previous neuroimaging studies'®?* have discovered the
reduced neural activity, changed cerebral perfusion in
multiple regions, and related cognitive impairment in
ESRD patients, based on the analyses of multiple
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Figure 3. Multivariate PLSC analysis between the NVC pattern’s alteration and cognitive variables in ESRD patients. Multivariate
PLSC analysis correlating the NVC pattern’s alteration to cognitive variables revealed one significant LV (p < 0.05), which accounted
for 46.70% of the cross-block covariance. The pattern identified by the LV showed that lower fALFF-CBF coefficients in the CG
(section (a)) were positively associated with lower SR-S values (section (b)).

PLSC: partial least-squares correlation; NVC: neurovascular coupling; fALFF: fractional amplitude of low-frequency fluctuation; CBF:
cerebral blood flow; CG: cingulate gyrus; LV: latent variable; SR-S: short-term delayed recall score; ESRD: end-stage renal disease.
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Figure 4. Multivariate PLSC analysis between the clinical blood biochemistry tests and cognitive variables. Multivariate PLSC analysis
correlating the clinical blood biochemistry tests to cognitive variables revealed one significant LV (p < 0.05), which accounted for
73.50% of the cross-block covariance. The pattern identified by the LV showed that lower Kt/V and hemoglobin were positively

associated with lower IR-S and SR-S values in ESRD patients.

PLSC: partial least-squares correlation; LV: latent variable; Kt/V: kinetic transfer/volume urea; IR-S: immediate recall total score; SR-S:

short-term delayed recall score; ESRD: end-stage renal disease.

aspects of BOLD signals (ALFF, fALFF, ReHo, and
DC) and the ASL technique (CBF). ALFF** is defined
as the total power within the low-frequency range
(between 0.01-0.1 Hz), while fALFF* is defined as
the relative contribution of specific low-frequency
(0.01-0.1 Hz) fluctuation to the entire detectable fre-
quency range. ReHo?> measures the functional coher-
ence of a given voxel with its nearest neighbors based
on the hypothesis that significant neural activities
would more likely occur in clusters rather than in a
single voxel. DC* is the summation of correlation
coefficients in the brain between one voxel and all
other voxels, which reflect the corresponding blood

supply and metabolism of brain hubs. Therefore,
the NVC patterns (ALFF-CBF, fALFF-CBF, ReHo-
CBF, and DC-CBF coefficients) reflect the coordina-
tion between blood supply and oxygen demand in
various aspects of the BOLD signal.'”” The NVC
ensures that the brain has a proportionally matched
CBF response to neural activity, whereas the
dysfunction of the NVC—irrespective of whether it
was caused by aging itself or pathology—can lead to
additional cerebral pathologies and neurological
disorders.*

Our results indicated that the NVC patterns in
ESRD patients were significantly decreased in 34
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Figure 5. Mediation analysis. In the mediation analysis, the independent factor was Kt/V and the dependent variable was a short-term
memory function indicator. These were reflected by the SR-S, while the fALFF-CBF coefficient in the CG served as the proposed
mediator. The mediation analysis result indicated that NVC dysfunction (lower fALFF-CBF coefficient) in the CG partially mediated
the effect of Kt/V on the short-term memory function deficits (¢' =0.698, p =0.003) in ESRD patients.

Kt/V: kinetic transfer/volume urea; NVC: neurovascular coupling; fALFF: fractional amplitude of low-frequency fluctuation; CBF:
cerebral blood flow; CG: cingulate gyrus; SR-S: short-term delayed recall score; ESRD: end-stage renal disease.

brain regions compared with HCs. These brain regions
with the NVC dysfunction included frontal, temporal,
parietal, occipital, and basal ganglia regions, and indi-
cated widespread mismatch between the requirement of
oxygen and the blood supply in ESRD patients, that is,
widespread dysfunction of neurovascular units. In
Alzheimer’s disease patients,*® to meet sufficiently ade-
quate metabolic demands, impaired blood flow
responses to neural activity as a result of the NVC
dysfunction may cause an incoordination between
neural activity and provision of oxygen and glucose.
Inevitably, neural activity is reduced and thus corre-
lates with cerebral functional impairment, manifested
clinically as a cognitive decline.*’ In ESRD patients,
the integrity and functional injury of cerebral vascular,
endothelial dysfunction and direct neuronal toxicity,’
resulted in changed CBF responses'®!” and reduced
neural activities,'® ?* that may eventually lead to the
NVC dysfunction and cognitive impairment.

Brain regions and cognitive impairment

Based on PLSC analysis, we found that the decreased
fALFF-CBF values in CG were positively correlated

with lower short-term memory functional scores (SR-
S) in ESRD patients, thus suggesting that the NVC
dysfunction of CG may be closely related to short-
term memory impairment. The NVC dysfunction of
CG in ESRD patients was mainly located in the ante-
rior cingulate cortex (ACC) and posterior cingulate
cortex (PCC). As the posterior default-mode network
(DMN) hub, individuals with ESRD showed decreased
functional connectivity in the PCC, which were closely
related to wvital cognitive functions, such as
memory.”>* In fact, posterior leukinopathy is not
uncommon in ESRD patients who undergo dialysis,*
and PCC, as the posterior DMN hub, is often involved
in the complications of cerebrovascular autoregulation
damage, endothelial injury, and elevated plasma con-
centration of natriuretic peptide.*® Moreover, some
investigators have also highlighted the importance of
progressive functional connectivity density decreased
of the ACC in patients with ESRD from healthy con-
trols to minimal nephrotic encephalopathy that may be
correlated to cognitive deficits.”® Our results indicated
that the mismatch between the requirement of oxygen
and the blood supply (the NVC dysfunction) in the CG
may be related to short-term memory impairment.
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In addition, we found the brain regions of NVC
dysfunction in ESRD patients were mainly located in
FuG, MFG, SFG, and MTG. The FuG is a brain
region involved in high-level visual processing, catego-
ry identification, and object recognition of complex
stimuli, such as those expressed by faces. The SFG is
a key node of dorsal attention networks involved in
basic cognitive selection of sensory information and
response.’’ The MFG is a significant part of dorsolat-
eral prefrontal cortex (DLPFC) that is most typically
associated with executive functions including selective
attention and verbal working memory.>> More recent-
ly, Li and his colleagues'® found that ESRD patients
had reduced spontaneous neural activity in DLPFC
based on the use of rs-fMRI and ALFF analysis,
which was strongly associated with short-term verbal
memory deficits. From our neuropsychological assess-
ment, ESRD patients have poorer performances in
global cognitive function, verbal working memory,
short-term memory, long-term memory, attention,
and executive function compared with HCs. Taken
together, although we did not find a close relationship
between the NVC dysfunction in these brain regions
such as MTG, FuG, SFG and the cognitive scale, the
NVC dysfunction in ESRD-vulnerable brain regions
may reflect the pattern of brain functional injury to a
certain extent.

Relationship among the NVC pattern’s alteration,
short-term memory deficit, and dialysis adequacy in
ESRD patients

Understanding and exploring the mechanisms of the
NVC in health and disease may help us identify poten-
tial therapies to delay or prevent the dysfunction of
NVC in the treatment of vascular brain diseases,
including vascular dementia and Alzheimer’s disease.
Applying PLSC and mediation analysis, we examined
the correlation among the changed NVC biomarkers,
clinical characteristics, and cognitive variables in
patients with ESRD. Our results proved that the rela-
tionship between Kt/V and short-term memory deficits
of ESRD patients was partially mediated by the
fALFF-CBF alteration of the CG, suggesting that
ESRD-related neurovascular biomarkers could be
combined for monitoring dialysis efficacy and progres-
sion of cognitive impairment. A Kt/V value is used to
quantify HD treatment adequacy. Patients with ESRD
usually have a high level of uremic toxin (particularly
urea) that is considered to be a significant risk factor
for cognitive impairment.”® The Kt/V value shows how
much urea has been effectively removed according to
the measurements of blood urea levels before and after
treatment. Based on the results of our mediation anal-
ysis, the low level of Kt/V in ESRD patients may lead

to the accumulation of uricemia toxin in the blood,
thereby aggravating the NVC dysfunction in ESRD-
related neurovascular brain regions thus causing more
severe short-term memory damage.

Limitations

There are several issues that should be addressed. First,
our study results were limited to a small sample size,
which may affect the comprehensive interpretation of
the NVC dysfunction in ESRD patients related to cog-
nitive impairment. Second, we only conducted a cross-
sectional study on ESRD patients. Subsequent studies
should focus on the longitudinal explanation of the
dynamic changes in cognitive impairment during
long-term maintenance hemodialysis and the potential
NVC mechanism of ESRD patients. Third, we did not
exclude the influence of drugs on cognitive assessment,
such as antihypertensive drugs,>* erythropoietin,®® and
Vitamin D,’® which may affect cognitive function.
Fourth, the HCs data lacked blood analyses. Fifth,
we did not assess the degree of postdialysis fatigue®’
and pain®® in ESRD patients, so it was unclear what
their effects were on cognitive function and NVC
dysfunction.

Conclusion

Patients with ESRD have NVC dysfunctions in multi-
ple brain regions that were closely related to multi-
dimensional cognitive impairment. More importantly,
the dialysis adequacy had a significant influence on
regional NVC dysfunction and associated cognitive
impairment evidenced in ESRD patients. This suggests
that ESRD-related neurovascular biomarkers could be
combined for monitoring the efficacy of dialysis and
the progression of cognitive impairment. These find-
ings may provide a novel multimodal neuroimaging
evidence to improve the understanding of neurovascu-
lar mechanisms in ESRD patients and related cognitive
impairment.
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