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ARTICLE INFO ABSTRACT

Article history: Here, we tested that standard eyes-closed resting-state electroencephalographic (rsEEG) rhythms may
Received 24 February 2022 characterize patients with mild cognitive impairment due to chronic kidney disease at stages 3-4 (CKDMCI-
Revised 30 May 2023 3&4) in relation to CKDMCI patients under hemodialysis (CKDMCI-H) and mild cognitive impairment (MCI)
ﬁ\clgielggelg ﬂllxzyzzj?]?e 2023 patients with cerebrovascular disease (CVMCI). Clinical and rsEEG data in 22 CKDMCI-3&4, 15 CKDMCI-H, 18

CVMCI, and 30 matched healthy control (HC) participants were available in a national archive. Spectral rsEEG
Keywords: power density was calculated from delta to gamma frequency bands at scalp electrodes. Results showed that
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Mild cognitive impairment (MCI)
Chronic kidney disease (CKD)

(1) all MCI groups over the HC group showed decreased occipital rsEEG alpha power density; (2) compared
to the HC and CVMCI groups, the 2 CKDMCI groups had higher rsEEG delta-theta power density; and (3) the
CKDMCI-3&4 group showed the lowest parietal rsEEG alpha power density. The present rsEEG measures
may be useful to monitor the impact of circulating uremic toxins on brain regulation of cortical arousal for

Hemodialysis

Cerebrovaseular disease quiet vigilance in CKDMCI patients.
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1. Introduction

Chronic kidney disease (CKD) is defined as abnormal kidney
structure or function present for more than 3 months (Levin and
Stevens, 2011). It affects 8-16% of the population (Stevens and Levin,
2013; Chen et al.,, 2019). The loss of kidney function in CKD is pro-
gressive and irreversible. Dialysis and kidney transplantation are
necessary for patients who progress into end-stage renal disease
(Levin and Stevens, 2011).

CKD patients have an increased risk for cerebrovascular disease, with
an improving incidence of cardiovascular events with the progression of
the loss of kidney function (Go et al,, 2008; Spence and Urquhart, 2022).
In general, they are characterized by (1) the usual risk factors for cere-
brovascular disease; (2) additional risk factors such as volume overload,
anemia, oxidative stress, and inflammation; and (3) the cardiovascular
complications (Sarnak et al., 2003; Lim et al., 2021). CKD patients have
also a high risk of mild cognitive impairment (MCI) and dementia, which
may be at least in part induced by cerebrovascular lesions (Lizio et al.,
2018; Miglinas et al., 2020).

Spectral measures derived from eyes-closed resting-state electro-
encephalographic (rsEEG) rhythms were successfully used to assess the
neurophysiological correlates in patients with cognitive deficits due to
several brain diseases (Babiloni et al., 2006; Franko et al., 2016; Bonanni
et al., 2015), even concerning metabolic and renal dysfunctions (Hughes,
1980; Moretti et al., 2007; Lai et al., 2016). As compared to cognitively
unimpaired healthy control (HC) seniors, CKD patients were character-
ized by increased power density in rsEEG delta rhythms (<4 Hz) in as-
sociation with renal deficits (Lai et al, 2016; Gadewar et al., 2015;
Sagales et al,, 1993). Furthermore, CKD patients with severe renal dys-
functions showed high rsEEG delta and delta/alpha (8-12 Hz) power
density ratio with more abnormal values in those with greater “frailty”
(Chao et al., 2017). Finally, CKD patients also exhibited a power density
increase in global rsEEG delta rhythms, inversely correlated with renal
functions and cognitive performance measures (Lai et al., 2016).

Notably, a study of our group evaluated the hypothesis that rsEEG
cortical sources may disclose differences between groups of patients
with MCI due to CKD (CKDMCI) with moderate to severe renal dys-
functions (at stages 3-4; CKDMCI-3&4) and patients with MCI due to
Alzheimer's disease (ADMCI; Lizio et al., 2018). It was observed that
posterior alpha source activities were more abnormally reduced in the
ADMCI than CKDMCI-3&4 group, while widespread delta source activ-
ities were abnormally greater in the CKDMCI-3&4 than ADMCI group
(Lizio et al.,, 2018). These results suggest that prodromal AD (neurode-
generative) processes may mainly affect cortical neural synchronization
at alpha frequencies underpinning brain arousal and low vigilance in
quiet wakefulness. In contrast, CKD (mainly cerebrovascular disease)
processes may principally affect cortical neural synchronization at delta
frequencies, normally low in healthy people.

Notably, the design of the studies quoted above could not disentangle
the impact of uremic (neuro)toxins circulating in the blood and cere-
brovascular disease on rsEEG rhythms recorded in CKD patients (Lizio
et al,, 2018; Lim et al.,, 2021; Spence and Urquhart, 2022). Indeed, those
uremic toxins may accumulate in the brain and have detrimental effects
on cerebral resident cells and microcirculation (Natale et al., 2021),
possibly inducing MCI and dementia (Peacock, 2020; Kim et al,, 2022;
Rroji et al,, 2022). Such an accumulation can be mitigated by hemo-
dialysis (Lim et al.,, 2021; Spence and Urquhart, 2022), although it is
unable to completely remove the uremic toxins (Meyer et al., 2007) and
may induce well-known side effects (e.g., abnormal blood pressure,
muscle cramps, itching, sleep problems, anemia, bone diseases).

Here, we tested that standard spectral rsEEG measures may char-
acterize CKDMCI-3&4 patients in relation to CKDMCI patients under
hemodialysis (CKDMCI-H) and MCI patients with cerebrovascular dis-
ease (CVMCI), possibly unveiling the impact of circulating uremic
(neuro)toxins on brain regulation of cortical arousal for quiet vigilance in

CKDMCI patients. Clinical and rsEEG data in CKDMCI-3&4, CKDMCI-H,
CVM(], and matched HC participants were available in a national ar-
chive. Spectral rsEEG power density was calculated from delta to gamma
frequency bands at scalp electrodes. Compared to the datasets used in
the reference study by Lizio et al. (2018), the present study was based on
original, unpublished datasets in the CKDMCI-H group as a model of CKD
with a relatively low level of uremic (neuro) toxins, and in the CVMCI
group, as a model of cerebrovascular disease with a relatively normal
level of uremic (neuro)toxins.

2. Materials and methods

As mentioned above, all the present clinical and rsEEG datasets
relative to the 15 CKDMCI-H and 18 CVMCI patients were original
and unpublished. The datasets relative to the 22 CKDMCI-3&4 pa-
tients were re-used from the reference study by Lizio et al. (2018).
The datasets relative to the 30 HC participants were used in our
previous studies as controls for MCI patients.

2.1. Participants

Testing the present study hypothesis was based on the selection
of 22 CKDMCI-3&4, 15 CKDMCI-H, 18 CVMC(I, and 30 HC datasets
from a national archive formed from 60 HC, 35 CVMCI, and 46
CKDMCI participants (Fig. 1).

That selection was obviously made blind on rsEEG data to avoid
logical circularity. The criteria for the selection were (1) the max-
imization of the participants’ number in each group; (2) the mini-
mization of the differences in the Mini-Mental State Examination
(MMSE) score (Folstein et al., 1975) probing the global cognitive
status; and (3) the minimization of the differences of age, sex, and
education among the 4 participants’ groups among the 3 MCI
groups. In the case of the choice of one of two participants with the
same demographic features from a given group, it was necessary to
minimize the mean demographic differences between that group
and the others; the choice was done randomly. More detailed in-
formation on the enrolled participants is given in the following.

The CKDMCI patients were serially enrolled in a randomized way
at the Department of Emergency and Organ Transplantation of the
Hospital of the University of Bari (Italy) during a local clinical trial of
the project entitled “OPportunities for active and healthy LONgevity”
(OPLON - “National Smart Cities” D.D. n. 391/Ric, July 5, 2012; http://
www.oplon.eu/it_IT/), granted by Italian Ministry of University and
Research. In that clinical trial, 46 CKDMCI participants were re-
cruited. Four out of the 46 CKDMCI patients withdrew from the
study. Five of the 46 CKDMCI patients showed artifacts in more than
60% of the rsEEG epochs and were discharged from further analyses.
The final groups of CKDMCI patients were formed by 37 CKDMCI
patients: 22 CKDMCI-3&4 and 15 CKDMCI-H.

The CVMCI patients were serially enrolled in a randomized way at
the IRCCS San Raffaele Pisana and Sapienza University of Rome (ltaly)
during a local clinical trial of the project entitled “Does rehabilitation with
a 10-Hz sensory stimulation improve brain rhythms and cognitive-motor
performance in neurological patients? Towards Internet-based clinical ap-
plications at subjects” (10-Hz rehabilitation; project code: GR-2008-
1143090)” granted by the Italian Ministry of Health. In that clinical trial,
35 CVMCI were recruited. Eighteen out of the 35 CVMCI patients were
selected to be demographically matched with the 2 CKDMCI groups (i.e.,
CKDMC(I-3&4 and CKDMCI-H).

Finally, the HC participants were enrolled at the following clinical
units of our national consortium: IRCCS San Giovanni di Dio
Fatebenefratelli of Brescia, IRCCS AOU S Martino-IST of Genoa, and
IRCCS Oasi Research Institute of Troina. In those clinical units, 60 HC
were recruited. Thirty of the 60 HC patients were selected to be
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FLOWCHART OF PATIENTS' ENROLLMENT

HC CVMCI Inclusion/Exclusion
criteria
(N=60) (N=35) (N=46)
CKDMCI CKDMCI CKDMCI
withdrew from the study with no quality EEG
(N=4) (N=37) (N=5)
| |
HC CVMCI CKDMCI-H CKDMCI-3&4
demogr. matched ‘ demogr. matched ‘

(N=38) (N=23) (N=15) (N=22)

Fig. 1. Flowchart illustrating the selection of 22 patients with mild cognitive impairment due to chronic kidney disease at stages 3-4 (CKDMCI-3&4), 15 patients with MCI due to
chronic kidney disease under hemodialysis (CKDMCI-H), 23 patients with MCI due to cerebrovascular disease (CVMCI), and 30 matched healthy control participants (HC). The
selection was done in blind on eyes-closed resting-state electroencephalographic (rsEEG) data, considering only the maximization of the enrollment and the minimization of the
differences of age, sex, and education among the 4 participants’ groups of the present study from the original database formed from 60 HC, 35 CVMCI, and 46 CKDMCI participants.

demographically matched with the 3 MCI groups (i.e., CKDMCI-3&4,
CKDMCI-H, and CVMCI).

Fig. 1 illustrates the flowchart of the CKDMCI-3&4, CKDMCI-H,
CVMCI, and HC participants’ enrollment.

The present investigation was performed in agreement with the
Code of Ethics of the World Medical Association (Declaration of
Helsinki) and received formal approval from the local Ethics Review
Board. All participants or their caregivers expressed their written
informed consent.

2.2. Diagnostic criteria

In all CKDMCI patients (i.e., CKDMCI-3&4 and CKDMCI-H), the blood
sampling was collected and analyzed to extract the levels of glomerular
filtration rate, total indoxyl sulphate, total p-cresyl sulphate, blood urea
nitrogen, serum calcium, chloremia, serum creatinine, hemoglobin,
serum phosphorus, serum potassium, natremia, and uricimia.

All CKDMCI patients were then assessed by physical and neuro-
logical exams, the Clinical Dementia Rating (CDR), the Geriatric
Depression Scale (GDS; Brown and Schinka, 2005), the modified
Hachinski Ischemic Scale (Rosen et al., 1980), the Mini-Mental State
Evaluation (MMSE) as a measure of global cognition (Folstein et al.,
1975), and the following battery of neuropsychological tests: (1) the
Rey-Osterrieth Complex Figure test (immediate and delayed recall)
for the executive and visuospatial functions (Osterrieth, 1944); (2)
the Prose Memory test (immediate and delayed recall) for the epi-
sodic memory (Spinnler and Tognoni, 1987); (3) the Verbal fluency
test (both for letters and category) for the language and executive
functions (Novelli et al., 1986); and (4) the Trail making test (part A
and B) for the visuomotor, attention, and executive functions (Reitan,
1958). The CDR <1 and the scores of this battery grounded the di-
agnosis of multi-domain MCI in all CVMCI patients of the present
study. Notably, we controlled for important nuisance variables in the
data analysis design. All CKDMCI patients were selected to have the
GDS (15-item GDS; Brown and Schinka, 2005) score of <10, pointing
to the absence of depression. Furthermore, these CKDMCI patients
were selected to have low cerebrovascular risk as indicated by
modified Hachinski ischemia scores <5 (Rosen et al., 1980) and to
form groups of hemodialysis vs. conservative pharmacological
therapy with matched MCI status, age, gender, educational at-
tainment, and depression score.

In all CVMCI patients, clinical, neuropsychological, and rsEEG
data were acquired in the sub-acute phase after stroke (about 1
month after the event) when the patient’s general condition allowed
for the administration of all experimental procedures. All CVMCI
patients were assessed by physical and neurological exams, the
Stroke Scale of the National Institutes of Health, the CDR, the GDS
(Brown and Schinka, 2005), the modified Hachinski Ischemia Scale
(Rosen et al., 1980), the MMSE (Folstein et al., 1975), and a standard
battery of neuropsychological tests probing short-term and episodic
memory, language, executive function/attention, and visuo-con-
struction abilities. The CDR <1 and the scores of this battery
grounded the diagnosis of multi-domain MCI in all CVMCI patients
of the present study.

All HC participants of the present study were also assessed by
physical and neurological exams, the CDR, the GDS (Brown and
Schinka, 2005), the modified Hachinski Ischemia Scale (Rosen et al.,
1980), and the MMSE (Folstein et al., 1975). Short-term and episodic
memory, language, executive function/attention, and visuo-con-
struction abilities were evaluated during the neurological exam.
They all were judged as having a normal cognitive status, and the
GDS score showed no depression. Particular attention was devoted
to excluding individuals with chronic systemic illnesses (e.g., dia-
betes mellitus) and any previous or present neurological or psy-
chiatric diseases.

2.3. 1SEEG recordings and preliminary data analysis

All participants received rsEEG recordings in the late morning to
minimize somnolence. In the CKDMCI-H, the recording was the day
between 2 hemodialytic treatments, thus avoiding the acute short-
term effects of the hemodialysis (Lai et al., 2018). rsEEG data were
acquired for about 5minutes from a minimum number of 19 ex-
ploring scalp electrodes (10-20 System). The linked earlobe re-
ference electrode was preferred, but not mandatory, to respect the
clinical recording units’ methodological facilities and standard in-
ternal protocols. A ground electrode was typically located between
the AFz and Fz electrodes, and electrode impedances were kept
below 5 KOhm. Horizontal and vertical electro-oculographic activ-
ities (0.3-70 Hz bandpass) were also recorded to evaluate blinking
and eye movements.
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Band-passing (0.1 Hz and 100 Hz, to avoid aliasing) and down-
sampling to 128 Hz (when recorded with higher sampling fre-
quency) were applied to the recorded rsEEG data. rsEEG recording
was partitioned into 2-second consecutive epochs and analyzed
offline. Particular attention was paid to the removal of epochs af-
fected by physiological (i.e., ocular/ blinking, muscular, and head
movements) or non-physiological (i.e., sweat, bad contact between
electrodes and scalp, etc.) artifacts based on the visual analysis by
two experts of EEG signals (C.D.P, RL., G.N., or S.L.).

2.4. Scalp power density of rsEEG rhythms

The power density of scalp rsEEG rhythms (0.5 Hz resolution) at
each electrode was computed on artifacts-free rsEEG epochs with a
standard digital FFT-based analysis (Welch technique, Hanning
windowing function, no phase shift), using the official freeware tool
called exact low-resolution brain electromagnetic tomography
(Pascual-Marqui, 2007).

The EEG frequency bands of interest were individually identified
based on the transition frequency (TF) and individual alpha fre-
quency (IAF) landmarks (Klimesch, 1999; 2012). The TF marks the
transition frequency between the theta and alpha bands, defined as
the minimum rsEEG power density between 3 and 8 Hz. The IAF is
defined as the maximum power density peak between 6 and 14 Hz.
Based on the TF and IAF, we estimated the individual delta, theta,
and alpha bands as follows: delta from TF -4 Hz to TF -2 Hz, theta
from TF -2 Hz to TF, alpha 1 from TF to the frequency midpoint of the
TF-IAF range and alpha 2 from that midpoint to IAF, and alpha 3
(high-frequency alpha) from IAF to IAF +2 Hz. Then, we considered
the predetermined beta 1 (14-20 Hz), beta 2 (20-30 Hz), and gamma
(30-40 Hz) bands.

For each participant, the regional normalized rsEEG power den-
sity at the scalp electrode level was evaluated. In detail, the proce-
dure was performed as follows: (1) for each participant, the scalp
rsEEG power density at each electrode was normalized to the mean
of the power density values across all frequency bins (i.e., 0.5-45 Hz)
and electrodes (i.e., 19); (2) the regional normalized scalp rsEEG
power density was calculated averaging the normalized scalp rsEEG
power density within the following groups of electrodes (regions of
interest, ROIs): F7, F3, Fz, F4 and F8 for the frontal, C3, Cz, and C4 for
the central, P3, Pz, and P4 for the parietal, T3, T4, T5, and T6 for the
temporal, and 01 and 02 for the occipital regions; and (3) the re-
gional normalized scalp rsEEG power density values within each
band of interest were averaged to obtain the frequency band values.

2.5. Statistical analysis of the regional normalized scalp rsEEG power
density

A statistical session was performed by the commercial tool
STATISTICA 10 (StatSoft Inc., www.statsoft.com) to test the working
hypothesis that resting-state eyes-closed rsEEG rhythms at delta,

Table 1

theta, and alpha frequencies may differ among CKDMCI-3&4,
CKDMCI-H, CVMCI, and HC groups. To address that issue, a multi-
variate analysis of variance (MANOVA) was computed (p < 0.05).
The MANOVA used the regional normalized scalp rsEEG power
density values as multiple dependent variables. Since MANOVA
implies that dependent variables approximate Gaussian distribu-
tions and the regional normalized scalp rsEEG power density dis-
tributions may not fit this feature, we computed the Logl0
transformation of rsEEG power density values for each participant
and frequency band of interest. Afterward, we confirmed their
Gaussian distribution by the Kolmogorov-Smirnov test (p < 0.05).

Mauchly’s test evaluated the sphericity assumption. The
Greenhouse-Geisser procedure was used to adjust for lack of
sphericity (i.e., the correction functions as both an estimate of ep-
silon and a correction for lack of sphericity). Duncan test was used
for post-hoc comparisons (p < 0.05, corrected for multiple compar-
isons).

The MANOVA factors were Group (HC, CVMCI, CKDMCI-3&4, and
CKDMCI-H), band (delta, theta, alpha1, alpha2, alpha3, betal, beta2,
gamma), and ROI (frontal, central, parietal, occipital, and temporal).
The confirmation of the working hypothesis would require (1) a
statistically significant ANOVA interaction including the factors
group (p < 0.05) and (2) a post-hoc Duncan test indicating statisti-
cally significant (p < 0.05 Bonferroni corrected) differences in the
regional/global normalized scalp rsEEG power density at delta, theta,
and alpha frequencies among the three MCI groups (p < 0.05
Bonferroni corrected).

The statistical analysis results were controlled by the iterative
(leave-one-out) Grubbs’ test detecting the presence of one or more
outliers in the distribution of the regional normalized scalp rsEEG
power density values. We tested the null hypothesis of the non-
outlier status at the arbitrary threshold of p > 0.001 to remove only
individual values with a high probability of being outliers.

3. Results

3.1. Demographic data and global cognitive status in the HC, CVMCI,
CKDMCI-3&4, and CKDMCI-H groups

Table 1 summarizes (1) the most relevant demographic (i.e., age,
sex, and education attainment) and clinical (i.e., MMSE score) fea-
tures observed in the HC, CVMCI, CKDMCI-3&4, and CKDMCI-H
groups and (2) the presence or absence of statistically significant
differences (p < 0.05) between the 4 groups for the age (ANOVA),
sex (Freeman-Halton test), educational attainment (ANOVA), and
MMSE score (Kruskal-Wallis ANOVA). As expected, a statistically
significant difference was found for the MMSE score (H = 34.3,
p < 0.001), showing a higher score in the HC group than the three
MCI groups (i.e., CVMCI, CKDMCI-3&4, and CKDMCI-H). On the
contrary, no statistically significant differences were found for the
age, seX, and educational attainment among the 4 groups (p > 0.05).

Mean values (+ SE) of the demographic characteristics and global cognitive status (i.e., MMSE score) as well as the results of their statistical comparisons (p < 0.05) in the groups

of HC participants, CVMCI, CKDMCI-3&4, and CKDMCI-H

HC CVMCI CKDMCI-3&4 CKDMCI-H Statistical analysis
N 30 18 22 15
Age (+SE) 69.7 (+ 1.2) 713 (+ 1.8) 723 (% 1.1) 713 (£ 1.7) ANOVA: n.s.
Sex (M/F) 17/13 10/8 15/7 10/5 Freeman-Halton: n.s.
Education ( £ SE) 11.0 (+ 0.8) 10.7 (+ 0.7) 123 (£ 1.5) 123 (+ 2.0) ANOVA: n.s.
MMSE ( +SE) 28.6 (+0.2) 251 (£ 0.6) 252 (+ 0.6) 26.1 (£ 0.6) Kruskal-Wallis ANOVA: H=34.34 p < 0.001

Key: CKDMCI-3&4, patients with MCI due to chronic kidney disease at pathological stages 3-4; CKDMCI-H, patients with MCI due chronic kidney disease under hemodialysis;
CVMCI, patients with mild cognitive impairment due to cerebrovascular disease; HC, healthy control; MMSE, Mini-Mental State Examination; n.s., not significant, SE, standard

error of the mean.
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Table 2

Mean values (+ SE) of the neuropsychological tests and results of their statistical comparisons (p < 0.05, Bonferroni corrected) in the CKDMCI-3&4 and CKDMCI-H groups (for each
neuropsychological test, the cut-point for normality and the percentage of the CKDMCI patients with the pathological score are also reported)

Neuropsychological data

CKDMCI-3&4
Mean + SE (%participants
with abnormal score)

CKDMCI-H T test
Mean * SE (%participants

Cut point for normality

with abnormal score)

Prose memory test, immediate recall
Prose memory test, delayed recall
Rey figure, copy

Rey figure, delayed recall

Trail making test A

Trail making test B

Trail making test B-A

Verbal fluency for letter

Verbal fluency for category

5.5 + 0.4 (100%)
53 + 0.6 (100%)
315 + 1.4 (26%)
16.8 + 15 (12%)
60.9 £ 6.7 (14%)
120.5 £ 13.5 (5%)
59.7 + 9.5 (5%)
33.4 + 2.0 (0%)
371 £ 1.7 (0%)

51 + 0.6 (100%) n.s. >8
5.4 + 0.6 (100%) ns. >8
30.8 + 1.5 (33%) ns. >28.8
19.9 + 1.2 (0%) n.s. >9.47
69.6 + 11.2 (20%) n.s. <93
154.4 + 21.6 (7%) n.s. <282
84.8 + 111 (7%) n.s. <186
291 + 1.6 (0%) n.s. >17
35.3 + 1.8 (0%) ns. >25

Key: CVMCI, patients with mild cognitive impairment due cerebrovascular disease; CKDMCI-3&4, patients with mild cognitive impairment due to chronic kidney disease at stages
3-4; CKDMCI-H, patients with mild cognitive impairment due to chronic kidney disease under hemodialysis; n.s., not significant; SE, standard error of the mean.

3.2. Neuropsychological data in the CKDMCI-3&4 and CKDMCI-H
groups

Table 2 reports (1) the mean values ( + standard error of the
mean, SE) of the neuropsychological tests (i.e., Prose memory test
immediate and delayed recall, Rey figure immediate and delayed
recall, Trail making test A, B, B-A, Verbal fluency for letters and
categories) in the 2 CKDMCI groups (i.e., CKDMCI-3&4 and CKDMCI-
H); (2) the cut-off scores of the above-mentioned neuropsycholo-
gical tests; (3) the percentage of the CKDMCI participants with the
pathological score for each group; and (4) the presence or absence of
statistically significant differences (T-test, p < 0.05 Bonferroni cor-
rected) between the 2 CKDMCI groups for the neuropsychological
tests used. To consider the inflating effects of repetitive univariate
tests, the statistical threshold was set at p < 0.00556 (i.e., 9 neu-
ropsychological tests, p < 0.05/9 = 0.00556) to obtain the Bonferroni
correction at p < 0.05. No statistically significant differences were
found, either with (p > 0.00556) or without (p > 0.05) correction.

3.3. Clinical and biological data in the CKDMCI-3&4 and CKDMCI-H
groups

Table 3 reports (1) the mean values ( = SE) of the clinical data (i.e.,
Clinical Dementia Rating, Hachinski Ischemic Scale, and Geriatric
Depression Scale) and biological markers (i.e., glomerular filtration
rate, total indoxyl sulphate, total p-cresyl sulphate, blood urea ni-
trogen, serum calcium, chloremia, serum creatinine, hemoglobin,
serum phosphorus, serum potassium, natremia, and uricimia) in the
2 CKDMCI groups (i.e., CKDMCI-3&4 and CKDMCI-H); (2) the cut-off
scores of those mentioned above clinical and biological markers; (3)
the percentage of the CKDMCI participants with the pathological
score for each group; and (4) the presence or absence of statistically
significant differences (T-test, p < 0.05 Bonferroni corrected) be-
tween the 2 CKDMCI groups for the clinical and biological markers
used. To consider the inflating effects of repetitive univariate tests,
the statistical threshold was set at p < 0.003 (i.e., 15 clinical and
biological tests, p < 0.05/15=0.003) to obtain the Bonferroni cor-
rection at p < 0.05. No statistically significant differences were
found for clinical markers, either with (p > 0.003) or without
(p > 0.05) correction. On the contrary, as expected, statistically sig-
nificant differences (p < 0.003) were found for the following biolo-
gical markers: glomerular filtration rate, blood urea nitrogen, serum
creatinine, hemoglobin, serum phosphorus, serum potassium, and
uricemia.

3.4. Regional normalized scalp rsEEG power density in the HC, CVM(I,
CKDMCI-3&4 and CKDMCI-H groups

The mean TF was 5.9 Hz ( = 0.2 SE) in the HC group, 5.7 Hz (£ 0.2
SE) in the CVMCI group, 5.8 Hz ( £ 0.3 SE) in the CKDMCI-3&4 group,
and 5.1 Hz (% 0.2 SE) in the CKDMCI-H group. Furthermore, the
mean IAFp was 9.4 Hz ( £ 0.2 SE) in the HC group, 9.1 Hz (+ 0.2 SE) in
the CVMCI group, 9.3 Hz (£ 0.3 SE) in the CKDMCI-3&4 group, and
9.0Hz (£ 0.3 SE) in the CKDMCI-H group. Two ANOVAs (p < 0.05)
were performed to evaluate the presence or absence of statistically
significant differences (p < 0.05) among the 4 groups (i.e., HC,
CVMCI, CKDMCI-3&4, and CKDMCI-H). No statistically significant
differences were found (p > 0.05).

Fig. 2 shows the mean values ( + SE, log-10 transformed) of the
regional normalized scalp rsEEG power density relative to a statis-
tically significant MANOVA interaction effect (F = 3.9, p < 0.001)
among the factors group (HC, CVMCI, CKDMCI-3&4, and CKDMCI-H),
band (delta, theta, alphal, alpha2, alpha3, betal, beta2, gamma), and
ROI (frontal, central, parietal, occipital, and temporal). The HC group
showed maximum magnitude in the occipital (maximum), parietal,
and temporal, alpha 2-3 power density. Compared to the HC group,
the 3 MCI groups (i.e., CVMCI, CKDMCI-3&4, and CKDMCI-H) showed
a substantial decrease in the occipital alpha 2-3 power density.
Compared to the HC and CVMCI groups, the 2 CKDMCI groups (i.e.,
CKDMCI-3&4 and CKDMCI-H) showed a substantial increase in the
frontal, central, and parietal delta-theta power density. Finally, to
the HC, CVMCI, and CKDMCI-H groups, the CKDMCI-3&4 group
showed a clear decrease in the parietal alpha 2-3 power density.
Table 4 reports the Duncan planned post-hoc (p < 0.05 Bonferroni
correction for 8 frequency bands x 5 ROI = 40, p < 0.05/
40=0.00125), size effect by Cohen’s d, and sample size by an alpha
level of 0.05 and desired power of 0.8 for the above MANOVA group
x band x ROI interaction.

The MANOVA also showed a statistically significant group x band
interaction effect (F = 5.2, p < 0.001; see Supplementary Materials).

Of note, these findings were not due to outliers from regional
normalized scalp rsEEG power densities (log-10 transformed), as
shown by Grubbs’ test with an arbitrary threshold of p > 0.001.

3.5. Control analysis

In the Supplementary Materials, we reported the results of a control
analysis corroborating the main analysis results. That control analysis
showed that occipital alpha 2-3 normalized scalp rsEEG power density
was related to MMSE score as an index of global cognition.



R. Lizio, S. Lopez, C. Babiloni et al./ Neurobiology of Aging 130 (2023) 70-79

Table 3

75

Mean values (+ SE) of the clinical and biological data and results of their statistical comparisons (p < 0.05, Bonferroni corrected) in the CKDMCI-3&4 and CKDMCI-H groups (for
each clinical and biological data, the cut-point for normality and the percentage of the CKDMCI patients with the pathological score are also reported)

Clinical and biological data

CKDMCI-3&4 CKDMCI-H T test Cut point for normality
Mean + SE (%participants Mean + SE (%participants
with abnormal score) with abnormal score)
Clinical Dementia Rating (CDR) 0.3 + 0.1 SE (60%) 0.3 + 0.1 SE (40%) n.s. 0 dementia absent
Hachinski Ischemic Scale (HIS) 1.2 + 0.1 SE (100%) 1.6 + 0.4 SE (100%) n.s. 0 ischemia symptom absent
Geriatric Depression Scale (GDS) 3.0 £ 0.4 SE (0%) 3.7 £ 0.5 SE (0%) n.s. <10 depression absent
Glomerular Filtration Rate (eGFR; 39.9 + 2.6 SE (100% - N=22) 5.9 £ 0.5 SE (100% - N=15) p <0.001  >90ml/min
ml/min)
Total indoxyl sulphate (pg/ml) 39+ 1.7SE (0% -N=9) 12.2 £ 4.5 SE (0% - N=4) p <0.05 <0.76 mg/100 ml
Total p-cresyl sulphate (pg/ml) 12.0 + 2.8 SE (0%) 21.8 + 7.4 SE (0%) n.s. <0.051 mg/100 ml
Serum calcium (mg/dl) 9.1 + 0.2 SE (13.3%) 10.0 = 0.3 SE (55.6%) n.s. 8.5-10.5 mg/dl
Blood urea nitrogen (mg/dl) 2.4 £ 0.2 SE (100%) 0.6 + 0.1 SE (100%) p <0.001 6-20mg/dl
Chloremia (mEq/l) 101.5 + 1.4 SE (33.3%) 102.6 + 0.6 SE (0%) n.s. 98-107 mEq/l
Serum creatinine (mg/dl) 1.7 + 0.1 SE (70%) 0.7-1.3 mg/dl

Hemoglobin (gr/dl) 13.3 £ 0.4 SE (41%)
Serum phosphorus (mg/dl)
Serum potassium (mEq/1)
Natremia (mEq/1)

Uricemia (mg/dl)

3.5 + 0.3 SE (20%)
4.7 + 01 SE (211%)
140.5 + 0.7 SE (15.8%)
51 + 0.4 SE (13.3%)

51 + 1.3 SE (100%) p < 0.001
111 + 0.4 SE (87%)

p <0.005 12.4-14.9 g/dl (male)

11.7-13.8 g/dl (female)

1.8 + 0.2 SE (66%) p <0001  2.50-4.80 mg/dl

3.7 + 0.1 SE (22.2%) p <0001 3.5-5mEq/l

137.8 + 0.9 SE (22.2%) p <001  136-145mEq/l

1.2 + 0.1 SE (100%) p <0001 3.4-7.0mg/dl (male)

2.4-5.7 mg/dl (female)

Key: CVMCI, patients with mild cognitive impairment due cerebrovascular disease; CKDMCI-3&4, patients with mild cognitive impairment due to chronic kidney disease at stages
3-4; CKDMCI-H, patients with mild cognitive impairment due to chronic kidney disease under hemodialysis; n.s., not significant; SE, standard error of the mean.

4. Discussion

The present retrospective and cross-sectional investigation can
be considered a new significant experimental step forward in rela-
tion to the reference study by Lizio et al. (2018). From a clinical point
of view, a significant novelty is represented by the inclusion of two
new groups of patients: a group of CKDMCI patients on hemodialysis
and a group of CVMCI patients. These groups allowed us to test the
hypothesis that spectral rsEEG measures may show different ab-
normalities in CKDMCI patients due to different disease stages and

treatments regardless of the cerebrovascular disease. Of note, the
experimental design included the CKDMCI-3&4 group as a model of
cerebrovascular disease with a high level of uremic (neuro)toxins,
the CKDMCI-H group as a model of cerebrovascular disease with a
low/medium level of uremic toxins, and the CVMCI group as a model
of cerebrovascular disease without an abnormal level of uremic
toxins. We hypothesized that due to the high level of circulating
uremic toxins, the group of CKDMCI-3&4 patients might be char-
acterized by higher abnormalities in spectral rsEEG measures com-
pared to the groups of CKDMCI-H and CVMCI patients.

STATISTICAL ANOVA INTERACTION AMONG GROUP, BAND AND ROI

Normalized rsEEG regional power density
(Log10 transformed
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Fig. 2. Regional normalized scalp rsEEG power density (mean across participants, log-10 transformed) relative to a statistical MANOVA interaction (F = 3.9, p < 0.001) among the
group (HC, CVMCI, CKDMCI-3&4, and CKDMCI-H), band (delta, theta, alphal, alpha2, alpha3, betal, beta2, gamma), and ROI (frontal, central, parietal, occipital, and temporal).
Abbreviations: CKDMCI-3&4, patients with mild cognitive impairment due to chronic kidney disease at stages 3-4; CKDMCI-H, patients with mild cognitive impairment due to
chronic kidney disease under hemodialysis; CVMCI, patients with mild cognitive impairment due cerebrovascular disease; HC, healthy control participants; MANOVA, multi-
variate analysis of variance; ROI, region of interest; rsEEG, resting-state electroencephalographic.
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The present original results can be summarized as follows: (1)
compared to the HC group, the three MCI groups (i.e., CVMCI,
CKDMCI-3&4, and CKDMCI-H) showed a substantial decrease in the
occipital rsEEG alpha power density; (2) compared to the HC and
CVMCI groups, the two CKDMCI groups (i.e., CKDMCI-3&4 and
CKDMCI-H) showed a substantial increase in the frontal, central, and
parietal rsEEG delta-theta power density; and (3) compared to the
HC, CVMCI, and CKDMCI-H groups, the CKDMCI-3&4 group showed a
clear decrease in the parietal rsEEG alpha power density. They ex-
tend and complement the following previous rsEEG studies showing
that: (1) cortical rsEEG delta rhythms were more abnormal in the
present CKDMCI patients at the disease stages 3-4 than in ADMCI
patients (Lizio et al., 2018); (2) depression levels, cognitive deficits,
and global rsEEG delta rhythms averaged across all scalp sensors
were significantly greater in magnitude in CKD patients on hemo-
dialysis than those under conservative pharmacological treatments
(Lai et al., 2016); and (3) topographically widespread rsEEG delta
rhythms were significantly greater in magnitude in CKD hemodia-
lysis patients with low-moderate clinical “frailty” as compared to
those with higher clinical “frailty” (Chao et al., 2017).

When compared to the HC group, both CKDMCI groups of the
present study showed higher frontal-centro-parietal rsEEG del-
ta-theta rhythms, possibly due to abnormalities in cortico-thalamic
and thalamocortical functional connectivity involved in cortical
neural synchronization mechanisms underpinning cortical arousal
in relation to vigilance and sleep-wake cycle (Steriade and Llinas,
1988; Dossi et al., 1992; Pfurtscheller and Lopes da Silva, 1999;
Rodriguez et al., 2016; Latreille et al., 2016). Both CKDMCI groups
also showed reduced occipital rsEEG alpha rhythms, possibly due to
abnormalities in ascending subcortical cholinergic neuromodulator
systems impinging upon cortico-thalamic and thalamocortical
functional connectivity involved in the mentioned cortical neural
synchronization mechanisms (Babiloni et al., 2020a, 2020b; Crunelli
et al,, 2015; Klimesch, 1999; Pfurtscheller and Lopes da Silva, 1999).

It is presently unclear why those rsEEG delta-theta and alpha
rhythms were so abnormal in the CKDMCI patients under conven-
tional therapy and on hemodialysis, with a particular abnormality in
the posterior rsEEG alpha rhythms in the CKDMCI patients on he-
modialysis. According to a general theoretical framework, the
mentioned abnormalities at centro-parietal rsEEG delta-theta and
alpha rhythms in CKDMCI patients may reflect the effects of an ab-
normal accumulation of neurotoxic proteins, chronic neuroin-
flammation, cerebrovascular disorders, and neurodegeneration on
the neurophysiological oscillatory mechanisms shortly described
above (Babiloni et al., 2013a, 2013b; Killiany et al., 1993; Fernandez
et al., 2003; Peraza et al., 2014, 2015; Jovicich et al., 2019; Rodriguez
et al., 2016; Latreille et al., 2016). Furthermore, it can be speculated
that in the present CKDMCI patients, circulating neurotoxic proteins
in the blood may induce oxidative stress, uremia, and neuroin-
flammation with a significant role in the alteration in rsEEG rhythms
reflecting those abnormal neurophysiological mechanisms, in addi-
tion to cerebrovascular lesions typically observed in the patients’
cerebral white matter (Berr et al, 2000; Ikizler et al., 2002;
Himmelfarb, 2009; Seliger and Longstreth, 2008; Wardlaw et al.,
2003; Kalimo, 2003; Weiner et al., 2009; De Deyn et al., 2009;
Bugnicourt et al., 2013).

In the interpretation of the present findings, the following
methodological limitations should be carefully considered: (1) the
relatively small number of CKDMCI patients (i.e., N=15-22); (2) the
different calendar time, settings, and equipment used in the rsEEG
recordings for the CDKMCI, CVMCI, and HC participants; (3) the lack
of clinical follow-ups in the MCI patients; and (4) lack of neuroi-
maging scans and relevant fluid biomarkers. These limitations sug-
gest the need for a future prospective, longitudinal, cross-validation,
and multi-center study in which clinical, neuropsychological,

biofluid, rsEEG, and neuroimaging data will be collected in harmo-
nized ways and centrally analyzed at baseline and follow-ups in new
cohorts of CDKMCI, CVMCI, and HC participants in the framework of
the same clinical trial.

5. Conclusions

This retrospective and exploratory study tested the hypothesis
that rsEEG rhythms may characterize CKDMCI patients in relation to
(1) different disease stages and treatment and (2) patients with
CVMCL.

The original results of the present study showed that compared
to the HC group, the three MCI groups (i.e., CVMCI, CKDMCI-3&4, and
CKDMCI-H) showed a substantial decrease in the occipital rsEEG
alpha power density. Compared to the HC and CVMCI groups, the
two CKDMCI groups (i.e., CKDMCI-3&4 and CKDMCI-H) showed a
substantial increase in the frontal, central, and parietal rsEEG del-
ta-theta power density. Finally, compared to the HC, CVMCI, and
CKDMCI-H groups, the CKDMCI-3&4 group showed the lowest par-
ietal rsEEG alpha power density.

The present standard spectral rsEEG measures grounded on the
delta, theta, and alpha rhythms did unveil different topographical
abnormalities in CKDMCI patients evaluated at different disease
stages and treatments, partially independent of cerebrovascular le-
sions. These results suggest that beyond the cerebrovascular im-
pairment, circulating uremic toxins (especially expressed in the
present CKDMCI-3&4) may have a peculiar deleterious effect on
brain neurophysiological oscillatory mechanisms regulating cortical
arousal and vigilance. Therefore, the use of hemodialytic treatment
in CKDMCI-3&4 patients should be carefully considered to improve
the regulation of cortical arousal and vigilance, impacting their
quality of social life, for example, to allow following quiet TV pro-
grams and social conversions with friends and relatives. In this
sense, the present rsEEG measures may be useful topographical
biomarkers to monitor that brain function in those CKDMCI patients
and the effects of pharmacological and non-pharmacological inter-
ventions.
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