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Abstract
Introduction: This study was designed to explore the asso-
ciations between impaired cognition in chronic kidney dis-
ease (CKD) patients and the dysfunction of the glymphatic
system. Method: Data were obtained from 77 CKD patients
and 50 age-matched healthy control individuals from the
First Affiliated Hospital of Zhengzhou University. CKD pa-
tients were stratified into with and without impaired cog-
nitive function. T2-weighted magnetic resonance imaging
results were used to assess area ratios for the perivascular
space and ventricles in participants, while the Montreal
Cognitive Assessment and the Mini-Mental State Examina-
tion were employed to measure cognitive function. Corre-
lations between the perivascular space or ventricle area
ratios and cognitive impairment were assessed in CKD
patients. Results: Significant increases in the burden of
enlarged perivascular spaces in the frontal cortex and basal

ganglia were observed in CKD patients with cognitive im-
pairment relative to those without such impairment, with a
concomitant increase in analyzed ventricle area ratios. En-
larged perivascular spaces in the frontal cortex, basal ganglia
and increased area ratios of lateral ventricles and 4th ven-
tricle exhibited relatively high sensitivity and specificity as
means of differing between the CKD patients with and
without cognitive impairment. Conclusion: These results
indicate that the burden of enlarged perivascular spaces
in the frontal cortex and basal ganglia and increases in
ventricle area ratio values may offer utility as biomarkers
that can aid in detection of even mild cognitive decline in
individuals with CKD. The dysfunction of the glymphatic
system may play a key role in the pathogenesis of CKD-
related cognitive impairment. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD) is a major threat to
global health that impacts an estimated 10–15% of people
throughout the world and has been linked to high rates of
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impaired neurocognitive and psychosocial development
[1, 2]. The specific mechanisms that link cerebral and
renal function, however, remain poorly understood [3, 4].
Cognitive impairment develops in roughly one-third of
patients with CKD [5–7], contributing to higher rates of
mortality, decreased emotional well-being, and rapid
renal deterioration [8–10]. Detecting and managing
such cognitive impairment during its early stages, how-
ever, remain challenging given that clinical data regarding
the factors that drive this pathogenic condition are lack-
ing and its etiology is incompletely understood. In addi-
tion, no effective treatments for CKD-related cognitive
deficits have been developed, and even after kidney
transplantation, these effects are only partially reversed
[11]. There is thus a pressing need to better examine the
factors underlying the pathogenesis of this adverse cog-
nitive outcome in an effort to select biomarkers that can
guide early screening efforts aimed at preserving the
cognitive function of patients with CKD.

Prior neuroimaging studies have shown that CKD
patients exhibit a range of neuroimaging abnormalities
such as brain atrophy, white matter hyperintensity, and
silent stroke incidence [12, 13]. The relationship between
changes in brain structural characteristics and impaired
cognitive function in CKD patients remains poorly char-
acterized [14]. In several reports, subclinical or sympto-
matic ischemic cerebrovascular lesions have been pro-
posed as causes of cognitive deficits in individuals with
CKD [15]. Microbleeds have been detected in the brains
of almost half of all advanced CKD patients, contributing
to a higher risk of hemorrhagic stroke and associated
cognitive decline [16–20]. A growing body of evidence
also suggests that the blood-brain barrier can be disrupted
by many risk factors associated with impaired renal
function including oxidative stress, chronic inflamma-
tion, and sympathetic hyperactivity, thus contributing to
changes in interstitial circulation channels that ultimately
lead to the atypical circulation of cerebrospinal fluid
(CSF) and interstitial fluid [21]. The glymphatic system
plays a central role as a drainage channel for CSF and
interstitial fluid, providing a mechanism for waste prod-
uct removal. When the glymphatic system is dysfunc-
tional, this can impair rates of Aβ and tau protein
clearance, contributing to cognitive decline [22–24]. En-
largement of the perivascular space (PVS) is thought to be
indicative of the dysfunction of the glymphatic system. In
prior reports, PVS enlargement was reported in patients
with CKD, potentially owing to brain structure disrup-
tions and changes in mood-regulating pathways [25].
These results led to the hypothesis that renal functional
decline may contribute to disrupted glymphatic system

activity, in turn driving neurotoxic protein accumulation
and cognitive impairment. However, no prior studies
have fully clarified the mechanistic basis for neurocog-
nitive impairments in CKD patients.

The present study was designed to further probe the
link between glymphatic system function and impaired
cognition in CKD patients. These analyses ultimately
would reveal whether PVS enlargement and higher ven-
tricle area ratios could be promising biomarkers capable
of aiding in the identification of CKD patients suffering
from cognitive impairment.

Materials and Methods

Participants and Cognitive Analyses
From December 2020–May 2022, 77 patients with CKD under-

going non-dialysis conservative treatment at the First Affiliated
Hospital of Zhengzhou University were enrolled in this study. All
patients were diagnosed with CKD as per the NKF-K/DOQI
Clinical Practice Guidelines established by the National Kidney
Foundation [26]. Patients eligible for study inclusion were those
with stable renal function for a minimum of 3 months. If patients
had undergone kidney transplantation, exhibited MRI contra-
indications, or had been diagnosed with neurodegenerative dis-
eases, visual/auditory disorders, a history of traumatic brain injury,
psychotic disorders, delirium, acquired immunodeficiency syn-
drome, or HIV infection, they were excluded from this study. In
parallel, 50 age-, sex-, and education level-matched healthy control
(HC) participants free of physical disabilities or mental illnesses
were recruited from the Physical Examination Center of the First
Affiliated Hospital of Zhengzhou University. Mini-Mental State
Examination (MMSE) [27] and the Montreal Cognitive Assess-
ment (MoCA) [28] scores were used to assess cognitive function in
these participants. MMSE scores were then used to stratify CKD
patients into a noncognitively impaired group (NCG; MMSE ≥27)
and impaired cognition group (ICG; MMSE <27). Individuals in
the ICG group were then further subdivided based on the edu-
cation level and MMSE scores into mild cognitive impairment
(MCI) and dementia groups. Specifically, theMMSE thresholds for
MCI diagnosis in individuals who were illiterate or who had
primary school or middle school or higher education levels
were 18–26, 21–26, and 24–26, respectively. TheMMSE thresholds
for the diagnosis of dementia in these three education level-based
subgroups were ≤17, ≤20, and ≤23, respectively. Participants
exhibiting MoCA scores ≥26 were considered to exhibit normal
cognition, while those with a MoCA score from 18–25 were
diagnosed with MCI and those with a MoCA score ≤17 met
the criteria for dementia.

MRI Analyses of the Ventricles and PVS
All MRI scans were conducted in a 3.0-T MRI facility (Skyra,

Siemens Healthcare). Brain MRI scans included T2-weighted, T1-
weighted, and T2-weighted fluid-attenuated inversion recovery
sequences performed consecutively in all participants. The area
ratios for enlarged PVS and ventricles in MRI images were
analyzed by two experienced radiologists who were blinded to
patient clinical data. PVS enlargement was defined by small
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structures with clear borders appearing punctate or linear spaces
matching CSF intensity on theseMRI images, with a high signal on
T2-weighted images and a low signal on T1- and T2-weighted
fluid-attenuated inversion recovery images. The area ratios for
enlarged PVS in specific areas of the brain and ventricles were
calculated using ImageJ (v 1.8.0.112). The enlarged PVS area ratio
was defined by dividing the bilateral enlarged PVS area for each
specific brain region by the total area of that brain region. The
ventricle area ratio was defined by dividing the ventricular area by
the total area for the corresponding brain region. In this study,
brain areas included the frontal cortex, centrum semiovale, basal
ganglia, hippocampus, midbrain, pons, lateral ventricle, and 4th
ventricle.

Statistical Analysis
SPSS 18.0 (IBM, USA) and GraphPad Prism 8.0 (GraphPad

Software, USA) were used for all statistical analyses. The sample
size was setting using G*Power (v 3.1.9.7). Gender, stroke, hyper-
tension, diabetes, and smoking history are presented as numbers
(%). Age and area ratio values are presented as means ± standard
deviation. MMSE and MoCA scores are presented as medians
(interquartile range, IQR). Data were compared among two groups
using unpaired t tests or Mann-Whitney U tests and among more
than two groups using Kruskal-Wallis tests with Dunn’s multiple
comparisons test or one-way ANOVAs with Tukey’s multiple
comparisons test. Fisher’s exact test or χ2 tests were used to
compare gender, education level, stroke, hypertension, diabetes,
and smoking history between groups. Relationships between
enlarged PVS or ventricle area ratios and MMSE or MoCA scores
were evaluated through Spearman correlation analyses. The diag-
nostic accuracy of enlarged PVS and ventricle area ratios was
analyzed using receiver operating characteristic curves. The multi-
variate linear regression model was used to find independent
predictors of the PVS area ratio and ventricle area ratio.

Results

Demographic and Clinical Characteristics
This study included 77 patients with CKD separated

into NCG (n = 37) and ICG (n = 40) groups, as well as
50 age-matched HC participants. Moreover, individuals
in the ICG group were subdivided into the MCI (n = 21)
and dementia (n = 19) groups. The primary diseases of
CKD patients enrolled in our study, including hyper-
tensive nephropathy (n = 21), diabetic nephropathy (n =
18), chronic glomerulonephritis (n = 15), glomerulo-
nephritides (n = 8), and undetermined primary disease
(n = 15). CKD patients exhibited a mean age of 60.3
years, with a mean MMSE score of 25.1 and a mean
MoCA score of 22.7. The mean age of HC individuals
was 58.9 years, and the mean MMSE and MoCA scores
for the HC cohort were 28.0 and 27.2, respectively. For
further details regarding participant characteristics, see
Table 1.

Analyses of Enlarged PVS and Ventricles in Patients
with CKD
Relative to HC participants, the enlarged PVS area

ratio values in the frontal cortex (Fig. 1Ba), centrum
semiovale (Fig. 1Bb), and basal ganglia (Fig. 1Bc) of
individuals in the ICG group were significantly ele-
vated, as were the area ratios for the lateral ventricles
(Fig. 1Bg) and the 4th ventricle (Fig. 1Bh) (frontal
cortex: p < 0.0001, centrum semiovale: p = 0.0002,
basal ganglia: p < 0.0001, lateral ventricles: p <
0.0001, 4th ventricle: p < 0.0001), with similar increases
in these values relative to those for patients in the NCG
group (frontal cortex: p < 0.0001, basal ganglia: p <
0.0001, lateral ventricles: p = 0.0140, 4th ventricle: p =
0.0004). However, the enlarged PVS and lateral ven-
tricle area ratio values of patients in the NCG group did
not differ significantly from those of HC individuals (all
p > 0.05). The 4th ventricular area ratio (Fig. 1Bh) of
patients in the NCG group was significantly elevated
relative to that of HC participants (p = 0.0043). The
enlarged PVS area ratios in the hippocampus (Fig.
1Bd), midbrain (Fig. 1Be), and pons (Fig. 1Bf) did
not differ significantly among these three groups (all
p > 0.05).

Enlarged PVS area ratio values in the frontal cortex
(Fig. 1Ca) and basal ganglia (Fig. 1Cc), as well as the
lateral ventricle (Fig. 1Cg) and 4th ventricle area ratio
(Fig. 1Ch) values in the MCI group were all elevated
significantly relative to those in HC individuals (fron-
tal cortex: p = 0.0008, basal ganglia: p = 0.0219, lateral
ventricles: p = 0.0010, 4th ventricle: p < 0.0001).
Enlarged PVS area ratio values in selected brain re-
gions and ventricular areas were also significantly
elevated in the dementia subgroup relative to the
HC group (frontal cortex [Fig. 1Ca]: p = 0.0002,
centrum semiovale [Fig. 1Cb]: p < 0.0001, basal ganglia
[Fig. 1Cc]: p < 0.0001, hippocampus [Fig. 1Cd]: p =
0.0050, midbrain [Fig. 1Ce]: p < 0.0001, lateral ven-
tricles [Fig. 1Cg]: p = 0.0008, 4th ventricle [Fig. 1Ch]:
p < 0.0001). The enlarged PVS area ratios of individ-
uals in the dementia subgroup were also significantly
elevated as compared to the MCI subgroup (centrum
semiovale [Fig. 1Cb]: p = 0.0172, basal ganglia [Fig.
1Cc]: p = 0.0414, hippocampus [Fig. 1Cd]: p = 0.0058,
midbrain [Fig. 1Ce]: p < 0.0001, pons [Fig. 1Cf]: p =
0.0120). No differences in the area ratio values for
enlarged PVS in the frontal cortex, lateral ventricles, or
4th ventricle were observed when comparing the MCI
and dementia subgroups (all p > 0.05). The comparison
of clinical data between the MCI group and dementia
group is shown in Table 2.
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PVS and Ventricle Enlargement Are Closely Related to
Cognitive Decline in Patients with CKD
As shown in Figure 2a, the MMSE scores of patients

in the ICG group were negatively correlated with the
enlarged PVS area ratio values in the frontal cortex (Fig.
2Aa) (p = 0.0093, r = −0.4060), basal ganglia (Fig. 2Ac)
(p = 0.0046, r = −0.4386), hippocampus (Fig. 2Ad) (p <
0.0001, r = −0.5820), midbrain (Fig. 2Ae) (p < 0.0001,

r = −0.7063), and pons (Fig. 2Af) (p = 0.0292,
r = −0.3450), in addition to being negatively correlated
with the lateral ventricle area ratio (Fig. 2Ag) (p =
0.0058, r = −0.4282) and 4th ventricle area ratio (Fig.
2Ah) (p = 0.0329, r = −0.3381). Moreover, the MoCA
scores of these ICG patients were negatively correlated
with the enlarged PVS area ratio values in the frontal
cortex (Fig. 2Ba) (p = 0.0255, r = −0.3528), centrum

Table 1. Characteristics of HC and CKD patients with and without cognitive impairment

Characteristic CKD patients HC (n = 50) pa value pb value pc value

NCG (n = 37) ICG (n = 40)

Mean age (SD), years 54.4 (10.7) 64.0 (10.1) 58.9 (5.5) 0.0018 0.2516 0.0022
Male, n (%) 24 (64.9) 22 (55) 19 (38) 0.378 0.013 0.108
Education duration (SD), years 9.5 (5.6) 7.1 (5.8) 8.5 (5.3) 0.0798 0.4027 0.2944
Education background, n (%)

Illiteracy 3 (8.1) 10 (25.0) 7 (14.0) 0.048 0.507 0.185
Primary school 17 (45.9) 18 (45.0) 20 (40.0) 0.934 0.579 0.633
Middle school and above 17 (45.9) 12 (30.0) 23 (46.0) 0.149 0.996 0.122

CKD etiology, n (%)
Hypertensive nephropathy 9 (24.3) 12 (2.5) – – – –
Diabetic nephropathy 8 (21.6) 10 (25.0) – – – –
Chronic glomerulonephritis 7 (18.9) 8 (20.0) – – – –
Glomerulonephritides 3 (8.1) 5 (12.5) – – – –
Undetermined 10 (27.0) 5 (12.5)

Inspection results (SD)
eGFR, mL/min/1.73π 65.4 (38.0) 57.5 (31.8) 108.8 (6.8) 0.4604 <0.0001 <0.0001
Urea, mmol/L 10.7 (9.3) 10.1 (6.4) 4.7 (1.2) 0.8058 <0.0001 <0.0001
CREA, µmol/L 254.4 (353.6) 203.6 (271.3) 58.9 (10.3) 0.9778 <0.0001 <0.0001
UA, µmol/L 327.2 (105.0) 348.6 (112.8) 258.2 (72.1) 0.4242 0.0023 <0.0001
CYS, mg/L 2.0 (2.1) 1.8 (1.6) 0.9 (0.1) NA NA NA
Hemoglobin 12.9 (1.5) 12.5 (1.0) 13.6 (0.5) 0.0263 0.0375 <0.0001
Albumin 4.0 (0.3) 3.9 (0.4) 4.1 (0.3) 0.0127 >0.9999 0.0043

History of stroke, n (%) 4 (10.8) 8 (20.0) 0 0.267 NA NA
History of hypertension, n (%) 19 (51.4) 24 (60.0) 0 0.445 NA NA
History of diabetes, n (%) 10 (27.0) 15 (37.5) 0 0.327 NA NA
History of smoking, n (%) 13 (35.1) 21 (52.5) 19 (38.0) 0.125 0.784 0.169
Median MMSE (IQR) 28 (29–28) 22.5 (25–19) 28 (29–27) <0.0001 0.1268 <0.0001
Median MoCA (IQR) 27 (27–27) 19 (22.25–16) 27 (28–27) <0.0001 0.2268 <0.0001
EPVS area ratio (SD)

Frontal cortex 0.0070 (0.0069) 0.0214 (0.0173) 0.0070 (0.0071) 0.0008 >0.9999 0.0002
Centrum semiovale 0.0044 (0.0054) 0.0078 (0.0079) 0.0020 (0.0028) 0.0597 0.4399 0.0002
Basal ganglia 0.0054 (0.0117) 0.0157 (0.0147) 0.0022 (0.0031) <0.0001 >0.9999 <0.0001
Hippocampus 0.0118 (0.0140) 0.0112 (0.0110) 0.0086 (0.0099) >0.9999 0.8897 0.3928
Midbrain 0.0045 (0.0056) 0.0081 (0.0086) 0.0049 (0.0071) 0.1140 >0.9999 0.0871
Pons 0.0042 (0.0042) 0.0044 (0.0043) 0.0045 (0.0055) >0.9999 >0.9999 >0.9999

Lateral ventricle area ratio (SD) 0.0945 (0.0425) 0.1247 (0.0595) 0.0800 (0.0270) 0.0140 0.6011 <0.0001
4th ventricle area ratio (SD) 0.0216 (0.0091) 0.0308 (0.0090) 0.0156 (0.0105) 0.0004 0.0043 <0.0001

CKD, chronic kidney disease; CREA, creatine; CYS, cystatin; eGFR, estimated glomerular filtration rate; EPVS, enlarged perivascular
spaces; ICG, impaired cognition group; IQR, interquartile range; MMSE, Mini-Mental State Examination; NA, not applicable; NCG,
normal cognition; SD, standard deviation. pa, comparison between CKD patients with and without cognitive impairment. pb,
comparison between CKD patients without cognitive impairment and HC. pc, comparison between CKD patients with cognitive
impairment and HC.
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semiovale (Fig. 2Bb) (p = 0.0398, r = −0.3265), basal
ganglia (Fig. 2Bc) (p = 0.0148, r = −0.3827), hippo-
campus (Fig. 2Bd) (p < 0.0001, r = −0.5887), midbrain
(Fig. 2Be) (p < 0.0001, r = −0.6320), and pons (Fig. 2Bf)
(p = 0.0107, r = −0.3994), while also being negatively
correlated with the lateral ventricle area ratio (Fig. 2Bg)
(p = 0.0140, r = −0.3885) and the 4th ventricle area ratio
(Fig. 2Bh) (p = 0.0142, r = −0.3850).

Receiver operating characteristic analyses revealed that
an enlarged PVS area ratio in the frontal cortex could be
used to differentiate between ICG and NCG patients with
high degrees of accuracy (area under the curve [AUC]:
0.801), sensitivity (75.0%), and specificity (75.7%) (Fig.
3Aa). Similarly, the 4th ventricle area ratio enabled the
differentiation between ICG and NCG patients with
moderate accuracy (AUC: 0.796), high sensitivity
(95.0%), and low specificity (59.5%) (Fig. 3Ab). The basal
ganglia area ratio further enabled discrimination between
these 2 patient groups with moderate accuracy (AUC:
0.767), high sensitivity (82.5%), and low specificity
(62.2%) (Fig. 3Ac). The lateral ventricle area ratio allowed
for discrimination between ICG and NCG patients with
low accuracy (AUC: 0.674), high sensitivity (82.5%), and
low specificity (51.4%) (Fig. 3Ad), whereas the enlarged
PVS area ratio in the centrum semiovale was sufficient to
differentiate between these two sets of patients with low
accuracy (AUC: 0.647), low sensitivity (60.0%), and low
specificity (67.6%) (Fig. 3Ae), and the enlarged PVS area
ratio in the midbrain could distinguish between them
with low accuracy (AUC: 0.641), moderate sensitivity
(72.5%), and low specificity (54.1%) (Fig. 3Af).

Next, the diagnostic utility of these enlarged PVS and
ventricular area ratio values was examined as a tool for
differentiating betweenMCI patients and HC individuals.
The enlarged PVS area ratio in the 4th ventricle was able
to distinguish between MCI patients and HC individuals
with high accuracy (AUC: 0.912), sensitivity (90.5%), and
specificity (86.0%) (Fig. 3Ba). Moreover, the enlarged
PVS area ratio in the frontal cortex could differentiate

between MCI patients and HC individuals with moderate
accuracy (AUC: 0.777), high sensitivity (90.5%), and low
specificity (66.0%) (Fig. 3Bb), while the area ratio of the
lateral ventricles exhibited moderate accuracy (AUC:
0.774), high sensitivity (90.5%), and low specificity
(60.0%) (Fig. 3Bc), when distinguishing these two groups.
The enlarged PVS area ratio in the basal ganglia also
exhibited moderate accuracy (AUC: 0.707), low sensitiv-
ity (42.9%), and high specificity (100.0%) when differ-
entiating between MCI patients and HC individuals
(Fig. 3Bd).

Independent Predictors for the PVS Area Ratio and
Ventricle Area Ratio
According to Tables 3 and 4, age (regression coeffi-

cient = 0.037, 95% confidence interval = 0.007–0.066, p =
0.013), hypertension (regression coefficient = 0.551, 95%
confidence interval = 0.037–1.065, p = 0.036), diabetes
(regression coefficient = 1.169, 95% confidence interval =
0.63–1.709, p < 0.0001), and MMSE score (regression
coefficient = −0.12, 95% confidence interval = −0.182
to −0.058, p = 0.0003) were independent predictors for
the PVS area ratio in the frontal cortex. Age (regression
coefficient = 0.042, 95% confidence interval =
0.005–0.079, p = 0.025), hypertension (regression coef-
ficient = 0.68, 95% confidence interval = 0.037–1.322, p =
0.038), diabetes (regression coefficient = 0.697, 95%
confidence interval = 0.023–1.371, p = 0.043) were in-
dependent predictors for the PVS area ratio in the basal
ganglia. TheMMSE score (regression coefficient =−0.089,
95% confidence interval = −0.154 to −0.024, p = 0.008)
was an independent predictor for the 4th ventricle area
ratio. Hemoglobin (regression coefficient = −0.157, 95%
confidence interval = −0.283 to −0.031, p = 0.016) was an
independent predictor for the PVS area ratio in the
centrum semiovale. The MMSE score (regression coef-
ficient = −0.095, 95% confidence interval = −0.148
to −0.043, p = 0.001) was an independent predictor for
the PVS area ratio in the midbrain.

Fig. 1.MRI-visible enlarged PVS in different brain regions and the
areas of ventricles. A Representative visible enlarged PVS on T2-
weighted MRI images in the frontal cortex (a–c), centrum semi-
ovale (d–f), basal ganglia (g–i), hippocampus (j–l), midbrain
(m–o), pons (p–r), the area of lateral ventricles (s–u), and 4th
ventricle (v–x) processed by ImageJ. B MRI-visible enlarged PVS
area ratio and ventricle area ratio in HC and CKD patients with or
without cognitive decline. The comparison of EPVS and ventricle
area ratio in HC (n = 50) and CKD patients with normal cognition
(NCG) (n = 37) or impaired cognition (ICG) (n = 40) in the frontal
cortex (a), centrum semiovale (b), basal ganglia (c), hippocampus
(d), midbrain (e), pons (f), lateral ventricles (g), and 4th ventricle

(h) by the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. p < 0.05 was considered significantly different.
C MRI-visible enlarged PVS area ratio and ventricle area ratio in
HC and CKD patients with MCI or dementia. The comparison of
enlarged PVS and ventricle area ratio in HC (n = 50) and CKD
patients with mild cognitive impairment (MCI) (n = 21) or
dementia (n = 19) in the frontal cortex (a), centrum semiovale
(b), basal ganglia (c), hippocampus (d), midbrain (e), pons (f),
lateral ventricles (g), and 4th ventricle (h) by the Kruskal-Wallis
test followed by Dunn’s multiple comparisons test. p < 0.05 was
considered significantly different. EPVS, enlarged perivascular
spaces.
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Enlarged PVS and Ventricle Area Ratios Are Closely
Related to Cognitive Decline in CKD Patients
Lastly, Spearman’s correlation analyses were conducted

to explore the associations between clinicodemographic
factors and cognitive function in CKD patients (Fig. 4).
MMSE scores were positively correlated with eGFR (r =
0.2110, p = 0.066), hemoglobin (r = 0.3476, p = 0.002),
serum albumin (r = 0.3356, p = 0.0028), and education
years (r = 0.3460, p = 0.0021), whereas they were negatively
correlated with age (r = −0.4326, p < 0.0001), UA
(r = −0.2839, p = 0.0120), the enlarged PVS area ratios
in the frontal cortex (r = −0.6393, p < 0.0001), centrum
semiovale (r = −0.3534, p = 0.0016), basal ganglia
(r = −0.5803, p < 0.0001), and midbrain (r = −0.4565,
p < 0.0001), the lateral ventricle area ratio (r = −0.3781, p =
0.0007), and the 4th ventricle area ratio (r = −0.5952, p <
0.0001). MoCA scores were also significantly negative
correlated with age (r = −0.4166, p = 0.0002), the enlarged

PVS area ratio in the frontal cortex (r = −0.6018, p <
0.0001), centrum semiovale (r = −0.3476, p = 0.002), basal
ganglia (r = −0.5441, p < 0.0001), and midbrain
(r = −0.3935, p = 0.0004), the lateral ventricle area ratio
(r = −0.3313, p = 0.0032), and the 4th ventricle area ratio
(r = −0.5389, p < 0.0001), while they were positively
correlated with hemoglobin (r = 0.3517, p = 0.0017),
serum albumin (r = 0.3770, p = 0.0028), and education
years (r = 0.2782, p = 0.0007). Together, these data high-
light that cognitive function is negatively correlated with
the enlarged PVS and ventricle area ratio value.

Discussion

This study was designed to probe the relationship
between the function of the glymphatic system in CKD
patients and cognitive decline. These analyses ultimately

Table 2. Characteristics of CKD
patients with impaired cognition Characteristic CKD patients p value

MCI (n = 21) dementia (n = 19)

Mean age (SD), years 58.8 (9.1) 69.6 (7.9) 0.0003
Male, n (%) 13 (61.9) 9 (47.4) 0.356
Education duration (SD), years 7.4 (6.0) 6.8 (5.7) 0.4557
Inspection results (SD)

eGFR, mL/min/1.73π 69.3 (34.0) 44.4 (23.7) 0.0123
Urea, mmol/L 8.3 (6.7) 12.0 (5.6) 0.0105
CREA, µol/L 232.4 (354.4) 171.9 (157.9) 0.0379
UA, µol/L 325.3 (120.7) 374.2 (100.3) 0.1091
CYS, mg/L 1.6 (2.0) 2.0 (0.8) NA
Hemoglobin 12.9 (0.8) 12.1 (1.0) 0.0710
Albumin 4.0 (0.3) 3.7 (0.3) 0.0245

History of stroke, n (%) 5 (23.8) 3 (15.8) 0.698
History of hypertension, n (%) 13 (61.9) 11 (57.9) 0.796
History of diabetes, n (%) 8 (38.1) 7 (36.8) 0.935
History of smoking, n (%) 13 (61.9) 8 (42.1) 0.210
Median MMSE (IQR) 25 (26–23) 19 (21.5–17.5) <0.0001
Median MoCA (IQR) 22 (23–22) 16 (17–14) <0.0001
EPVS area ratio (SD)

Frontal cortex 0.0192 (0.0151) 0.0238 (0.0195) 0.6295
Centrum semiovale 0.0055 (0.0069) 0.0103 (0.0083) 0.0173
Basal ganglia 0.0110 (0.0139) 0.0207 (0.0143) 0.009
Hippocampus 0.0058 (0.0056) 0.0172 (0.0125) 0.0005
Midbrain 0.0027 (0.0023) 0.0141 (0.0091) <0.0001
Pons 0.0025 (0.0022) 0.0066 (0.0050) 0.0022

Lateral ventricle area ratio (SD) 0.1213 (0.0565) 0.1285 (0.0640) 0.8095
4th ventricle area ratio (SD) 0.0312 (0.0108) 0.0303 (0.0066) 0.8513

p value: comparison between CKD patients with MCI and dementia. CKD, chronic
kidney disease; EPVS, enlarged perivascular spaces; IQR, interquartile range; MCI, mild
cognitive impairment; MMSE, Mini-Mental State Examination; SD, standard deviation;
CREA, creatine.
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revealed that an enlarged PVS area ratio in the frontal
cortex and basal ganglia as well as an increased ventricle
area ratio was evident in CKD patients in the ICG

subgroup. Consistently, these enlarged PVS area ratio
values were closely related to patient MMSE and MoCA
scores, with lower MMSE and MoCA scores being closely

a b c

e

d

f g h

a b c

e

d

f g h

A

B

Fig. 2. Receiver operating characteristic (ROC) curves of the EPVS
area ratio in different brain regions and ventricle area ratio. A ROC
curves of MRI-visible enlarged PVS and ventricle area ratio in the
frontal cortex (a), 4th ventricle (b), basal ganglia (c), lateral
ventricles (d), centrum semiovale (e), midbrain (f), pons (g),
and hippocampus (h), in distinguishing CKD patients with

impaired cognition (ICG) from normal cognition (NCG) patients.
B ROC curves of MRI-visible EPVS and ventricle area ratio in the
4th ventricle (a), frontal cortex (b), lateral ventricles (c), basal
ganglia (d), centrum semiovale (e), pons (f), midbrain (g), and
hippocampus (h), to distinguish CKD patients with mild cognitive
impairment (MCI) from HC. EPVS, enlarged perivascular spaces.
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related to a higher enlarged PVS burden among individ-
uals in the ICG group. These findings thus supported the
hypothesis that dysregulated glymphatic system activity
may play a role in the pathogenesis of CKD-related
cognitive dysfunction.

Glymphatic clearance may be reduced by vascular
disease, hypertension, diabetes, insomnia, neuroinflam-
mation, and depression [29], all of which are closely
related to CKD. Vascular disease, including atheroscle-
rosis and endothelial dysfunction, is common in CKD

a

A

b c

e

d

f g h

a b

B

c

e

d

f g h

Fig. 3. Correlation of cognition scores and enlarged PVS area
ratio in selected brain regions and ventricle area ratio in ICG
patients. A Correlation of Mini-Mental State Examination
(MMSE) scores and enlarged PVS area ratio in the frontal cortex
(a), centrum semiovale (b), basal ganglia (c), hippocampus (d),
midbrain (e), pons (f), lateral ventricle area ratio (g), and 4th
ventricle area ratio (h) of the CKD patients with impaired

cognition (ICG). B Correlation of the Montreal Cognitive Assess-
ment (MoCA) scores and enlarged PVS area ratio in the frontal
cortex (a), centrum semiovale (b), basal ganglia (c), hippocam-
pus (d), midbrain (e), pons (f), lateral ventricle area ratio (g), and
4th ventricle area ratio (h) of the CKD patients with impaired
cognition (ICG). Correlation analysis was performed by Spear-
man correlation. p < 0.05 was considered statistically significant.
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patients [30]. Risk factors including diabetes, hyperten-
sion, hypercoagulable state, chronic inflammation, and
uremic toxins in CKD patients can cause vascular disease
[31, 32]. Hypertension is a major cause of CKD. Increased
systolic blood pressure and blood pressure variability are
independent risk factors for PVS dysfunction [33, 34].
The relationship between hypertension and PVS dysfunc-
tion may be that hypertension leads to dysfunction of
endothelial cells, increasing permeability of vascular wall,
and excessive leakage of intravascular substances and
accumulation in PVS, resulting in enlargement of PVS.
Diabetes mellitus is a major cause of CKD and could
destroy the glymphatic system [35–37]. Hyperglycemia
results in elevated levels of growth factor, angiotensin II,
endothelin, which contribute to endothelial dysfunction
and kidney hyperfiltration [38], resulting in disrupted
blood-brain barrier, leading to glymphatic system dys-
function. A range of sleep disorders including insomnia,
sleep fragmentation, daytime sleepiness, sleep apnea are

common in CKD [39]. The stages 3–4 of non-REM sleep is
the most important time for the glymphatic system to clear
metabolic waste [40]. Sleep disturbances are especially
severe in dialysis patients, leading to impaired daytime
cognitive impairment [41]. Depression is the most com-
monly reported psychiatric condition in CKD patients,
especially among those with end-stage renal disease [42].

Besides, a recent study suggests that the glymphatic
system may be suppressed in early CKD [43]. In addition,
cerebral blood flow has been identified increased in CKD
[44], possibly through endothelial or glial cells, which may
change the way substances exchanged between blood and
neurons, causing the impairment of the blood-brain barrier
and glymphatic system. Another theory that explains the
glymphatic system dysfunction in CKD is its relationship
with aquaporins (AQPs). A study showed decreased AQP-4
expression in hydronephrosis mice [45]. Thus, the glym-
phatic system dysfunction may occur in early CKD patients
due to decreased expression of AQP-4.

Fig. 4. Associations between demographic and clinical data and the severity of cognition impairment. The
correlation plot was generated by Pearson correlation analysis. p < 0.05 was considered statistically significant
(*p < 0.05).
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The main advantage of our study is the detailed assess-
ment of the morphological changes of the glymphatic
system. This study also has limitations. First, this is a
cross-sectional study; further prospective studies are
needed to confirm the relationship between the above
factors and the enlarged PVS. Second, this study was
single-center with small sample size; and head MRI,
eGFR, and other indicators were not reviewed for
many times; and there was no follow-up monitoring after
discharge, which may be affected by other factors. Third,
due to the retrospective analysis, some patients eligible for
inclusion did not undergo head MRI, resulting in missing
some patients. Finally, human error is inevitable in the
morphological evaluation of the glymphatic system.

Acknowledgments

The technical support by the First Affiliated Hospital of
Zhengzhou University was greatly appreciated.

Statement of Ethics

This study protocol was reviewed and approved by the Ethics
Committee of the First Affiliated Hospital of Zhengzhou Univer-
sity, approval number [2022-KY-0915-001]. Because this study
was conducted as a retrospective analysis of MRI procedures
performed in our institution and we did not take any intervention
with the participants, the written informed consent was exempt,
and this was also approved by the Ethics Committee of the First
Affiliated Hospital of Zhengzhou University.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

This work was supported by grants from the National Natural
Science Foundation of China No. 82122022 (to X.J.W.) and No.
81873791 (to X.J.W.). The funding sources supported the roles of
the preparation and analysis of data and for the manuscript.

Author Contributions

Xuejing Wang and JunFang Teng conceived and designed the
experiments; Shuqin Xu, Jiuqi Wang, and Kedi Sun coordinated
the whole project; Lin Meng, Xuejing Wang, and Junfang Teng
were responsible for the initial assessment and diagnosing patients;
Chi Qin, Renyi Feng, and Yiming Tian were responsible for
assessing and documenting their patients’ clinical information;
Yanping Zhai, Dongxiao Liang, and Rui Zhang recorded and
confirmed the data; Haiyan Tian and Han Liu provided statistical
analysis and technical support; Yongkang Chen, Yu Fu, Pei Chen,
and Qingyong Zhu participated in final data analysis and inter-
pretation; Xuejing Wang and Shuqin Xu did most of the writing
with input from other authors; and all of the authors discussed the
results and commented on the manuscript.

Data Availability Statement

Data are not publicly available due to ethical reasons. Further
inquiries can be directed to the corresponding author.

References

1 Toyoda K, Ninomiya T. Stroke and cerebro-
vascular diseases in patients with chronic
kidney disease. Lancet Neurol. 2014 Aug;
13(8):823–33.

2 Srivastava A, Kumar Sarsani V, Fiddes I, Shee-
han S, Seger R, BarterM, et al. Genome assembly
and gene expression in the American black bear
provides new insights into the renal response to
hibernation. DNA Res. 2019;26(1):37–44.

3 Miranda AS, Cordeiro TM, Dos Santos Lac-
erda Soares TM, Ferreira RN, Simões E Silva
AC. Kidney-brain axis inflammatory cross-
talk: from bench to bedside. Clin Sci. 2017 Jun
1;131(11):1093–105.

4 Steinbach EJ, Harshman LA. Impact of
chronic kidney disease on brain structure
and function. Front Neurol. 2022;13:797503.

5 Murray AM, Tupper DE, Knopman DS, Gil-
bertson DT, Pederson SL, Li S, et al. Cognitive
impairment in hemodialysis patients is com-
mon. Neurology. 2006 Jul 25;67(2):216–23.

6 Kurella Tamura M, Wadley V, Yaffe K,
McClure LA, Howard G, Go R, et al. Kidney
function and cognitive impairment in US
adults: the reasons for geographic and ra-
cial differences in stroke (REGARDS)
study. Am J Kidney Dis. 2008 Aug;52(2):
227–34.

7 Kurella Tamura M, Vittinghoff E, Yang J, Go
AS, Seliger SL, Kusek JW, et al. Anemia and
risk for cognitive decline in chronic kidney
disease. BMC Nephrol. 2016 Jan 28;17:13.

8 Sorensen EP, Sarnak MJ, Tighiouart H, Scott
T, Giang LM, Kirkpatrick B, et al. The kidney
disease quality of life cognitive function sub-
scale and cognitive performance in mainte-
nance hemodialysis patients. Am J Kidney
Dis. 2012 Sep;60(3):417–26.

9 Drew DA, Weiner DE. Cognitive impairment
in chronic kidney disease: keep vascular dis-
ease in mind. Kidney Int. 2014 Mar;85(3):
505–7.

10 O’Lone E, Connors M,Masson P,Wu S, Kelly
PJ, Gillespie D, et al. Cognition in people with
end-stage kidney disease treated with hemo-
dialysis: a systematic review and meta-
analysis. Am J Kidney Dis. 2016 Jun;67(6):
925–35.

11 Chen HJ, Wen J, Qi R, Zhong J, Schoepf UJ,
Varga-Szemes A, et al. Re-establishing brain
networks in patients with ESRD after suc-
cessful kidney transplantation. Clin J Am Soc
Nephrol. 2018 Jan 6;13(1):109–17.

12 Vogels SC, Emmelot-Vonk MH, Verhaar HJ,
Koek HDL. The association of chronic kidney
disease with brain lesions on MRI or CT: a
systematic review. Maturitas. 2012 Apr;71(4):
331–6.

13 Hartung EA, Erus G, Jawad AF, Laney N,
Doshi JJ, Hooper SR, et al. Brain magnetic
resonance imaging findings in children and
young adults with CKD. Am J Kidney Dis.
2018 Sep;72(3):349–59.

Cognitive Impairment in Chronic Kidney
Disease

Kidney Dis
DOI: 10.1159/000530635

13

https://www.karger.com/Article/FullText/530635?ref=1#ref1
https://www.karger.com/Article/FullText/530635?ref=2#ref2
https://www.karger.com/Article/FullText/530635?ref=3#ref3
https://www.karger.com/Article/FullText/530635?ref=4#ref4
https://www.karger.com/Article/FullText/530635?ref=5#ref5
https://www.karger.com/Article/FullText/530635?ref=6#ref6
https://www.karger.com/Article/FullText/530635?ref=7#ref7
https://www.karger.com/Article/FullText/530635?ref=8#ref8
https://www.karger.com/Article/FullText/530635?ref=8#ref8
https://www.karger.com/Article/FullText/530635?ref=9#ref9
https://www.karger.com/Article/FullText/530635?ref=10#ref10
https://www.karger.com/Article/FullText/530635?ref=11#ref11
https://www.karger.com/Article/FullText/530635?ref=11#ref11
https://www.karger.com/Article/FullText/530635?ref=12#ref12
https://www.karger.com/Article/FullText/530635?ref=13#ref13
https://doi.org/10.1159/000530635


14 Chang CY, Lin CC, Tsai CF, YangWC,Wang
SJ, Lin FH, et al. Cognitive impairment and
hippocampal atrophy in chronic kidney dis-
ease. Acta Neurol Scand. 2017 Nov;136(5):
477–85.

15 Murray AM. Cognitive impairment in the
aging dialysis and chronic kidney disease
populations: an occult burden. Adv Chronic
Kidney Dis. 2008;15(2):123–32.

16 van Es A, van der Grond J, de Craen A,
Westendorp R, Bollen E, Blauw G, et al.
Cerebral microbleeds and cognitive function-
ing in the PROSPER study. Neurology. 2011;
77(15):1446–52

17 Poels M, Ikram M, van der Lugt A, Hofman
A, Niessen W, Krestin G, et al. Cerebral
microbleeds are associated with worse cog-
nitive function: the Rotterdam Scan Study.
the Rotterdam Scan Study. 2012;78(5):
326–33.

18 Naganuma T, Takemoto Y. New aspects of
cerebrovascular diseases in dialysis patients.
Contrib Nephrol. 2015;185:138–46.

19 Akoudad S, Wolters FJ, Viswanathan A, de
Bruijn RF, van der Lugt A, Hofman A, et al.
Association of cerebral microbleeds with cog-
nitive decline and dementia. JAMA Neurol.
2016 Aug 1;73(8):934–43.

20 Chai C,Wang Z, Fan L, ZhangM, Chu Z, Zuo
C, et al. Increased number and distribution of
cerebral microbleeds is a risk factor for cog-
nitive dysfunction in hemodialysis patients: a
longitudinal study. Medicine. 2016 Mar;
95(12):e2974.

21 Salimeen MSA, Liu C, Li X, Wang M, Singh
M, Si S, et al. Exploring variances of white
matter integrity and the glymphatic system in
simple febrile seizures and epilepsy. Front
Neurol. 2021;12:595647.

22 Wardlaw JM, Benveniste H, Nedergaard M,
Zlokovic BV, Mestre H, Lee H, et al. Peri-
vascular spaces in the brain: anatomy, phys-
iology and pathology. Nat Rev Neurol. 2020
Mar;16(3):137–53.

23 Bown CW, Carare RO, Schrag MS, Jefferson
AL. Physiology and clinical relevance of en-
larged perivascular spaces in the aging brain.
Neurology. 2022 Jan 18;98(3):107–17.

24 Perosa V, Oltmer J, Munting LP, Freeze WM,
Auger CA, Scherlek AA, et al. Perivascular
space dilation is associated with vascular
amyloid-beta accumulation in the overlying
cortex. Acta Neuropathol. 2022 Mar;143(3):
331–48.

25 van Sloten T, Sigurdsson S, van Buchem M,
Phillips C, Jonsson P, Ding J, et al. Cerebral
small vessel disease and association with
higher incidence of depressive symptoms in
a general elderly population: the AGES-
reykjavik study. Am J Psychiatry. 2015;
172(6):570–8.

26 National Kidney Foundation. K/DOQI clin-
ical practice guidelines for chronic kidney
disease: evaluation, classification, and strat-
ification. Am J Kidney Dis. 2002;39(2 Suppl
1):S1–266.

27 Folstein M, Folstein S, McHugh PR. “Mini-
mental state”. A practical method for grading
the cognitive state of patients for the clinician.
J Psychiatr Res. 1975;12(3):189–98.

28 Nasreddine Z, Phillips N, Bédirian V, Char-
bonneau S, Whitehead V, Collin I, et al. The
Montreal Cognitive Assessment, MoCA: a
brief screening tool for mild cognitive impair-
ment. J Am Geriatr Soc. 2005;53(4):695–9.

29 Rasmussen M, Mestre H, Nedergaard
MJTLN. The glymphatic pathway in neuro-
logical disorders. Lancet Neurol. 2018;17(11):
1016–24.

30 Shah SV, Shukla AM, Bose C, Basnakian AG,
Rajapurkar M. Recent advances in under-
standing the pathogenesis of atherosclerosis
in CKD patients. J Ren Nutr. 2015 Mar;25(2):
205–8.

31 Madero M, Gul A, Sarnak MJ. Cognitive
function in chronic kidney disease. Semin
Dial. 2008 Jan–Feb;21(1):29–37.

32 Stinghen AE, Pecoits-Filho R. Vascular dam-
age in kidney disease: beyond hypertension.
Int J Hypertens. 2011;2011:232683.

33 Yang S, Qin W, Yang L, Fan H, Li Y, Yin J,
et al. The relationship between ambulatory
blood pressure variability and enlarged peri-
vascular spaces: a cross-sectional study.
BMJ open. 2017 Aug 21;7(8):e015719.

34 Yang S, Yuan J, Zhang X, Fan H, Li Y, Yin J,
et al. Higher ambulatory systolic blood pres-
sure independently associated with enlarged
perivascular spaces in basal ganglia. Neurol
Res. 2017 Sep;39(9):787–94.

35 Thomas MC, Cooper ME, Zimmet P. Chang-
ing epidemiology of type 2 diabetes mellitus
and associated chronic kidney disease. Nat
Rev Nephrol. 2016 Feb;12(2):73–81.

36 Zhang L, Chopp M, Jiang Q, Zhang Z. Role of
the glymphatic system in ageing and diabetes
mellitus impaired cognitive function. Stroke
Vasc Neurol. 2019 Jul;4(2):90–2.

37 Tanaka A, Shimabukuro M, Okada Y, Sugi-
moto K, Kurozumi A, Torimoto K, et al.
Rationale and design of an investigator-
initiated, multicenter, prospective open-
label, randomized trial to evaluate the effect
of ipragliflozin on endothelial dysfunction in
type 2 diabetes and chronic kidney disease:
the PROCEED trial. Cardiovasc Diabetol.
2020 Jun 13;19(1):85.

38 Dushpanova A, Agostini S, Ciofini E, CabiatiM,
Casieri V, Matteucci M, et al. Gene silencing of
endothelial von Willebrand Factor attenuates
angiotensin II-induced endothelin-1 expression
in porcine aortic endothelial cells. Sci Rep. 2016
Jul 22;6:30048.

39 Maung SC, Sara AE, Chapman C, Cohen D,
Cukor D. Sleep disorders and chronic kidney
disease. World J Nephrol. 2016 May 6;5(3):
224–32.

40 Plog BA, Nedergaard M. The glymphatic
system in central nervous system health
and disease: past, present, and future. Annu
Rev Pathol. 2018 Jan 24;13:379–94.

41 Rodriguez L, Tighiouart H, Scott T, Lou K,
Giang L, Sorensen E, et al. Association of
sleep disturbances with cognitive impairment
and depression in maintenance hemodialysis
patients. J Nephrol. 2013 Jan–Feb;26(1):
101–10.

42 Palmer S, Vecchio M, Craig JC, Tonelli M,
Johnson DW, Nicolucci A, et al. Prevalence of
depression in chronic kidney disease: system-
atic review and meta-analysis of observatio-
nal studies. Kidney Int. 2013 Jul;84(1):
179–91.

43 Heo CM, Lee DA, Park KM, Lee YJ, Park S,
Kim YW, et al. Glymphatic system dysfunc-
tion in patients with early chronic kidney
disease. Front Neurol. 2022;13:976089.

44 Jiang X, Wen J, Zhang L, Zheng G, Li X,
Zhang Z, et al. Cerebral blood flow changes in
hemodialysis and peritoneal dialysis patients:
an arterial-spin labeling MR imaging. Metab
Brain Dis. 2016;31(4):929–36.

45 Ampawong S, Klincomhum A, Likitsunton-
wong W, Singha O, Ketjareon T, Panavech-
kijkul Y, et al. Expression of aquaporin-1, -2
and -4 in mice with a spontaneous mutation
leading to hydronephrosis. J Comp Pathol.
2012 May;146(4):332–7.

14 Kidney Dis
DOI: 10.1159/000530635

Xu et al.

https://www.karger.com/Article/FullText/530635?ref=14#ref14
https://www.karger.com/Article/FullText/530635?ref=15#ref15
https://www.karger.com/Article/FullText/530635?ref=15#ref15
https://www.karger.com/Article/FullText/530635?ref=16#ref16
https://www.karger.com/Article/FullText/530635?ref=17#ref17
https://www.karger.com/Article/FullText/530635?ref=18#ref18
https://www.karger.com/Article/FullText/530635?ref=19#ref19
https://www.karger.com/Article/FullText/530635?ref=20#ref20
https://www.karger.com/Article/FullText/530635?ref=21#ref21
https://www.karger.com/Article/FullText/530635?ref=21#ref21
https://www.karger.com/Article/FullText/530635?ref=22#ref22
https://www.karger.com/Article/FullText/530635?ref=23#ref23
https://www.karger.com/Article/FullText/530635?ref=24#ref24
https://www.karger.com/Article/FullText/530635?ref=25#ref25
https://www.karger.com/Article/FullText/530635?ref=26#ref26
https://www.karger.com/Article/FullText/530635?ref=27#ref27
https://www.karger.com/Article/FullText/530635?ref=28#ref28
https://www.karger.com/Article/FullText/530635?ref=29#ref29
https://www.karger.com/Article/FullText/530635?ref=30#ref30
https://www.karger.com/Article/FullText/530635?ref=31#ref31
https://www.karger.com/Article/FullText/530635?ref=31#ref31
https://www.karger.com/Article/FullText/530635?ref=32#ref32
https://www.karger.com/Article/FullText/530635?ref=33#ref33
https://www.karger.com/Article/FullText/530635?ref=34#ref34
https://www.karger.com/Article/FullText/530635?ref=34#ref34
https://www.karger.com/Article/FullText/530635?ref=35#ref35
https://www.karger.com/Article/FullText/530635?ref=35#ref35
https://www.karger.com/Article/FullText/530635?ref=36#ref36
https://www.karger.com/Article/FullText/530635?ref=36#ref36
https://www.karger.com/Article/FullText/530635?ref=37#ref37
https://www.karger.com/Article/FullText/530635?ref=38#ref38
https://www.karger.com/Article/FullText/530635?ref=39#ref39
https://www.karger.com/Article/FullText/530635?ref=40#ref40
https://www.karger.com/Article/FullText/530635?ref=40#ref40
https://www.karger.com/Article/FullText/530635?ref=41#ref41
https://www.karger.com/Article/FullText/530635?ref=42#ref42
https://www.karger.com/Article/FullText/530635?ref=43#ref43
https://www.karger.com/Article/FullText/530635?ref=44#ref44
https://www.karger.com/Article/FullText/530635?ref=44#ref44
https://www.karger.com/Article/FullText/530635?ref=45#ref45
https://doi.org/10.1159/000530635

	Cognitive Impairment in Chronic Kidney Disease Is Associated with Glymphatic System Dysfunction
	Introduction
	Materials and Methods
	Participants and Cognitive Analyses
	MRI Analyses of the Ventricles and PVS
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics
	Analyses of Enlarged PVS and Ventricles in Patients with CKD
	PVS and Ventricle Enlargement Are Closely Related to Cognitive Decline in Patients with CKD
	Independent Predictors for the PVS Area Ratio and Ventricle Area Ratio
	Enlarged PVS and Ventricle Area Ratios Are Closely Related to Cognitive Decline in CKD Patients

	Discussion
	Acknowledgments
	Statement of Ethics
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	Data Availability Statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


