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rhythms inmild cognitive impairment participants

Susanna Lopez1 Claudio Del Percio1 Roberta Lizio1,2 GiuseppeNoce3

Matteo Carpi1 Dario Arnaldi4,5 Francesco Famà4,5 Matteo Pardini4,5

FedericoMassa4,5 FrancoMarinozzi6 Fabiano Bini6 Giorgia Treves1,6

Andrea Soricelli3,7 Marco Salvatore3 Franco Giubilei8 Laura Ziccardi8

Bahar Güntekin9,10 Görsev Yener11,12 Raffaele Ferri2 Bartolo Lanuzza2

Fabrizio Stocchi13,14 Laura Vacca13 Chiara Coletti13 Francesco Infarinato13

Paola Romano13 MoiraMarizzoni15 Giovanni B. Frisoni16,17 Paolo Barone18

Arianna Cappiello18 Sofia Cuoco18 Laura Bonanni19 Anita D’Anselmo19

Angelo Antonini20,21 Eleonora Fiorenzato21 Simone Cauzzo1 Roberta Biundo21,22

Fabrizia D’Antonio23 Maria Francesca De Pandis24,25 SimoneMarziali24

Giuseppe Bruno23 Filippo Carducci1,2 Claudio Babiloni1,2,4

Correspondence

Claudio Babiloni, Department of Physiology

and Pharmacology “V. Erspamer,” Sapienza

University of Rome, P. le A.Moro 5, 00185

Rome, Italy.

Email: claudio.babiloni@uniroma1.it

Funding information

PDWAVES Consortium; ItalianMinistry of

Health; ItalianMinistry of University

Abstract

INTRODUCTION: We evaluated whether the brain glymphatic drainage function

estimated by the diffusion tensor imaging along the perivascular space (DTI-ALPS)

index relates to white matter (WM) integrity, Alzheimer’s disease (AD) neuropathol-

ogy, resting-state electroencephalogram (rsEEG) alpha rhythms underpinning quiet

vigilance, and cognitive decline in mild cognitive impairment (MCI).

METHODS: Clinical, neuroimaging, and rsEEG data were analyzed in matched mild

cognitive impairment due to AD (ADMCI) and MCI not due to AD (noADMCI) par-

ticipants. DTI-ALPS index and aperiodic and periodic components of the rsEEG power

spectra were calculated following standard pipelines.

RESULTS: Lower DTI-ALPS index was associated with higher AD neuropathology and

WM lesions, lower periodic rsEEG alpha rhythms, andworse cognition in patients with

ADMCI and noADMCI as a whole population, with the ADMCI (over noADMCI) group
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showing lower DTI-ALPS index, greater AD neuropathology, and lower periodic rsEEG

alpha rhythms.

CONCLUSIONS: The DTI-ALPS index may capture glymphatic system impairment

linked to AD neuropathology, vigilance dysfunction, and cognitive decline inMCI.

KEYWORDS

Alzheimer’s disease, diffusion tensor imaging along the perivascular space, mild cognitive impair-
ment, periodic and aperiodic components of resting state encephalogram power spectral density,
resting-state electroencephalographic rhythms, spectral parametrization

Highlights

∙ Prodromal patients with Alzheimer’s disease (AD) showed low brain glymphatic

drainage.

∙ Low glymphatic drainage was associated with AD neuropathology, white matter

lesions, andworse cognition.

∙ Low glymphatic drainage may impact the neurophysiological alpha oscillating

processes in quiet vigilance.

1 BACKGROUND

Impaired clearance of amyloid beta (Aβ) 1–42 and hyperphosphory-

lated tau is a key pathogenic mechanism for Alzheimer’s disease (AD),

driving inflammation, neurodegeneration, and cognitive decline from

mild cognitive impairment (ADMCI) to dementia (ADD). 1,2 Along-

side blood–brain barrier transport and enzymatic degradation, the

glymphatic system contributes to remove parenchymal Aβ1–42 and

tau proteins via cerebrospinal–interstitial fluid (CSF–ISF) exchange

mediated by astrocytic aquaporin-4 channels. 3–8,9

Diffusion tensor imaging analysis along the perivascular space

(DTI-ALPS10,11) overcomes contrast agents’ injection limitations by

measuring water diffusivity within the perivascular spaces (PVSs) of

the major white matter (WM) tracts at the level of the lateral ven-

tricular bodies. Patients with AD exhibit reduced DTI-ALPS index,

correlated with higher Aβ1–42 and tau burdens, cortical atrophy in

AD signature regions, severe white matter lesions (WMLs), poorer

cognition, and enlarged PVS.5,6,7; 12–15,16 Low DTI-ALPS indexes pre-

cede and predict overt Aβ1–42 accumulation, neurodegeneration, and

clinical progression.5,17

The glymphatic system is primarily active during sleep when the

CSF–ISF exchange increases,3,18,19 associated with increased elec-

troencephalography (EEG)delta power andwith lowerEEGbetapower

and heart rate, as revealed by electrical impedance spectroscopy.20

Yun et al. found that the DTI-ALPS index increased within 30 minutes

after sleep induction in healthy participants.21 In patients with AD,

low DTI-ALPS indexes correlate with sleep disturbances and with a

faster cognitive decline due to greater Aβ1–42 accumulation,22 medi-

ating the impact of sleep disorders on cognition.23 Despite the lack

of direct biological validation, DTI-ALPS association with sleep, neu-

ropathology, and neurodegeneration supports its potential role as an

indirect marker of glymphatic function.[12]

Given the relationship between glymphatic function and sleep, we

hypothesized that this function may be associated with abnormal

cortical arousal and vigilance regulation in patients with ADMCI,24

reflected in reduced posterior resting-state EEG (rsEEG) alpha

rhythms (8–12 Hz; 25,26). In these patients, rsEEG also reveals diffuse

increased delta and theta (< 7 Hz) rhythms, reflecting thalamocor-

tical dysrhythmia.27 Beyond synchronized frequency-specific cortical

neural activity, the aperiodic rsEEG components provide complemen-

tary information, modulating the 1/f scaling behavior of the rsEEG

spectrum, likely reflecting the underlying excitation–inhibition (E/I)

balance and the non-equilibrium metastable dynamics of cortical

networks.28

Here, we evaluated whether the DTI-ALPS index may be associated

with WMLs, AD neuropathology, aperiodic and periodic alpha rsEEG

components, and cognitive performance in patients with ADMCI

compared to those with MCI not due to AD (noADMCI). We hypoth-

esized that glymphatic dysfunction may be associated with aperi-

odic components that reflect the effects of AD neuropathology on

global E/I balance during quiet wakefulness. It may also be associ-

ated with the modulation of neural synchronization in thalamocor-

tical circuits and posterior cortex, as measured by periodic alpha

oscillations.

2 METHODS

2.1 Participants

This retrospective study included 53 ADMCI, 29 noADMCI, and 43

cognitively unimpaired older controls (Nold), matched for age, sex,

and education from the international PharmaCog and PDWAVES

Consortium databases (www.pdwaves.eu; Table S1 in supporting
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RESEARCH INCONTEXT

1. Systematic Review: Previous studies showed that

patients with Alzheimer’s disease (AD) exhibit reduced

glymphatic clearance, quantified by diffusion tensor

imaging along the perivascular space (DTI-ALPS) index,

correlated with higher amyloid beta 1–42 and tau bur-

dens, cortical atrophy, white matter lesions (WMLs) and

poorer cognitive performance. No studies have explored

whether this function, strictly modulated by wake–sleep

cycle, may be associated with abnormal cortical arousal

and vigilance regulation in patients with prodromal

AD, reflected in their reduced posterior resting-state

electroencephalogram (rsEEG) alpha (8–12Hz) rhythms.

2. Interpretation: We demonstrate that DTI-ALPS and

WMLs, possibly reflecting impaired brain glymphatic

drainage and vascular integrity, may impact the neuro-

physiological mechanisms oscillating at dominant alpha

frequencies that regulate quiet vigilance in patients with

prodromal AD.

3. Future Directions: Future studies should cross-validate

and extend these results to determine the DTI-ALPS

index prognostic value in prodromal AD and its impact on

the brain neurophysiological oscillatory networks regu-

lating quiet vigilance and the wake–sleep cycle.

information). The study received approval from the local institu-

tional ethics committee and followed the Code of Ethics of the

World Medical Association (Declaration of Helsinki). In Supplemen-

tary Methods in supporting information, we report the details of the

diagnostic criteria, CSF biomarkers, structural magnetic resonance

imaging (MRI; T1-weighted and fluid-attenuated inversion recov-

ery), DTI and rsEEG data acquisition and processing, and statistical

analyses.

2.2 DTI-ALPS calculation

DTI data from a harmonized acquisition protocol29 were processed

using MRtrix3 (v3.0.3) and FSL (v6.0.7). Raw diffusion images were

denoised using MP-PCA, corrected for Gibbs ringing, and adjusted for

eddy currents andmotion.

Diffusion tensors were then fitted to derive fractional anisotropy

and directional diffusivity maps. T1-weighted images were skull

stripped and registered to Montreal Neurological Institute space, and

the resulting transformationswere applied todiffusionmaps for spatial

normalization. All steps were visually inspected for quality control.

The DTI-ALPS index provides an indirect measure of water diffu-

sivity along PVSs within major WM tracts orthogonal to the lateral

ventricles, particularly the superior corona radiata (SCR) and supe-

rior longitudinal fasciculus (SLF). In these regions, diffusivity along the

left–right (x) axis is considered a surrogate marker of perivascular

fluid transport, with higher DTI-ALPS values interpreted as reflect-

ing greater putative glymphatic activity. Although it does not directly

measure glymphatic flow, DTI-ALPS has been proposed as an indi-

rect imaging marker of perivascular diffusivity in neurodegenerative

disorders.

Spherical regions of interest (ROIs; 5 mm diameter) were placed

bilaterally in both hemispheres in the SCR and SLF, using previously

published coordinates (Figure S1 in supporting information). Mean dif-

fusivity values along the x-, y-, and z axes were extracted from these

ROIs for DTI-ALPS index calculation.11

2.3 rsEEG recordings, preprocessing, and power
spectral density calculation

RsEEG was recorded using standard clinical EEG systems in the morn-

ing, with participants instructed to remain awake and relaxed in eyes-

closed conditions, with a 0.03 to 70 Hz acquisition bandpass. Spectral

analyseswere performed on uniformly preprocessed data using a com-

mon 19-channel 10 to 20 montage, filtered in the 0.1 to 45 Hz range

and resampled, when necessary, to a common sampling frequency of

256Hz.Datawere segmented into 2-second epochs, visually inspected

to remove artifacts, and further cleaned using independent component

analysis (ICA30).

Power spectral density (PSD) was estimated using the EEGLAB

function pop_spectopowith a 1-secondHanningwindowwithout over-

lap, yielding a frequency sampling of ≈ 1 Hz. Spectral analyses were

restricted to the 1 to 40 Hz range. The resulting absolute PSD val-

ues were processed using the EEGLAB plugin specparam (https://

github.com/bfbarry/EEGLAB-specparam/), which models the power

spectrum as the sum of an aperiodic (1/f-like) component and periodic

oscillatory peaks in log-log space. The aperiodic component was char-

acterized by its exponent (χ), reflecting the slope of the spectrum, and

offset, corresponding to the intercept of the aperiodic component in

the log-log space.

Oscillatory peaks were identified as deviations from the aperiodic

component andmodeledusingGaussian functions, providing estimates

of center frequency, power, and bandwidth. As peak parameters were

derived from continuous parametric fits, they were not constrained

by the discrete frequency sampling of the PSD. This approach allows

sub-bin frequency precision despite discrete spectral sampling. The

individual alpha frequency peak (IAFp31) was defined as the center

frequency of the most prominent oscillatory peak as identified by the

spectral parameterization procedure within 5 to 15 Hz at posterior

electrodes.

Thedelta (1–3Hz) and theta (4–7Hz) frequencybandsweredefined

based on standard fixed frequency ranges.30 We further identified the

low (from IAFp-2Hz to IAFp; 5Hz as the lower limit) and the high (from

IAFp to IAFp + 2 Hz; 13 Hz as the upper limit) alpha bands. These lim-

its avoid the inclusion of spurious frequencies typically not within the

alpha range.
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2.4 Main statistical analysis

Between-group differences were assessed using t tests/analysis of

variance (ANOVA) for normally -distributed continuous variables,

Mann–Whitney/Kruskal–Wallis tests for Mini-Mental State Examina-

tion (MMSE) score as non-interval variable, and χ2 tests for categorical
variables. Associations among DTI-ALPS, rsEEG, CSF, WML, and neu-

ropsychological measures related to episodic memory/executive func-

tion (Logical Memory immediate recall, Logical Memory Test delayed

recall, Rey Auditory Verbal Learning Test [RAVLT] immediate recall,

RAVLT delayed recall) were assessed using general linear models (lin-

ear fit by ordinary least squares [OLS]) including the group and group

× predictor interactions. Significant interactionswere further explored

using simple effects analyses with false discovery rate (FDR) correc-

tion. Variables violating normality assumptions were log transformed.

Outliers were evaluated using an iterative Grubbs test (p< 0.001). Sta-

tistical analyses were conducted using Jamovi (v2.5.6) and MATLAB

(R2024b).

3 RESULTS

3.1 Genetic, CSF Aβ1–42/tau, structural MRI, and
neuropsychological variables in noADMCI and
ADMCI groups

Table 1 summarizes the demographic, clinical, genetic, CSFAβ1–42and
tau, MRI markers, and neuropsychological scores, together with the

results of their statistical comparisons in the ADMCI and noADMCI

participants. Significant differences were found for the apolipoprotein

E genotyping (p = 0.00001), the AD neuropathology (p = 0.0001), the

Logical Memory test immediate recall (p= 0.001), with more abnormal

values in the ADMCI group compared to the noADMCI group.

3.2 DTI-ALPS index in noADMCI and ADMCI
participants

A significant two-way ANOVA interaction (F[1, 80] = 5.75; p = 0.019;

Figure S2 in supporting information) between the group (ADMCI,

noADMCI) and ROI (left, right) factors was observed. The ADMCI

group was characterized by lower left and right DTI-ALPS indexes

(p=0.038 and p=0.004, respectively, Duncan post hoc FDRcorrected)

compared to the noADMCI group. In the following statistical analy-

sis, we considered the average between left and right DTI-ALPS index

in relation to the other global variables (WML, AD neuropathology,

rsEEG, and cognition) considered in the present study.

3.3 Association between WML from
T1-hypointensities and global DTI-ALPS

Only the main effect of the WML was significant (standardized β = –

0.404, p=0.0005; Figure 1). As expected, higherDTI-ALPS valueswere

associatedwith fewerWMLsas revealedbyT1-hypoinensities in all the

MCI participants.

3.4 Association between Aβ1–42/phosphorylated
tau neuropathology and global DTI-ALPS

A significant interaction between the Aβ1–42/phosphorylated tau (p-

tau) neuropathology and the group factorswasobserved (standardized

β=0.808,p=0.045; Figure2).Group simpleeffect revealeda slight sta-

tistically significant effect only for the participants in theADMCI group

(standardized β = –0.439, p = 0.042), while no effect was observed for

the noADMCI group (standardized β= 0.314, p= 0.354). These results

suggest that clinically relevant AD neuropathology may interfere with

glymphatic function, even inverting the physiological clearance of toxic

solutes, such as p-tau, through the CSF–ISF flow.

No significant interactionwas observed including theAβ1–42 (stan-
dardized β = 0.091, p = 0.768) or p-tau (standardized β = –0.422,

p = 0.102) neuropathology and the group as predictors (Figure S3 in

supporting information).

3.5 Periodic and aperiodic components of the
rsEEG PSD

BothMCI groups showed an evident reduction of the corrected rsEEG

PSDwithin the alpha frequency band compared (8–12 Hz) to the Nold

group, with a prominent reduction for ADMCI participants compared

to noADMCI participants (Figure S4 in supporting information).

Themean IAFpwas 8.8 Hz (6.1–10.3 Hz;± 0.18 standard error [SE])

in the Nold, 8.4 Hz (6.1–12.6 Hz; ± 0.25 SE) in the ADMCI, and 8.9 Hz

(6.1–12.6 Hz; ± 0.3 SE) in the noADMCI group. No significant differ-

ences were found among the three groups (ANOVA; p = 0.331; Figure

S5 in supporting information) nor between the ADMCI and noADMCI

groups (t test; p = 0.116). Overall spectral parameterization perfor-

mance was excellent (mean R2 = 0.99; range: 0.96–0.998; mean fit

error = 0.05; range: 0.02–0.10). The ADMCI and noADMCI groups

did not differ for the mean R2 (p = 0.190), mean fit error (p = 0.465),

the artifact-free epochs (p = 0.242), and number of suppressed noisy

independent components (p= 0.954).

No statistically significant ANOVA main (group) or interaction

(group x ROI) effects were observed for the exponent (p = 0.081 and

p = 0.438, respectively) and offset variables (p = 0.201 and p = 0.155,

respectively; Figure S6 in supporting information).

A statistically significant three-way ANOVA interaction (F[12,

732] = 5.95, p = 0.005) among the factors group (Nold, ADMCI,

noADMCI), band (delta, theta, low alpha, high alpha), and ROI (frontal,

central, parieto-occipital). Compared to the Nold, the ADMCI and

noADMCI groups were characterized by lower periodic parieto-

occipital high alpha rsEEG PSD (p < 0.05 FDR corrected Duncan post

hoc testing). Furthermore, compared to the Nold, the ADMCI group

was characterized by lower periodic widespread low and high alpha

rsEEG PSD (p < 0.05 FDR-corrected Duncan post hoc testing; Figure

S7 in supporting information).
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TABLE 1 Mean values (± standard error of themean) of the demographic (age, sex, and education), clinical (MMSE, GDS, CDR, HIS), genetic
(APOE), CSF Aβ1-42 and tau, MRImarkers, and neuropsychological scores markers, together with the results of their statistical comparisons in the
ADMCI and noADMCI participants.

Demographic, genetic (APOE), cerebrospinal fluid (CSF) Aβ1-42 and tau,MRImarkers, and neuropsychological scores in ADMCI and noADMCI groups

(mean± SE)

ADMCI noADMCI Statistical analysis

Demographicmarkers

N 53 29 –

Age (years) 70.5± 0.9 69.0± 1.4 t test: p= 0.267

Sex (F/M, %) 29/24, 45% 20/9, 31% χ2 test: p= 0.208

Education (years) 11.3± 0.6 10.1± 0.8 t test: p= 0.233

Clinical markers

Mini-Mental State Examination 25.1± 0.2 25.5± 0.4 t test: p = 0.531

Geriatric Depression Scale 2.9± 0.2 2.8± 0.4 t test: p= 0.760

Clinical Dementia Rating 0.5± 0.0 0.5± 0.0 t test: p=NaN

Hachinski Ischemic Score 0.8± 0.1 1.0± 0.1 t test: p= 0.278

Genetic markers

APOE ε4 (%) 79.0% 7.0% χ2 test: p= 00001

CSF Aβ1-42 and taumarkers (Log10 transformed)

CSF Aβ1-42 (pg/ml) 2.66± 0.185 2.96± 0.243 t test: p= 0.0005

CSF p-tau (pg/ml) 1.87± 0.233 1.68± 0.262 t test: p = 0.0005

CSF t-tau (pg/ml) 2.70± 0.282 2.43± 0.396 t test: p = 0.001

CSF Aβ1-42/p-tau 0.866± 0.0244 1.31± 0.0256 t test: p = 0.0001

MRImarkers

NormalizedWMvolume 0.290± 0.04 0.301± 0.05 t test: p= 0.093

Normalized GM volume 0.386± 0.05 0.381± 0.05 t test: p= 0.081

Normalized hippocampal volume 0.00197± 0.0001 0.00219± 0.0001 t test: p = 0.123

Normalized amygdala volume 7.71E-4± 0.0001 8.62E-4± 0.0001 t test: p= 0.080

Precuneus thickness (cm, Log10 transformed) 0.715± 0.004 0.728± 0.004 t test: p= 0.154

Parietal thickness (cm Log10 transformed) 0.965± 0.004 0.981± 0.004 t test: p= 0.060

Temporal thickness (cm, Log10 transformed) 1.05± 0.005 1.06± 0.005 t test: p= 0.472

Mean cortical thickness (cm, Log10
transformed)

0.743± 0.003 0.748± 0.003 t test: p= 0.677

WMT2-lesions (mm3, Log10 transformed) 3.14± 0.7 2.97± 0.7 t test: p= 0.304

WMT1-hypointensities (mm3, Log10

transformed)

3.38± 0.3 3.33± 0.4 t test: p= 0.532

Neuropsychological scores

Cut-off of

abnormality

Mean± SE (%subjects

with abnormal score)

Mean± SE (%subjects

with abnormal score) t test

LogicalMemory Test Immediate recall < 13 7.1± 0.8 SE 86.0% 11.4± 1.3 SE 57.1% p= 0.001

LogicalMemory Test delayed recall < 12 4.3± 0.5 SE 98.0% 5.8± 0.6 SE 92.9% p= 0.062

RAVLT immediate recall < 28.53 31.0± 1.4 SE 42.0% 33.1± 1.4 SE 32.1% p= 0.328

RAVLT delayed recall < 4.69 3.9± 0.5 SE 66.0% 4.5± 0.6 SE 53.6% p= 0.498

Trail Making Test B-A ≥ 187 140.0± 10.1 SE 30.0% 104.1± 14.8 SE 9.1% p= 0.052

Letter fluency < 17 32.9± 1.7 SE 8.0% 29.6± 1.4 SE 17.9% p= 0.262

(Continues)
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TABLE 1 (Continued)

Neuropsychological scores

Cut-off of

abnormality

Mean± SE (%subjects

with abnormal score)

Mean± SE (%subjects

with abnormal score) t test

Letter category < 25 32.6± 1.8 SE 39.3% 30.2± 1.7 SE 28.0% p= 0.454

BentonNaming Test n.a. 22.8± 0.5 SE 22.6± 0.9 SE p= 0.831

Notes: For the neuropsychological scores, the cut-off scores for abnormality are reported. The variables undergoing to log10 transformation are specified, as

well as normalized or ratio variables (dimensionless).

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; ADMCI, mild cognitive impairment due to Alzheimer’s disease; APOE, apolipoprotein E;

CDR, Clinical Dementia Rating; CSF, cerebrospinal fluid; GDS, Geriatric Depression Scale; GM, gray matter; HIS, Hachinski Ischemic Score; MMSE, Mini-

Mental State Examination; MRI, magnetic resonance imaging; n.a., not applicable; noADMCI, mild cognitive impairment not due to Alzheimer’s disease;

p-tau, phosphorylated tau; RAVLT, Rey Auditory Verbal Learning Task; SE, standard error; t-tau, total tau;WM, whitematter.

F IGURE 1 Association betweenWMLs as revealed by
T1-hypointensities and the global DTI-ALPS index. The scatterplots
illustrate the association between theWML (as revealed from
T1-hypointensities) and group (as predictors) and the global DTI-ALPS
index (target variable; estimatedmarginal means), as revealed by
GLM, in the ADMCI and noADMCI participants. Only themain effect
of theWMLwas statistically significant (standardized β= –0.404,
p= 0.0005). Standard error of themean is depicted as shadowed area.
AD, Alzheimer’s disease; ADMCI, mild cognitive impairment due to
Alzheimer’s disease; DTI-ALPS, diffusion tensor imaging along the
perivascular space index; GLM, general linear regressionmodel;
noADMCI, mild cognitive impairment not due to Alzheimer’s disease;
WM, white matter;WML, white matter lesion.

As 20 participants (14 ADMCI, 6 noADMCI) exhibited an

IAFp < 7.5 Hz, we included a control analysis comparing the eyes-

closed to eyes-open recordings to evaluate the reactivity to eye

opening (i.e., desynchronization) of low alpha rsEEGPSD, justifying the

definition as low alpha sub-band (typically, “reactive” to eyes opening)

and not theta band (unreactive). Periodic global rsEEG PSD during

eyes-open was lower compared to eyes-closed condition for both

sub-bands (low alpha: p = 0.002, high alpha: p = 0.001; FDR-corrected

Duncan post hoc testing; Figure S8 in supporting information).

To address the studyhypothesis, Figure 3 illustrates the results of an

analysis focused solely on theADMCIandnoADMCIgroups. Therewas

a significant three-wayANOVA interaction (F[6, 480]=3.78, p=0.001)

among the factors group (ADMCI, noADMCI), band (delta, theta, low

F IGURE 2 Association between Aβ1−42/p-tau neuropathology
and the global DTI-ALPS index. The scatterplots illustrate the
association between the Aβ1−42/p-tau neuropathology and group (as
predictors) and the global DTI-ALPS index (target variable; estimated
marginal means), as revealed by GLM, in the ADMCI and noADMCI
participants. A statistically significant interaction effect between the
Aβ1–42/p-tau neuropathology and the group factors was observed
(standardized β= 0.808, p= 0.045). No significant FDR-corrected
group difference was observed (p= 0.441). Simple effect revealed a
slight statistically significant effect only for the ADMCI (standardized
β= –0.439, p= 0.042) group, while no effect was observed for the
noADMCI (standardized β= 0.314, p= 0.354) group. Standard error of
themean is depicted as shadowed area. Aβ, amyloid beta;
Aβ1–42/p-tau, ratio between the amyloid beta 1–42 and
phosphorylated taumarkers in the cerebrospinal fluid;
AD, Alzheimer’s disease; ADMCI, mild cognitive impairment due to
Alzheimer’s disease; DTI-ALPS, diffusion tensor imaging along the
perivascular space index; FDR, false discovery rate; GLM, general
linear regressionmodel; noADMCI, mild cognitive impairment not due
to Alzheimer’s disease; p-tau, phosphorylated tau.

alpha, high alpha), and ROI (frontal, central, parieto-occipital). Com-

pared to the noADMCI groups, theADMCI groupwas characterized by

lowerperiodic parieto-occipital lowandhighalpha rsEEGPSD (p<0.05

FDR-corrected Duncan post hoc testing), reflecting abnormalities in

cortical neural synchronization generating periodic posterior alpha

rhythms in prodromal AD.
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F IGURE 3 Regional periodic components of the rsEEGPSD.Mean values (± standard errormean, SE) of periodic rsEEGPSD for (1) two groups
(ADMCI, noADMCI), (2) three ROIs (frontal, central, parieto-occipital), and (3) four frequency bands (delta, theta, low alpha, high alpha). The
ANOVA showed a statistically significant three-way interaction (F[6, 480]= 3.78, p= 0.001) among the factors group (ADMCI, noADMCI), band
(delta, theta, low alpha, high alpha), and ROI (frontal, central, parieto-occipital). Compared to the noADMCI groups, the ADMCI groupwas
characterized by lower periodic parieto-occipital low and high alpha rsEEG PSD, as revealed by Duncan post hoc testing (p< 0.05 FDR corrected).
The aperiodic-corrected rsEEG PSDwere used to identify the individual alpha frequency peak (IAFp) defined as the frequency showing the
maximum corrected PSD value between 5 and 15Hz from posterior electrodes (P3, Pz, P4, P7, P8, O1, O2). The frequency bands were: delta
(1–3Hz), theta (4–7Hz), and low and high alpha. These alpha sub-bands were identified as follows: the low (from IAFp-2 Hz to IAFp; 5 Hz as the
lower limit) and the high (from IAFp to IAFp+ 2Hz; 13Hz as the upper limit) alpha bands. The aperiodic-corrected rsEEG PSDwere calculated in
the following scalp ROIs: frontal (Fp1, Fp2, F3, Fz, F4, F7, F8), central (T7, T8, C3, Cz, C4), and posterior (P3, Pz, P4, P7, P8, O1, O2). AD, Alzheimer’s
disease; ADMCI, mild cognitive impairment due to Alzheimer’s disease; ANOVA, analysis of variance; FDR, false discovery rate; noADMCI, mild
cognitive impairment not due to Alzheimer’s disease; rsEEG, resting-state electroencephalography; PSD, power spectral density; ROI, region of
interest.

3.6 Association between global DTI-ALPS and
periodic components of the rsEEG PSD

Figure 4 illustrates the association between the global DTI-ALPS and

the group as predictors and the periodic components of the rsEEG

PSD as target variables. Given the results of the previous ANOVA, we

focused on the global and parieto-occipital low and high alpha rsEEG

PSD. Only the main effect of the global DTI-ALPS index was significant

on the parieto-occipital high alpha rsEEGPSD (standardized β= 0.212,

p = 0.021). As expected, higher DTI-ALPS values were associated with

higher (less abnormal) periodic posterior alpha rsEEG PSD in all the

MCI participants.

No significant main effect was observed including the exponent

(standardized β = 0.123, p = 0.371) or offset (standardized β = –0.157,

p = 0.252) aperiodic rsEEG parameters and the group as predictors

(Figure S9 in supporting information).

3.7 Association between global DTI-ALPS and
memory/executive function

Only the main effect of the global DTI-ALPS index was statistically

significant on the RAVLT immediate recall (standardized β = 0.240,

p = 0.045; Figure 5) and on the Logical Memory immediate recall

(standardized β = 0.373, p = 0.0005). As expected, higher DTI-ALPS

F IGURE 4 Association between global DTI-ALPS and periodic
rsEEG PSD. The scatterplots illustrate the association between the
global DTI-ALPS index and group (as predictors) and the periodic
parieto-occipital high alpha as revealed by GLM, in the ADMCI and
noADMCI participants. Only themain effect of the global DTI-ALPS
index was statistically significant on the parieto-occipital high alpha
rsEEG PSD (standardized β= 0.212, p= 0.021). Standard error of the
mean is depicted as shadowed area. ADMCI, mild cognitive
impairment due to Alzheimer’s disease; DTI-ALPS, diffusion tensor
imaging along the perivascular space index; GLM, general linear
regressionmodel; noADMCI, mild cognitive impairment not due to
Alzheimer’s disease; rsEEG, resting-state electroencephalography;
PSD, power spectral density.
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8 of 12 LOPEZ ET AL.

F IGURE 5 Association between global DTI-ALPS andmemory/executive function. The scatterplots illustrate the association between the
global DTI-ALPS index and group (as predictors) and thememory/executive function (target variable; estimatedmarginal means), as revealed by
GLM, in the ADMCI and noADMCI participants. Only themain effect of the global DTI-ALPS index was statistically significant on the RAVLT
immediate recall (standardized β= 0.240, p= 0.045) and on the Logical Memory immediate recall (standardized β= 0.373, p= 0.0005). Standard
error of themean is depicted as shadowed area. Legend: ADMCI, mild cognitive impairment due to Alzheimer’s disease; DTI-ALPS, diffusion tensor
imaging along the perivascular space index; GLM, general linear regressionmodel; noADMCI, mild cognitive impairment not due to Alzheimer’s
disease; RAVLT, Rey Auditory Verbal Learning Test.

valueswere associatedwith higher neuropsychological scores in all the

participants withMCI.

3.8 Control analysis

For cross-validation purposes, in the Supplementary Results in sup-

porting information, we performed the spectral parametrization using

the absolute PSD values ranging within 1 to 30 Hz and 3 to 30 Hz

(Figure S10 in supporting information). We also estimated the DTI-

ALPS index with a different method.

The results confirmed the main findings on periodic alpha rsEEG

PSD, of lower DTI-ALPS index in the ADMCI group (Figure S11 in sup-

porting information) and the associations with fewer WMLs (Figure

S12 in supporting information), higher parieto-occipital periodic high

alpha rsEEG PSD (Figure S13 in supporting information), and bet-

ter cognition (Figure S14 in supporting information), in both groups.

Furthermore, we confirmed the different trends in the association

between AD neuropathology and global DTI-ALPS for the ADMCI

(negative) and noADMCI (positive) groups (Figure S15 in supporting

information).

4 DISCUSSION

Here, we evaluated whether the DTI-ALPS values, proposed to reflect

the brain glymphatic drainage system, may be associated with WML,

AD neuropathology, aperiodic and periodic rsEEG alpha components,

and cognitive performance in patients with ADMCI compared to those

with noADMCI. Spectral parametrization disentangled periodic and

aperiodic components of rsEEG power spectra, enabling the assess-

ment of global neural dynamics beyond frequency-specific oscillatory

processes, as in recent rsEEG studies of patients with AD.32,33,34 We

hypothesized that glymphatic dysfunctionmay be associatedwith ape-

riodic components reflecting the effects of AD neuropathology on

global E/I balance during quiet wakefulness. It may also be associated

with modulation of neural activity synchronization in thalamocorti-

cal circuits and the posterior cortex, as measured by periodic alpha

oscillations.

4.1 DTI-ALPS is associated with AD
neuropathology, WML, periodic alpha rsEEG power,
and cognitive performance

Patients with ADMCI exhibited lower DTI-ALPS values, greater abnor-

malities in CSF Aβ1–42/p-tau biomarkers, higher WM abnormalities,

and lower posterior aperiodic-corrected rsEEG alpha power than

patients with noADMCI, corroborating previous evidence in the AD

continuum.6–18,19 Prodromal AD features may impair glymphatic

clearance, potentially driven by perivascular space enlargement or

microvascular dysfunction.15 Together with white matter abnormal-

ities, this may limit the removal of Aβ1–42 and p-tau, promoting

neuroinflammation and accelerating neurodegeneration.35,36

Importantly, our results extend prior literature by showing that,

across both MCI groups, higher DTI-ALPS values were associated

with lowerWMabnormalities, higher posterior alpha oscillatory activ-

ity, and better cognitive performance. This pattern suggests that

DTI-ALPS–related alterations may reflect a neurobiological substrate

shared across patients with MCI, linking perivascular dysfunction,

large-scale oscillatory network activity at the typical dominant alpha

frequencies underpinning quiet wakefulness, and cognitive decline.

This interpretation is consistent with evidence that reduced DTI-

ALPS value is not pathognomonic of AD10 and may occur in other
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neurological conditions,37,38 including vascular risk and brain WMLs

in cerebral small vessel disease, which are typically present to some

extent in older individuals with cognitive decline.7,39 These findings

support thepotential of diagnostic and therapeutic strategies targeting

brain glymphatic and vascular systems, extending beyond traditional

disease-specific frameworks.7,37,39

No group differences in the rsEEG aperiodic exponent and offset

parameters were observed. Although recent studies have proposed

that the aperiodic exponent may reflect a global cortical E/I bal-

ance and that the offset may index global firing rates and metabolic

activity,40 these components have been often considered to be neu-

ral noise not linked to a specific biological mechanism or higher brain

function,41 as bothmaybe influencedby residual artifacts, volume con-

duction, and non-linear neuron–glia interactions contributing to the

population synaptic dynamics and neuron membrane time constants

during quiet wakefulness.

The absence of group differences in our sample suggests that

these global neural properties may not be primarily affected by glym-

phatic dysfunction at the prodromal AD stage, or that our sample size

may have limited sensitivity to detect subtle effects. Indeed, recent

larger rsEEG investigation has reported higher aperiodic components

in patients with ADMCI and ADD compared to Nold controls in a

cohort of hundreds of participants32,33 and compared to patients

with frontotemporal dementia.34 Grounded in the present findings,

an altered brain glymphatic clearance may not primarily and specifi-

cally affect cortical neural E/I balance or global neural firing in patients

with prodromal AD. However, at later AD stages, meningeal lym-

phatic dysfunction may affect cortical neural E/I balance in these

patients.42 The lack of results on the aperiodic components may also

be due to a predominant role of tau pathology. As tau pathology

reflects greater neurodegeneration, the E/I imbalance concomitant

with amyloidosis may be contrasted with tau pathology, which pro-

motes neural silencing. To address this specific issue in the future, the

aperiodic rsEEG component should be associated with the topogra-

phy of the amyloid positron emission tomography markers on larger

cohorts.

It can be speculated that the rsEEG spectral periodic components

reflecting oscillatory activity in alpha frequencies within posterior cor-

tical networks may better reflect, not necessarily with causality, the

impact of an impaired brain glymphatic drainage system on the neu-

rophysiological mechanisms regulating quiet vigilance, especially, but

not exclusively, in patients with ADMCI.32,43,44 This oscillatory alpha

activity depends on the functional integrity of thalamocortical and

corticocortical synchronization and long-range coordination, modu-

lated by subcortical ascending neuromodulatory systems regulating

quiet vigilance.32,45–47,48 One possible explanation is that impaired

perivascular fluid transport may contribute to the accumulation of

metabolicwaste products, neuroinflammatorymediators, and vascular

dysfunction, which in turn may alter extracellular ionic homeosta-

sis and large-scale neuronal synchronization mechanisms supporting

alpha oscillations during quiet wakefulness.

However, the present cross-sectional findings do not allow infer-

ence about causal relationships or direct physiological coupling

between DTI-ALPS–related processes and rsEEG dynamics. The

impact of inefficient brain glymphatic clearance on these neurophys-

iological oscillatory mechanisms may also be mediated by related

neuroinflammatory processes,35,36 driven by metabolic waste prod-

ucts, oxidative stress, and neurovascular uncoupling.49 Finally, an

alternative explanation is that inefficient brain glymphatic clearance

maymerely be a concomitant of AD neurodegeneration.

4.2 The association between DTI-ALPS values
and CSF Aβ1–42/p-tau

Higher DTI-ALPS values were associated with lower AD pathology in

patients with noADMCI, as indicated by the higher CSF Aβ1–42/p-tau
ratio, consistentwith previous observations in healthy participants and

across the AD spectrum.15,16,17

A paradoxical negative association was observed between DTI-

ALPS values and the CSF Aβ1–42/p-tau ratio in patients with ADMCI.

This finding apparently challenges the expectation that an enhanced

glymphatic functionmay be beneficial in patients with ADMCI. Indeed,

the current results suggest that this paradoxical association in patients

with ADMCI is driven by a positive association between DTI-ALPS val-

ues and CSF p-tau, reflecting a strong chemical gradient that moves

p-tau from the brain parenchyma to the CSF in the lateral ventricles.50

In patients with noADMCI, this gradient would be low due to low CSF

p-tau accumulation. Because of its fibrillary nature and tendency to

aggregate into plaques, Aβ1–42 may have greater difficulty than p-tau

in moving through extracellular spaces within the glymphatic pathway

due to chemical gradients.50

Some limitations should be acknowledged (see Supplementary Dis-

cussion in supporting information). We use relatively short analysis

windows (≈ 1 second), which provide limited spectral resolution,

though this is partially mitigated by parametric spectral model-

ing. Additionally, results may depend on parameterization settings,

although standard, widely used configurations were adopted. The DTI-

ALPS index shows limited sensitivity and specificity for glymphatic

assessment,50 as it primarily reflects bulk Brownian water diffu-

sion rather than dynamic CSF–ISF exchange.20 Its signal is strongly

confoundedbyWMmicrostructural factors (crossing fibers, axonal dis-

persion, undulations) and the low spatial resolution of DTI. Moreover,

the sparse and heterogeneous architecture of perivascular spaces and

medullary veins limits the biological interpretability of DTI-ALPS as a

direct marker of glymphatic dysfunction.

5 CONCLUSIONS

Patients with ADMCI show reduced DTI-ALPS values, greater AD

neuropathology, and impaired posterior alpha rsEEG activity com-

pared to patients with noADMCI. Across patients with MCI, lower

DTI-ALPS values were associated with greater WM lesions, altered

posterior alpha rhythms, and poorer cognition. These findings high-

light the relevance of glymphatic and vascular integrity in modulating
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neurophysiological networks and cognition in prodromal AD. Lon-

gitudinal studies are needed to clarify causality and prognostic

implications.
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