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Abstract
Purpose  Impaired glymphatic function is considered an important characteristic of cognitive decline, but the role of tau 
pathology as a mediator remains unclear. This study investigated whether tau burden mediates the association between dif-
fusion tensor image analysis along the perivascular space (DTI-ALPS) and cognitive impairment or brain atrophy. Also, we 
explored whether DTI-ALPS index predicts longitudinal cognitive deterioration over time.
Methods  We included 144 individuals with mild cognitive impairment (MCI), Alzheimer’s disease dementia (ADD), and 
other dementia, or normal cognition. All participants underwent 3.0-Tesla MRI, 18F-MK6240 and 18F-Flutemetamol PET 
scans, APOE genotyping, and comprehensive neuropsychological assessments. Among these, 101 were followed longitudi-
nally for two years. Mediation analyses within a causal framework were used to investigate whether tau burden mediated the 
association between DTI-ALPS index and cognition function and structural MRI measures. Longitudinal associations were 
tested using linear mixed-effects models.
Results  DTI-ALPS index was significantly lower in cognitively impaired individuals compared to cognitively normal (CN) 
participants. Lower DTI-ALPS index was associated with higher tau burden and worse cognitive function. Tau burden was 
also inversely associated with cognition. Mediation analysis indicated that tau burden accounted for approximately 21–27% 
of the association between DTI-ALPS and cognition. Longitudinal analysis showed baseline lower DTI-ALPS index also 
predicted faster longitudinal cognitive decline.
Conclusion  Our findings suggest that the DTI-ALPS index is an indirect marker of glymphatic dysfunction associated with 
tau accumulation and cognitive decline. Tau pathology may partially link compromised glymphatic clearance to cognitive 
impairment. 
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Introduction

The glymphatic system is a brain-wide network that clears 
toxic proteins and waste products from the brain [1, 2]. 
Dysfunction in this system may contribute to the accumu-
lation of amyloid beta (Aβ) plaques and hyperphosphory-
lated tau, which are hallmark pathologies of Alzheimer’s 
disease dementia (ADD) [2]. The glymphatic system plays 
an important role in clearing Aβ protein from the central 
nervous system, reducing its aggregation and deposition. 
Although tau pathology in ADD is typically intracellu-
lar, tau protein can be released extracellularly and subse-
quently cleared through the glymphatic system [2–4]. Thus, 
impaired glymphatic function could accelerate tau accumu-
lation, leading to neurodegenerative disorders [2]. 

Diffusion tensor image analysis along the perivascular 
space (DTI-ALPS) index has emerged as a promising MRI-
based biomarker for assessing glymphatic clearance effi-
ciency [5]. The DTI-ALPS index enables glymphatic system 
evaluation without the need for a contrast agent. It is based 
on the principle that minimal perivascular water diffusion 
corresponds to an index close to one, with the index increas-
ing as perivascular diffusivity increases [5]; therefore, an 
increasing DTI-ALPS index represents greater glymphatic 
flow. This technique has been used to investigate the asso-
ciations between glymphatic system activity and cognitive 
function, and tracer uptake of amyloid imaging in patients 
with ADD and cognitively normal (CN) individuals [6, 7]. 

Although recent studies have shown that a reduced DTI-
ALPS index was associated with increased tau burden (as 
measured by positron emission tomography [PET]) [7, 8], 
the causal relationship between impaired glymphatic clear-
ance and neurodegeneration through tau deposition remains 
unclear. Mediation analysis is positioned well to test 
hypotheses about mechanisms that are at work as it deter-
mines the extent to which some potential causal variable 
influences some outcome, through an intermediary variable 
(also called ‘mediator’).

Several mediation studies have investigated the role 
of the DTI-ALPS index in cognitive decline. One study 
showed that the ALPS index significantly mediated the 
associations between Aβ/tau burden and cognitive dysfunc-
tion​ [7]. Another found that the association between the 
ALPS index and cognitive decline was fully mediated by 
amyloid PET and brain atrophy [8]. However, these stud-
ies primarily emphasized amyloid-related pathways and 
structural degeneration [7, 8], without directly examin-
ing tau burden as an explicit mediator in the link between 
glymphatic dysfunction and cognitive outcomes. To the best 
of our knowledge, no previous study has investigated the 
mediating role of tau pathology in the association between 
glymphatic dysfunction and cognitive decline. Furthermore, 

it remains unknown whether glymphatic dysfunction pre-
dicts pathological and clinical progression when accounting 
for tau burden.

The first aim of this study was to investigate whether tau 
burden mediates the associations of the DTI-ALPS index 
with both cognitive function and brain atrophy in individu-
als across the clinical spectrum of dementia. The second aim 
was to investigate the longitudinal associations between the 
DTI-ALPS index and changes in cognitive function over 
time.

Methods

Study participants

Participants were recruited as part of a prospective, longitu-
dinal cohort study conducted at the memory disorder clinics 
within the Department of Neurology at a tertiary-care aca-
demic hospital, with a planned two-year follow-up period. 
Individuals with cognitive impairment (i.e., mild cognitive 
impairment or dementia) were enrolled through these neu-
rology-based clinics. Cognitively normal (CN) control par-
ticipants were community-dwelling volunteers recruited for 
aging-related research. A total of 154 individuals with MCI, 
ADD, other dementia, and normal cognition were enrolled. 
These participants underwent 3.0-Tesla MRI including DTI, 
18F-MK6240 (MK6240) and 18F-flutemetamol (FLUTE) 
PET scans, APOE genotyping, and a comprehensive neu-
ropsychological test battery at Gachon University Gil 
Medical Center. Both cognitive function tests and brain 
MRI scans were performed at baseline. Cognitive function 
was assessed at baseline and at one- and two-year follow-
up assessments, and both cross-sectional and longitudinal 
cognitive data were included in the present study. Out of 
the 154 participants who had completed this study, a total 
of 10 participants were excluded: 9 due to motion artifacts 
on PET and 1 due to incomplete neuropsychological test 
results. Cross-sectional (baseline) analysis included 144 
individuals (54 individuals with MCI, 38 individuals with 
ADD, 13 individuals with dementia other than ADD, and 
39 CN individuals). Of the 144 participants, 118 individu-
als were scheduled to undergo follow-up cognitive function 
test at both the first- and second-year follow-up; 17 were 
lost to follow-up during the two-year period. Thus, a total of 
101 participants were included in the longitudinal analyses, 
which consisted of 28 individuals with MCI, 41 individu-
als with ADD, 9 individuals with dementia other than ADD, 
and 23 CN individuals.

Individuals with MCI were diagnosed followed Peters-
en’s criteria [9], requiring objective cognitive impairment 
(Clinical Dementia Rating–Sum of Boxes [CDR-SOB] score 
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= 0.5) and preserved functional independence. Individuals 
with ADD were identified using the NINCDS–ADRDA cri-
teria [10]. Individuals with structural brain abnormalities on 
MRI—such as cerebral, cerebellar, or brainstem infarction, 
intracranial hemorrhage, hydrocephalus, severe white mat-
ter hyperintensities, white matter hyperintensities associ-
ated with radiation, traumatic brain injury, tumors, multiple 
sclerosis, and vasculitis—were excluded, as were those with 
secondary cognitive impairment due to metabolic or nutri-
tional causes based on lab testing. Individuals classified as 
having other dementia included those clinically diagnosed 
with probable AD but showing negative results on amyloid 
PET (n = 8), subcortical vascular dementia (n = 2), behav-
ioral variant frontotemporal dementia (n = 2), and nonfluent 
variant primary progressive aphasia (n = 1) [11–13]. 

Cognitively normal individuals were healthy volunteers 
from the community who showed no cognitive impairment 
on neuropsychological tests (z-scores within 1.5 standard 
deviation [SD]) and had a Clinical Dementia Rating score 
of 0 [14]. 

All participants and their legal representatives for patients 
with cognitive impairment provided written informed con-
sent. The study was approved by the Gachon University Gil 
Medical Center IRB (IRB No. GBIRB2018-350) and regis-
tered in the Clinical Research Information Service (CRIS: 
KCT0005428).

Neuropsychological assessment

All participants received a comprehensive neuropsycho-
logical evaluation, which included the Mini-Mental State 
Examination (MMSE) and the CDR scale [14, 15]. The 
full battery covered multiple cognitive domains, including 
attention, language, visuospatial function, verbal and visual 
memory, and frontal/executive functioning [16]. Details of 
the specific tests administered can be found in Supplemen-
tary Text 1. These evaluations were repeated annually over 
a 2-year period to monitor cognitive trajectories. All assess-
ments were conducted by a licensed clinical neuropsycholo-
gist (H.S.) with 9 years of professional experience, using the 
same standardized battery across participants.

MR image acquisition and analyses

MR imaging acquisition

All participants underwent structural MRI scanning using a 
3.0 Tesla MAGNETOM Skyra system (Siemens, Germany), 
equipped with a 32-channel Siemens matrix head coil. The 
imaging protocol included DTI, 3D T1-weighted MPRAGE 
sequence, Fluid-Attenuated Inversion Recovery (FLAIR), 

Susceptibility-Weighted Imaging (SWI), and T2-weighted 
imaging.

Diffusion Tensor Imaging (DTI) were collected using 
following parameters: TR = 8800 ms, TE = 89 ms, 30 dif-
fusion directions with b = 1000s/mm2 and 8 volumes with 
b = 0 s/mm2, matrix size = 120 × 120, FOV = 240 mm with 70 
slices. The voxel size was 2 × 2 × 2 mm3 and the scan time 
was 6  min and 1  s. The acquisition parameters for other 
MRI sequences are provided in Supplementary Text 2.

DTI-ALPS index calculation

The Diffusion Tensor Image Analysis Along the Perivas-
cular Space (DTI-ALPS) method was used to evaluate 
glymphatic system activity [6]. Color-coded fractional 
anisotropy (FA) maps were generated using FSL (FMRIB 
Software Library), and diffusivity in the x-, y-, and z-axis 
directions was calculated. Regions of interest (ROIs) were 
placed by trained operators (G.S. and J.K.) using 3 × 3 pixel 
square mask, in areas containing projection fibers and asso-
ciation fibers. Since the perivascular space runs parallel 
to the x-axis at the level of the lateral ventricle body, the 
ROIs were aligned along the same x-axis when placed in the 
projection and association fiber areas to reflect the diffusiv-
ity of the perivascular space (Supplementary Fig. 1). The 
operators were blind to the clinical status and PET imaging 
results during the ROI placement and the intraclass correla-
tion coefficient of the ALPS index was 0.847 (p < 0.001).

The ALPS index was calculated to assess glym-
phatic system activity. This index is defined as the ratio 
of the mean x-axis diffusivity in the areas of projec-
tion fibers and association fibers to the mean of the 
y-axis diffusivity in the area of projection fibers and 
the z-axis diffusivity in the area of association fibers. 
(ALPS index = mean (Dxproj, Dxassoc) / mean(Dyproj, Dzassoc)) 
In this study, measurements were obtained from both the 
left and right hemispheres, and the ALPS index was calcu-
lated for each, followed by averaging to produce a single 
value for each participant.

MR imaging quantification

Structural MRI processing and volumetric measurements 
were performed using FreeSurfer 6.0 (​w​w​w​.​s​u​r​f​e​r​.​n​m​r​.​m​g​
h​.​h​a​r​v​a​r​d​.​e​d​u). The standard recon-all processing pipeline 
was applied to 3D-T1 MPRAGE images for cortical surface 
reconstruction and volumetric segmentation. Mean cortical 
thickness was calculated by averaging vertex-wise cortical 
thickness across bilateral hemispheres. Intracranial volume 
(ICV) and hippocampal volume (HV) were automatically 
derived using the aseg (automated segmentation) output. 
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temporal, middle temporal, superior temporal, hippocam-
pus, amygdala, parahippocampal, entorhinal, accumbens, 
caudal anterior cingulate, rostral anterior cingulate and 
posterior cingulate), brain regions corresponding to Braak 
I-II (entorhinal and hippocampus regions), Braak III-IV 
(parahippocampal, fusiform, lingual, amygdala, inferior 
temporal, middle temporal, temporal pole, thalamus, cau-
dal cingulate, rostral cingulate, isthmus cingulate, pos-
terior cingulate and insula regions), Braak V-VI (frontal, 
parietal, occipital, transverse temporal, superior temporal, 
precuneus, banks of superior temporal, nucleus accumbens, 
caudate nucleus, putamen, precentral, postcentral, paracen-
tral, cuneus and pericalcarine regions) [20, 21], and tempo-
ral meta-ROI (entorhinal cortex, amygdala, hippocampus, 
inferior/middle/superior temporal gyri, fusiform gyrus, and 
parahippocampal gyrus) [22]. Regional SUVR of MK6240 
were computed using cerebellar gray matter as a reference 
region [23]. 

For amyloid PET, the cortical retention ratio of FLUTE 
was calculated based on AD-associated regions such as the 
prefrontal, superior parietal, lateral temporal, inferior pari-
etal, occipital, anterior cingulate, mesial temporal, precu-
neus, and posterior cingulate cortices [24]. FLUTE SUVR 
was evaluated using the pons as a reference region [24]. 
FLUTE images were also visually evaluated for amyloid 
positivity based on a standardized visual rating protocol 
[25]. 

Biological status definition of A/T/N

Individuals were classified into different amyloid (A) sta-
tuses based on 18F-FLUTE PET scans. Amyloid positivity 
was determined based on a standardized visual rating proto-
col. Tau positivity (T+) was determined using 18F-MK6240 
scan, with a temporal meta-ROI SUVR ≥ 1.35 indicating T 
+ status [22]. Neurodegeneration (N+) was defined as a HV 
to ICV ratio (HV/ICV × 1000) less than 2.15 [26]. 

Statistical analysis

Descriptive statistics were presented as means (SD), medi-
ans (Interquartile range), or frequencies (%). Comparisons 
of clinical and neuroimaging characteristics across diag-
nostic groups were conducted using one-way analysis of 
variance with Bonferroni correction (p < 0.05). Categorical 
variables were compared using the chi-square test. Post-hoc 
analyses were conducted using Tukey’s test for continuous 
variables and pairwise chi-square tests for categorical vari-
ables. The tau PET SUVR values for Braak I–II, III–IV, and 
V–VI SUVRs and hippocampus/intracranial volumes (HV/
ICV) ratio were log-transformed to normalize their distribu-
tion. Sex was reported as assigned at birth, in accordance 

All segmentations were visually inspected for accuracy 
and manual corrections were performed when necessary in 
accordance with FreeSurfer guidelines [17]. 

Assessment of white matter hyperintensity volume, 
microbleeds and lacunes are described in the Supplemen-
tary Text 3.

PET imaging acquisition and analyses

PET imaging acquisition

All participants underwent PET imaging with both 18F-
MK6240 and 18F-FLUTE PET scans using a Siemens Bio-
graph 6 TruePoint PET/computed tomography (CT) scanner 
(Siemens, Knoxville, TN, USA), employing list-mode data 
acquisition with 4 five-minute frames. MK6240 scans were 
acquired from 70 to 90 min after the intravenous injection 
of approximately 185MBq of 18F-MK6240, which was pre-
pared as described previously19 with a modified method at 
the cyclotron facility of Gachon University Neuroscience 
Research Institute. Similarly, 18F-FLUTE PET scans were 
acquired from 90 to 110  min after the intravenous injec-
tion of 185 MBq of 18F-FLUTE (purchased from Care-
camp Incorporated). To correct for photon attenuation, 
we used a low-dose CT scan. PET data was reconstructed 
into a 256 × 256 × 109 matrix with voxel dimensions of 
1.3 × 1.3 × 1.5 mm³, using a 2D ordered subset expectation 
maximization algorithm with 8 iterations and 16 subsets.

The interval between ¹⁸F-MK-6240 PET and MRI was 
2.10 ± 2.22 weeks, and the interval between FLUTE PET 
and MRI was 8.31 ± 31.56 weeks. We included six patients 
with Alzheimer’s disease dementia who showed amyloid 
positivity on FLUTE PET before study enrollment. All of 
them performed FLUTE PET with the same protocols.

PET quantification

For each subject, both 18F-MK6240 and 18F-FLUTE PET 
scans were co-registered to their corresponding T1-weighted 
MPRAGE MRI using FreeSurfer. Following this, we cal-
culated regional mean uptake values after applying region-
based partial volume correction (PVC) via the PETSurfer 
tool in FreeSurfer [18, 19] acquired weight-averaged values 
of pre-defined ROIs. ROIs were generated by combining the 
regions from the Desikan-Killiany atlas [17]. 

Tau burden was quantified using MK6240 SUVR. ROIs 
for MK-6240 included global MK6240 (Frontal pole, pars 
orbitalis, lateral orbitofrontal, pars triangularis, pars, oper-
cularis, rostral middle frontal, superior frontal, caudal 
middle frontal, medial orbitofrontal, superior parietal, infe-
rior parietal, supramarginal, precuneus, cuneus, pericalca-
rine, lateral occipital, banks of superior temporal, inferior 
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structures. Among specific domains of cognitive function 
tested, attention, memory, and frontal/executive functions 
were tested as latent variables using reflective measure-
ment models (Supplementary Fig.  2). These domains 
were treated as reflective measurement models because 
of the weak-to-moderate correlations (Pearson’s correla-
tion coefficients ranging from 0.35 to 0.64, all statistically 
significant) among their corresponding subtests, which 
supported a latent-variable approach rather than evaluat-
ing each subtest independently. To validate the PLS-SEM 
models, we evaluated reflective measurement models by 
confirming the standardized indicators and suggested cut-
off values from previous studies (Supplementary Table 
3). To account for correlations and directional relation-
ships among mediators and outcomes, separate PLS-SEM 
analyses were conducted for each tau burden (mediators) 
in relation to each cognitive function and neurodegenera-
tion markers (outcomes). All analyses were adjusted as 
described earlier. Direct and indirect (specific-indirect) 
effects were estimated by evaluating the path coefficient 
and 95% confidence interval with a 5,000-sample boot-
strapping procedure.

To investigate the second study aim, we conducted lon-
gitudinal analyses (using a linear mixed-effects model) to 
investigate the association between DTI-ALPS index (mea-
sured at baseline) and changes in cognitive function (MMSE 
and the CDR-SOB scores). The linear mixed-effects model 
enabled us to simultaneously consider both within-individ-
ual and between-individual variations in cognitive function. 
To control for irregular time intervals between baseline 
and follow-up cognitive function tests (MMSE and CDR-
SOB scores), the time (baseline and follow-up visits) was 
included in the linear mixed-effects model. Study partici-
pants were considered as a random effect. DTI-ALPS index 
was entered as a fixed-effect exposure variable of interest. 
Baseline fixed-effect covariates included age, sex, educa-
tional years, APOE e4 carrier status, and tau burden (global 
MK6240 retention). The strength of the association was 
expressed as a β-coefficient with a corresponding standard 
error (SE), and p-value.

All statistical analyses were performed using SAS soft-
ware version 9.4 (SAS Institute, Cary, NC, USA), SPSS 
version 19 (SPSS Inc., Illinois, USA) and figures were 
generated in R statistical software version 4.2.2 (R Founda-
tion for statistical computing, Vienna, Austria). PLS-SEM 
analysis was performed using SmartPLS (version 4). Voxel-
wise analyses were performed using Statistical Parametric 
Mapping (SPM12; Wellcome Trust Centre for Neuroimag-
ing, London, UK) implemented in MATLAB (R2016b; The 
MathWorks Inc., Natick, MA, USA). Two-sided P-values 
below 0.05 were considered statistically significant.

with clinical chart records. APOE (apolipoprotein) e4 car-
rier status was defined as a binary variable, classified as 
positive if the individual carried at least one APOE e4 allele, 
and negative if no APOE e4 alleles were present.

Group differences in the DTI-ALPS index across diag-
nostic categories and A/T/N statuses (positive vs. negative) 
were assessed using analysis of covariance, adjusting for 
age, sex, educational years, and APOE e4 carrier status. 
Sensitivity analyses were conducted with and without indi-
viduals with other dementia.

Voxel-wise analyses were conducted to examine whole-
brain associations between ¹⁸F-MK6240 or ¹⁸F-Flute-
metamol SUVRs and the DTI-ALPS index. Individual PET 
SUVR images were spatially normalized to MNI space. 
Voxel-wise general linear models were applied to examine 
the association between PET SUVR values and subject-
level DTI-ALPS indices, which were used as continuous 
independent variables.

To address the first aim, we first performed linear 
regression analyses to investigate the associations of the 
DTI-ALPS index (exposure) with tau burden (media-
tor), cognitive performance, and neurodegeneration (out-
comes). Tau burden was assessed using global MK6240 
SUVR, temporal meta-ROI SUVR, and regional SUVRs 
for Braak I–II, III–IV, and V–VI; each of these was ana-
lyzed separately in the statistical models. Cognitive func-
tion was assessed using MMSE and CDR-SOB scores, and 
subtests representing specific cognitive domains (atten-
tion, language, visuospatial function, memory, frontal/
executive functions). Neurodegeneration markers included 
mean cortical thickness and hippocampal volume. All 
models were adjusted for age, sex, educational years, 
APOE e4 carrier status, and cortical FLUTE SUVR. In 
models involving domain-specific cognitive subtests, age, 
sex, and educational years were not included as covari-
ates because the scores were z-scores adjusted for these 
variables. In addition, ICV was included as an additional 
covariate in models analyzing neurodegeneration mark-
ers (mean cortical thickness and HV/ICV ratio). The 
strength of association was expressed as β-coefficients 
(per unit increase in DTI-ALPS index) with correspond-
ing standard error (SE) and p-value. Subsequently, to 
explore whether tau burden mediates the association 
between DTI-ALPS index and cognitive function (MMSE 
score, CDR-SOB score, and specific domains of cognitive 
function) and neurodegeneration markers (mean cortical 
thickness and HV/ICV ratio), mediation analyses were 
conducted using partial least squares structural equation 
modelling (PLS-SEM). PLS-SEM was advantageous as 
it does not require normality assumptions and allows for 
latent variable modelling through reflective measurement 
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cognitive functions—except for Digit span forward and 
backward, RCFT copy, and Trail Making Test B) and neu-
rodegeneration markers (mean cortical thickness and hip-
pocampal volume) were all statistically significant (p < 0.05; 
Table 2). DTI-ALPS index was negatively associated with 
global MK6240 SUVR (β = −1.24; SE = 0.39; p = 0.002), 
Braak III-IV (β = −0.52; SE = 0.19; p = 0.005) and Braak 
V-VI SUVRs (β = −0.51; SE = 0.76; p = 0.005), and tem-
poral meta-ROI SUVR (β = −1.57; SE = 0.49; p = 0.002). 
By contrast, no significant association was found between 
DTI-ALPS index and Braak I-II SUVR (Table  2). Voxel-
wise analysis showed that a lower DTI-ALPS index was 
significantly associated with increased 18F-MK6240 reten-
tion in widespread cortical regions (Fig.  2). These asso-
ciations were significantly observed in the parietal, lateral 
temporal, precuneus, posterior cingulate cortex, and small 
areas of frontal cortex. When the same analysis was per-
formed excluding individuals with other dementia, the 
regions showing increased MK6240 retention with lower 
DTI-ALPS exhibited a similar topography to that observed 
in the analysis of all subjects, with slightly more extensive 
involvement in the frontal, temporal, and parietal cortices 
(Supplementary Fig. 4).

Mediating effects of Tau burden on associations 
between DTI-ALPS index and cognitive function

Global MK6240 SUVR was significantly associated with 
global cognition, including MMSE and CDR-SOB scores 
and attention, frontal/executive functions, language, mem-
ory, and visuospatial function (Table 3 and Supplementary 
Table 2).

Global MK6240 SUVR significantly mediated the 
association between DTI-ALPS index and MMSE score 
(β = 0.09; SE = 0.03; p = 0.006); the proportion mediated was 
27.08% (Table 3; Fig. 3A). The mediation effect of global 
MK6240 SUVR on the association between DTI-ALPS 
index and CDR-SOB score was statistically significant (β 
= −0.08; SE = 0.03; p = 0.017); the proportion mediated was 
21.65% (Table  3; Fig.  3B). Regarding specific cognitive 
function domains, the mediation effect of global MK6240 
SUVR on the associations between DTI-ALPS index and 
frontal/executive functions (β = 0.09; SE = 0.03; p = 0.006), 
language (β = 0.08; SE = 0.03; p = 0.013), memory (β = 0.05; 
SE = 0.02; p = 0.005), and visuospatial function (β = 0.03; 
SE = 0.05; p = 0.004) were statistically significant (Supple-
mentary Table 2). No significant mediation effects were 
observed for the attention domain.

Similar to global MK6240 retention, MK6240 retention 
in the brain regions for Braak III–IV, V–VI, and the tem-
poral meta-ROI SUVRs significantly mediated the asso-
ciation between DTI-ALPS index and cognitive function 

Results

Demographics and clinical characteristics

A total of 144 individuals were included. Mean ages did 
not differ across groups. Mean cortical FLUTE SUVR was 
significantly higher in individuals with ADD (0.89 ± 0.15) 
compared with individuals with MCI, other dementia, and 
CN individuals (p < 0.001). Global MK6240 SUVR was 
significantly higher in individuals with ADD (2.65 ± 1.39) 
compared with individuals with MCI, other dementia, and 
CN individuals (p < 0.001). Individuals with ADD had the 
lowest mean cortical thickness (2.31 ± 0.12 mm; p < 0.001). 
Other characteristics are presented in Table 1 and Supple-
mentary Table 1.

Comparison of DTI-ALPS index among different 
diagnostic and biological groups

The mean DTI-ALPS index was the highest in individu-
als with CN compared with MCI, ADD, or other demen-
tia. Group differences were statistically significant in both 
the unadjusted and fully-adjusted models (p < 0.001 for all 
models). Post-hoc analyses showed that CN individuals had 
significantly higher DTI-ALPS index than individuals with 
MCI, ADD, and other dementia (p < 0.001; Fig. 1A).

We further investigated differences in DTI-ALPS index 
across A/T/N biomarker statuses (positive vs. negative; 
Fig. 1B-D). DTI-ALPS index differed by T and N status after 
covariate adjustment. Individuals with T +status had lower 
DTI-ALPS index than those with T– status (1.24 ± 0.16 
vs. 1.31 ± 0.23; p = 0.028), and individuals with N + status 
showed lower values compared with those with N– status 
(1.20 ± 0.14 vs. 1.35 ± 0.22; p < 0.001). No significant differ-
ence was found between A + and A– (p = 0.156).

Among individuals without other dementia, similar pat-
terns were found for T/N statuses (Supplementary Fig. 3). 
Individuals with T + status showed lower DTI-ALPS 
index values compared with T– status (1.23 ± 0.15 vs. 
1.33 ± 0.23; p = 0.001), and individuals with N + status also 
showed significantly lower values compared with N– status 
(1.18 ± 0.13 vs. 1.36 ± 0.21; p < 0.001). However, individu-
als with A + status had significantly lower DTI-ALPS index 
values than those with A– status (1.24 ± 0.15 vs. 1.33 ± 0.25; 
p = 0.017).

Association of DTI-ALPS index with cognitive 
function, neurodegeneration markers, and tau 
burden

The associations between DTI-ALPS index and cognitive 
function (MMSE and CDR-SOB scores, subtests of specific 
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Table 1  Baseline characteristics of participants included in the study
Characteristics CN (n = 39) MCI (n = 54) ADD (n = 38) Other dementia 

(n = 13)
p-value*

Age (years), mean (SD) 72.1 (5.73) 72.5 (6.62) 68.9 (10.1) 69.1 (10.3) 0.117
Male, N (%) 10 (25.6) 18 (33.3) 24.0 (63.2) 7.0 (53.9) 0.530
Education levels (years), mean (SD) 9.53 (4.14) 8.93 (4.92) 9.3 (4.1) 11.4 (5.22) 0.371
APOE e4 carrier status, N (%) 8 (20.5)b, c 32 (59.3)a, d 19.0 (50.0)a, d 2.0 (15.4)b, c < 0.001
Vascular risk factors, N (%)
Hypertension 22 (56.4)c 23 (42.6) 11.0 (29.0)a 4.0 (30.8) 0.083
Diabetes mellitus 9 (23.1) 19 (35.2)c 4.0 (10.5)b 2.0 (15.4) 0.044
Dyslipidemia 20 (51.3)c 26 (48.2)c 8.0 (21.1)a, b 4.0 (30.8) 0.022
Coronary artery disease 3 (7.69) 5 (9.26) 3.0 (7.9) 0.0 (0.0) 0.734
Ischemic stroke 2 (5.13) 1 (1.85) 1.0 (2.6) 0.0 (0.0) 0.719
Cognitive function
MMSE, mean (SD) 28.1 (1.72)b, c,d 24.8 (3.11)a, c,d 19.5 (3.61)a, b 20.6 (3.69)a, b < 0.001
CDR-SOB, mean (SD) 0.33 (0.42)b, c,d 2.12 (1.02)a, c,d 4.9 (1.96)a, b 4.9 (1.60)a, b < 0.001
Cortical FLUTE SUVR 0.43 (0.14)b, c 0.62 (0.22)a, c,d 0.89 (0.15)a, b,d 0.37 (0.06)b, c < 0.001
Amyloid Positivity, N (%) 7 (18.0)b, c 29 (53.7)a, c 38 (100.0)a, b,d 0 (0.00)c < 0.001
Tau burden
Global MK6240, mean (SD) 0.97 (0.12)c 1.22 (0.42)c 2.65 (1.39)a, b,d 1.11 (0.50)c < 0.001
Braak I-II SUVR, median (25%−75%) 0.95 (0.76–

1.13)b, c
1.73 (1.16–

2.21)a, c
2.30 (1.66–

3.01)a, b,d
1.06 (0.87–

1.77)c
< 0.001

Braak III-IV SUVR, median (25%−75%) 0.99 (0.89–
1.09)b, c

1.17 (0.95–
1.64)a, c

2.56 (1.77–
3.42)a, b,d

0.98 (0.88–
1.19)c

< 0.001

Braak V-VI SUVR, median (25%−75%) 0.94 (0.82–
1.03)c

0.96 (0.86–
1.14)c

1.87 (1.30–
3.01)a, b,d

0.84 (0.75–
1.06)c

< 0.001

Temporal meta-ROI SUVR, mean (SD) 1.11 (0.16)b, c 1.64 (0.66)a, c 3.43 (1.54)a, b,d 1.51 (0.89)c < 0.001
Brain atrophy
Mean Cortical Thickness (mm), mean (SD) 2.45 (0.13)b, c,d 2.37 (0.13)a 2.31 (0.12)a 2.33 (0.13)a < 0.001
HV/ICV ratio, median (25%−75%) 2.48 (2.21–

2.78)b, c,d
2.15 (1.95–

2.44)a
2.05 (1.83–2.24)a 2.07 (1.90–

2.24)a
< 0.001

Total MB, mean (SD) 1.23 (2.25) 2.02 (8.27) 2.21 (1.13) 2.08 (12.3) 0.921
Total lacune, mean (SD) 1.82 (2.72) 1.30 (1.91) 0.84 (1.22) 1.46 (4.16) 0.358
Total WMHV (mm3), mean (SD) 12.3 (10.0) 10.5 (8.75) 13.68 (6.97) 13.38 (20.9) 0.555
PWMH (mm3), mean (SD) 10.0 (7.38) 8.84 (7.29) 10.71 (6.34) 11.78 (10.3) 0.523
DWMH (mm3), mean (SD) 2.47 (4.13) 1.65 (4.43) 2.97 (2.22) 1.60 (13.0) 0.698
DTI-ALPS index 1.44 (0.23)b, c,d 1.23 (0.16)a 1.21 (0.12)a 1.16 (0.20)a < 0.001
Abbreviation: CN Cognitive normal, MCI Mild cognitive impairment, ADD Alzheimer’s disease dementia, SD Standard deviation, APOE Apo-
lipoprotein, SUVR Standardized uptake value ratio, MMSE Mini-mental state examination, CDR-SOB Clinical dementia rating-sum of boxes, 
HV Hippocampal volume, ICV Intracranial volume, MB Microbleeds, WMHV White matter hyperintensity volume, PWMH Periventricular 
white matter hyperintensity, DWMH Deep White Matter Hyperintensity
Footnotes: Data were presented as means (standard deviation), medians (interquartile range), or frequencies (%). HV/ICV ratio was multiplied 
by 1000. Regional SUVR of [18F]MK-6240 in the brain areas corresponding to Braak I–II, III–IV, and V–VI SUVR, and the HV/ICV ratio were 
log-transformed to normalize their distribution. Group comparisons were performed between the diagnosis groups with analysis of variance 
for continuous variables and chi-square test for categorical variables. For the DTI-ALPS index, analysis of covariance was used to compare 
diagnostic groups, adjusting for relevant covariates
Different superscript letters in a column indicate statistically significant difference between groups (determined using Tukey’s test for continu-
ous variables and pairwise chi-square tests for categorical variables.; p < 0.05).
aVersus cognitive normal
bVersus mild cognitive impairment
cVersus Alzheimer’s dementia disease
dVersus other dementia
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Longitudinal associations of DTI-ALPS index with 
changes in cognitive function

The longitudinal associations between baseline DTI-ALPS 
index (measured at baseline) and changes of MMSE and 
CDR-SOB scores over 2 years are shown in Table 5. DTI-
ALPS index was positively associated with changes in 
MMSE score in models both without (β = 9.29; SE = 2.00; 
p < 0.001) and with adjustment for global MK6240 reten-
tion (β = 5.24; SE = 1.75; p < 0.001). DTI-ALPS index was 
negatively associated with changes in CDR-SOB score in 
models both without (β = −4.79; SE = 1.06; p < 0.001) and 
with adjustment for global MK6240 retention (β = −2.97; 
SE = 0.97; p = 0.003).

Discussion

In this study, we demonstrated that lower DTI-ALPS index 
was significantly associated with greater tau burden, lower 
cognitive performance, and more severe neurodegenera-
tion in individuals across the clinical spectrum of dementia. 
Using a path-analytic framework, we showed tau burden 
partially mediated the relationship between reduced glym-
phatic activity and both cognitive impairment and neuro-
degeneration. Specifically, tau burden (measured by Braak 
III–IV and V–VI SUVRs, temporal meta-ROI SUVR, and 
global MK6240 SUVR) partially mediated the associations 
between DTI-ALPS index and cognitive function (MMSE, 
CDR-SOB, and frontal/executive function, language, mem-
ory, and visuospatial function) and brain atrophy (mean cor-
tical thickness), with mediation proportions ranging from 

—including MMSE, CDR-SOB, and domain-specific mea-
sures of frontal/executive function, language, memory, 
and visuospatial function (p < 0.05; Table  3; Supplemen-
tary Table 2). By contrast, MK6240 retention in Braak I–
II SUVR did not significantly mediate these associations. 
(p = 0.053 in MMSE score and p = 0.056 in COR-SOB; 
Table 3; Supplementary Table 2).

Mediating effects of tau burden on associations 
between DTI-ALPS index and neuroimaging markers

Global MK6240 SUVR was significantly associated with 
mean cortical thickness (p < 0.05; Table  4). The media-
tion effect of global MK6240 on the association between 
DTI-ALPS index and mean cortical thickness was statisti-
cally significant (β = 0.07; SE = 0.03; p = 0.017); the propor-
tion mediated was 21.34% (Table 4; Fig. 3C). By contrast, 
global MK6240 SUVR was not significantly associated with 
HV/ICV ratio (p = 0.120; Table 4). Consistent with this, the 
mediation effect was not statistically significant (β = 0.02; 
SE = 0.02; p = 0.162) (Table 4; Fig. 3D).

Similar to global MK6240 retention, MK6240 reten-
tion in Braak III–IV, V–VI, and the temporal meta-ROI 
SUVRs significantly mediated the association between 
DTI-ALPS index and mean cortical thickness (p < 0.05; 
Table  4). By contrast, MK6240 retention in Braak I–II 
SUVR did not significantly mediate these associations 
(p = 0.469; Table 4). For HV/ICV ratio, MK6240 reten-
tion in Braak I–II, Braak III–IV, Braak V–VI, and the 
temporal meta-ROI SUVRs did not significantly mediate 
the association between the DTI-ALPS index and HV/
ICV ratio (Table 4).

Fig. 1  Group Comparisons of DTI-ALPS Index by Clinical Diagnosis 
and biological staging of all the participants. Abbreviations. CN, Cog-
nitive normal; MCI, Mild cognitive impairment; ADD, Alzheimer’s 
disease dementia.  Footnotes. Group comparisons were conducted 
using analysis of covariance controlling for age, sex, educational 
years, and APOE e4 carrier status (A). Comparing DTI-ALPS indices 
in different biological groups, covariates include age, sex, educational 

years, APOE e4 carrier, and baseline diagnoses (B-D). Amyloid posi-
tivity was defined based on a standardized visual rating protocol (B). 
Tau positivity was defined as a temporal meta-ROI SUVR ≥ 1.35 on 
MK6240 PET (C). Neurodegeneration positivity was defined as a Hip-
pocampal volume/Intracranial Volume*1000 < 2.150 (D). Significant 
P-values are marked with**P<0.01, ***P < 0.001.
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DTI-ALPS remained significantly associated with cognitive 
decline, indicating that this relationship may be partially 
mediated by tau-independent mechanisms, including neuro-
inflammation, synaptic dysfunction, sleep-dependent altera-
tions in glymphatic influx, and changes in arterial pulsatility 
and other related pathophysiological processes.

Our results extend prior studies that used mediation 
analysis to examine the relationship between glymphatic 

approximately 21–27%. However, hippocampal atrophy 
showed no clear association with tau-mediated effects of 
DTI-ALPS, whereas amyloid burden appeared to play a 
more prominent role in hippocampal neurodegeneration. 
Moreover, our longitudinal analyses showed that lower 
baseline glymphatic function was significantly associated 
with faster cognitive decline over a two-year period, inde-
pendent of tau burden. Even after adjusting for tau burden, 

Table 2  Associations between DTI-ALPS index and Tau burden and cognitive function tests
Independent variable Dependent variables β coefficient SE P-value
DTI_ALPS Tau burden

Global MK6240 −1.24 0.39 0.002
Braak stages I-II −0.36 0.19 0.063
Braak stages III-IV −0.52 0.18 0.005
Braak stages V-VI −0.52 0.76 0.005
Temporal meta-ROI −1.57 0.49 0.002
Cognitive tests
MMSE score 8.39 1.69 < 0.001
CDR-SOB −4.33 0.87 < 0.001
Cognitive domains
Attention

Digit span forward 0.39 0.41 0.338
Digit span backward 0.42 0.44 0.347

Language function
K-BNT 1.76 0.65 0.008

Visuospatial
RCFT copy 2.38 1.27 0.064

Memory
SVLT recall total 2.22 0.52 < 0.001
SVLT delayed recall 2.51 0.53 < 0.001
SVLT recognition score 3.21 0.74 < 0.001
RCFT immediate recall 1.08 0.46 0.009
RCFT delayed recall 1.41 0.47 0.002
RCFT recognition score 1.20 0.56 0.025

Frontal/executive functions
COWAT animal 1.28 0.45 0.005
COWAT supermarket 1.69 0.43 < 0.001
COWAT phonemic total score 1.33 0.45 0.003
K-CWST 1.43 0.54 0.009
DSC 1.77 0.61 0.004
Trail Making Test A 0.16 2.80 0.955
Trail Making Test B 2.88 1.97 0.146

Neuroimaging markers
Mean cortical thickness 0.26 0.06 < 0.001
HV/ICV ratio 0.04 0.01 < 0.001

Abbreviations. DTI-ALPS Diffusion tensor image analysis along the perivascular space, SUVR Standardized uptake value ratio, SNSB Seoul 
neuropsychological screening battery, MMSE  Mini-mental state examination, SE  standard error, CDR-SOB  clinical dementia rating–sum 
of boxes, K-BNT  Korean version of the Boston naming test, RCFT  Rey-Osterrieth complex figure test, SVLT  Seoul verbal learning test, 
COWAT  controlled oral word association test, K-CWST  Korean-color word stroop test, DSC digit-symbol coding, TMT  trail making test, 
HV Hippocampal volume, ICV intracranial volume
Footnotes.β-Coefficients and standard errors were estimated from multivariate generalized linear regression. All analyses were adjusted for 
age, sex, educational years, and APOE e4 carrier; however, age, sex, and educational years were excluded from models regressing SNSB tests, 
as SNSB scores were already corrected for these variables. In neuroimaging analyses, the intracranial volume was added as an additional 
covariate. Regional SUVR of 18 F-MK-6240 in the brain areas for Braak I–II, III–IV, and V–VI, and the HV/ICV ratio were log-transformed 
to normalize their distribution
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DTI-ALPS regions of interest—projection and association 
fibers near the lateral ventricles—compared to neocortical 
regions involved in Braak stages III–VI. These regions are 
in closer spatial proximity to the DTI-ALPS measurement 
site, potentially allowing stronger detection of glymphatic 
impairment in association with later-stage tau deposition.

The spatial distribution of tau-glymphatic associations 
identified in this study differed from the frontal-predominant 
pattern described by Hsu et al., who described prominent 
tau-glymphatic associations in frontal and anterior cingulate 
regions. In contrast, our voxel-wise analyses demonstrated 
more pronounced associations in posterior cortical regions, 
including the parietal and lateral temporal cortices, precu-
neus, and posterior cingulate. Several factors may account 
for these discrepancies. First, differences in cohort composi-
tion and disease stage may be relevant, as Hsu et al. focused 
on ADD and CN individuals, whereas our cohort encom-
passed a broader clinical spectrum including MCI. Sec-
ond, differences in participant age may partly explain the 
discrepant regional findings. In the study by Hsu et al., the 
mean age of cognitively normal (CN) participants was rela-
tively young (61.0 ± 7.1 years), and the Alzheimer’s disease 
dementia (ADD) group had a mean age of 63.2 ± 4.7 years, 
suggesting that a substantial proportion of early-onset AD 
(EOAD) cases may have been included. In contrast, partici-
pants in our study were considerably older across all diag-
nostic categories, with mean ages of 72.1 ± 5.7 years for CN, 
72.5 ± 6.6 years for MCI, 68.9 ± 10.1 years for ADD, and 
69.1 ± 10.3 years for other dementias. Even when restricting 
comparisons to CN and ADD only, our cohorts were sub-
stantially older than those in Hsu et al. Moreover, within 
our ADD group, EOAD and late-onset AD (LOAD) were 
equally represented (19 EOAD and 19 LOAD). These age 
differences may have influenced the topographical patterns 

function, pathological burden, and cognition [7, 8]. While 
Hsu et al., focused on CN and ADD individuals, and Huang 
et al., included CN, MCI and ADD groups [7, 8], our study 
encompassed individuals across a broader range of clinical 
diagnoses, including other dementia types. Furthermore, 
unlike previous reports that emphasized amyloid pathology 
as a mediator, we identified tau burden—particularly in the 
brain areas for Braak III and above—as a key intermediary 
linking glymphatic dysfunction to both cognitive impair-
ment and neurodegeneration. Notably, no association was 
observed in Braak I–II SUVR. One proposed mechanism 
for the Braak stage-dependent differences in DTI-ALPS 
effects lies in the heterogeneous efficiency of glymphatic 
clearance across brain regions. The medial temporal lobe 
(MTL), including the entorhinal cortex and hippocampus, 
may have inherently limited CSF-interstitial exchange 
due to its deep anatomical location and sparse perivascu-
lar pathways, whereas broad neocortical areas with exten-
sive subarachnoid space and arterial perivascular routes 
experience more robust glymphatic circulation. A previ-
ous study demonstrated this disparity by showing delayed 
CSF clearance from the entorhinal cortex [27], indicating 
slow waste removal in the MTL. This localized clearance 
failure could accelerate tau accumulation, whereas global 
glymphatic decline would drive aggregation in the neocor-
tex. In addition, tau pathology confined to the MTL at early 
Braak stages I–II has little clinical effect; older individuals 
harboring such tangles often remain cognitively normal. By 
contrast, once tau progresses to Braak III–IV, it is strongly 
associated with cognitive deficits. Therefore, early stages of 
tau accumulation may not be affected by glymphatic dys-
functions (shown in Tables 3 and 4). Furthermore, anatomi-
cal proximity may play a role: the medial temporal lobes 
affected in Braak stages I–II are located farther from the 

Fig. 2  Voxel-wise associations between DTI-ALPS index and ¹⁸F-
MK6240 retention. Footnotes. 3D surface maps (A) and 2D axial 
slices (B) illustrate brain regions where a lower DTI-ALPS index is 
significantly associated with increased ¹⁸F-MK6240 SUVR, indicating 

higher tau burden. The statistical maps are thresholded at uncorrected 
p < 0.001 (t = 3.15, cluster size = 0) and adjusted for age, sex, educa-
tional years, and APOE e4 carrier status
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1. MMSE
Mediators Paths Path coefficient SE t value P-value Decision
Global Direct effect
MK6240 SUVR DTI-ALPS → Global MK6240 −0.19 0.06 3.32 0.001

DTI-ALPS → MMSE 0.34 0.07 4.86 < 0.001
Global MK6240 → MMSE −0.48 0.09 5.53 < 0.001

Indirect effect
DTI-ALPS → Global MK6240 → MMSE 0.09 0.03 2.75 0.006 Accepted

Braak I-II Direct effect
SUVR DTI-ALPS → Braak stages I-II −0.17 0.08 2.15 0.031

DTI-ALPS → MMSE 0.37 0.07 5.61 < 0.001
Braak stages I-II → MMSE −0.38 0.09 4.51 < 0.001

Indirect effect
DTI-ALPS → Braak stages I-II → MMSE 0.07 0.03 1.94 0.053 Rejected

Braak III-IV Direct effect
SUVR DTI-ALPS → Braak stages III-IV −0.20 0.07 2.93 0.003

DTI-ALPS → MMSE 0.36 0.07 5.25 < 0.001
Braak stages III-IV → MMSE −0.52 0.09 5.99 < 0.001

Indirect effect
DTI-ALPS → Braak stages III-IV → MMSE 0.10 0.04 2.53 0.011 Accepted

Braak V-VI Direct effect
SUVR DTI-ALPS → Braak stages V-VI −0.17 0.06 2.74 0.006

DTI-ALPS → MMSE 0.34 0.07 4.98 < 0.001
Braak stages V-VI → MMSE −0.46 0.10 4.58 < 0.001

Indirect effect
DTI-ALPS → Braak stages V-VI → MMSE 0.08 0.04 2.21 Accepted

Temporal Direct effect 0.027
meta-ROI SUVR DTI-ALPS → Temporal meta-ROI −0.21 0.06 3.32 0.001

DTI-ALPS → MMSE 0.35 0.07 5.09 < 0.001
Temporal meta-ROI → MMSE −0.51 0.08 6.31 < 0.001

Indirect effect
DTI-ALPS → Temporal meta-ROI → MMSE 0.11 0.04 2.83 0.005 Accepted

2. CDR-SOB
Mediators Paths Path coefficient SE t value P -value Decision
Global Direct effect
MK6240 SUVR DTI-ALPS → Global MK6240 −0.35 0.07 5.23 < 0.001

DTI-ALPS → CDR-SOB −0.19 0.06 3.33 0.001
Global MK6240 → CDR-SOB 0.40 0.10 4.14 < 0.001

Indirect effect
DTI-ALPS → Global MK6240 → CDR-SOB −0.08 0.03 2.38 0.017 Accepted

Braak I-II Direct effect
SUVR DTI-ALPS → Braak stages I-II −0.39 0.07 5.91 < 0.001

DTI-ALPS → CDR-SOB −0.17 0.08 2.17 0.03
Braak stages I-II → CDR-SOB 0.41 0.08 5.00 < 0.001

Indirect effect
DTI-ALPS → Braak stages I-II → CDR-SOB −0.07 0.04 1.91 0.056 Rejected

Braak III-IV Direct effect
SUVR DTI-ALPS → Braak stages III-IV −0.37 0.07 5.48 < 0.001

DTI-ALPS → CDR-SOB −0.20 0.07 2.96 0.003
Braak stages III-IV → CDR-SOB 0.44 0.09 4.66 < 0.001

Indirect effect
DTI-ALPS → Braak stages III-IV → CDR-SOB −0.09 0.04 2.41 0.016 Accepted

Braak V-VI Direct effect
SUVR DTI-ALPS → Braak stages V-VI −0.36 0.07 5.35 < 0.001

DTI-ALPS → CDR-SOB −0.17 0.06 2.78 0.006
Braak stages V-VI → CDR-SOB 0.35 0.10 3.46 0.001

Table 3  Mediating effects of Tau burden on associations between DTI-ALPS index and cognitive function
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atrophy measures. Such adjustment may differentially 
affect tau-glymphatic associations across regions depend-
ing on the degree of neurodegeneration, which may partly 
account for differences in regional patterns between studies. 
Together, these cohort-related and methodological differ-
ences may underlie the divergent regional patterns observed 
across studies.

Another notable finding was that the DTI-ALPS index 
showed a stronger association with tau and neurodegen-
eration (T and N) than with amyloid (A) status. Individu-
als with T + and N + status had lower DTI-ALPS indices 
than their negative counterparts, whereas no significant 
difference was found between A + and A– groups in the 
total sample. This finding raised the possibility that, unlike 

of tau-glymphatic associations observed across studies. 
Exploratory analyses suggested stronger DTI-ALPS-tau 
associations in EOAD compared with LOAD, raising 
the possibility that the frontal predominance reported in 
younger cohorts may be influenced by a higher proportion 
of EOAD cases, whereas inclusion of MCI and LOAD may 
reveal broader involvement of parietal–temporal and pre-
cuneus regions (Data are not shown). Third, differences in 
tau PET tracers may have contributed to regional variability, 
given the distinct binding characteristics of [18F]APN-1607 
and [18F]MK-6240. Lastly, analytical strategies also differed 
between studies: Hsu et al. adjusted for regional gray mat-
ter volume ratio when examining tau–glymphatic relation-
ships, whereas our analyses did not include region-specific 

Fig. 3   Mediating effects of global MK6240 SUVR on associations 
between DTI-ALPS index and MMSE score (A), CDR-SOB score 
(B), mean cortical thickness (C), and HV/ICV ratio (D). Abbrevia-
tions. CDR-SOB, clinical dementia rating scale - sum of boxes; CI, 

confidence interval; DTI-ALPS, Diffusion tensor image analysis along 
the perivascular space; HV/ICV ratio, hippocampal volume/intracra-
nial volume ratio; DE, direct effect; IDE, indirect effect

 

1. MMSE
Mediators Paths Path coefficient SE t value P-value Decision
Global Direct effect

Indirect effect
DTI-ALPS → Braak stages V-VI → CDR-SOB −0.06 0.03 2.01 0.044 Accepted

Temporal Direct effect
meta-ROI SUVR DTI-ALPS → Temporal meta-ROI −0.36 0.07 5.36 < 0.001

DTI-ALPS → CDR-SOB −0.21 0.06 3.33 0.001
Temporal meta-ROI → CDR-SOB 0.45 0.09 5.00 < 0.001

Indirect effect
DTI-ALPS → Temporal meta-ROI → CDR-SOB −0.10 0.04 2.63 0.009 Accepted

Abbreviations. CDR-SOB Clinical dementia rating scale - sum of boxes, MMSE  Mini-mental state examination, SE  standard error, DTI-
ALPS Diffusion tensor image analysis along the perivascular space, SUVR Standardized uptake value ratio
Footnotes. Coefficients and standard errors were estimated from partial least squares structural equation modeling with bootstrap re-sampling 
(5,000 iterations). All models were adjusted for age, sex, educational years, APOE e4 carrier, and cortical FLUTE SUVR. Regional SUVR of 
18F-MK-6240 in the brain areas for Braak I–II, III–IV, and V–VI SUVRs were log-transformed to normalize their distribution

Table 3  (continued) 
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1. Mean cortical thickness (Mean Cth)
Mediators Paths Path coefficient SE t value P-value Decision
Global Direct effect
MK6240 SUVR DTI-ALPS → Global MK6240 0.34 0.08 4.48 < 0.001

DTI-ALPS → Mean CTh −0.19 0.06 3.33 0.001
Global MK6240 → Mean CTh −0.37 0.10 3.71 < 0.001

Indirect effect
DTI-ALPS → Global MK6240 → Mean CTh 0.07 0.03 2.39 0.017 Accepted

Braak I-II Direct effect
SUVR DTI-ALPS → Braak stages I-II 0.35 0.08 4.68 < 0.001

DTI-ALPS → Mean CTh −0.17 0.08 2.17 0.030
Braak stages I-II → Mean CTh −0.08 0.10 0.81 0.421

Indirect effect
DTI-ALPS → Braak stages I-II → Mean CTh 0.01 0.02 0.72 0.469 Rejected

Braak III-IV Direct effect
SUVR DTI-ALPS → Braak stages III-IV 0.35 0.08 4.61 < 0.001

DTI-ALPS → Mean CTh −0.20 0.07 2.96 0.003
Braak stages III-IV → Mean CTh −0.30 0.11 2.75 0.006

Indirect effect
DTI-ALPS → Braak stages III-IV → Mean CTh 0.06 0.03 2.07 0.038 Accepted

Braak V-VI Direct effect
SUVR DTI-ALPS → Braak stages V-VI 0.35 0.08 4.54 < 0.001

DTI-ALPS → Mean CTh −0.17 0.06 2.78 0.006
Braak stages V-VI → Mean CTh −0.40 0.10 3.93 < 0.001

Indirect effect
DTI-ALPS → Braak stages V-VI → Mean CTh 0.07 0.03 2.20 0.028 Accepted

Temporal Direct effect
meta-ROI SUVR DTI-ALPS → Temporal meta-ROI 0.35 0.08 4.60 < 0.001

DTI-ALPS → Mean CTh −0.21 0.06 3.33 0.001
Temporal meta-ROI → Mean CTh −0.27 0.11 2.54 0.011

Indirect effect
DTI-ALPS → Temporal meta-ROI → Mean CTh 0.06 0.03 2.04 0.041 Accepted

2. Hippocampal volume/intracranial volume ratio (HV/ICV ratio)
Mediators Paths Path coefficient SE t value P -value Decision
Global Direct effect
MK6240 SUVR DTI-ALPS → Global MK6240 0.38 0.06 6.00 < 0.001

DTI-ALPS → HV/ICV ratio −0.19 0.06 3.32 0.001
Global MK6240 → HV/ICV ratio −0.13 0.08 1.56 0.120

Indirect effect
DTI-ALPS → Global MK6240 → HV/ICV ratio 0.02 0.02 1.40 0.162 Rejected

Braak I-II Direct effect
SUVR DTI-ALPS → Braak stages I-II 0.41 0.07 6.23 < 0.001

DTI-ALPS → HV/ICV ratio −0.17 0.08 2.15 0.031
Braak stages I-II → HV/ICV ratio −0.23 0.10 2.46 0.014

Indirect effect
DTI-ALPS → Braak stages I-II → HV/ICV ratio 0.04 0.03 1.51 0.130 Rejected

Braak III-IV Direct effect
SUVR DTI-ALPS → Braak stages III-IV 0.39 0.06 6.17 < 0.001

DTI-ALPS → HV/ICV ratio −0.20 0.07 2.93 0.003
Braak stages III-IV → HV/ICV ratio −0.18 0.08 2.16 0.031

Indirect effect
DTI-ALPS → Braak stages III-IV → HV/ICV ratio 0.04 0.02 1.77 0.077 Rejected

Braak V-VI Direct effect
SUVR DTI-ALPS → Braak stages V-VI 0.38 0.06 6.01 < 0.001

DTI-ALPS → HV/ICV ratio −0.17 0.06 2.74 0.006
Braak stages V-VI → HV/ICV ratio −0.13 0.09 1.49 0.137

Table 4  Mediating effects of Tau burden on associations between DTI-ALPS index and neuroimaging markers
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emerges early and reaches a relative plateau before overt 
dementia. Consequently, further increases in tau burden 
from MCI to AD may not translate into additional categori-
cal reductions in the ALPS index. Notably, ALPS continued 
to show robust continuous associations with tau burden and 
cognitive performance, underscoring its relevance despite 
the lack of significant group-level differences.

From a mechanistic standpoint, these findings reinforce 
the role of the glymphatic system – driven by aquaporin-4 
dependent fluid exchange – in tau clearance and suggest 
that impaired glymphatic flow may exacerbate tau-medi-
ated neurodegeneration and cognitive decline. For example, 
studies using AD transgenic mice have shown that genetic 
deletion or pharmacological inhibition of aquaporin-4 sig-
nificantly impairs the clearance of extracellular tau, leading 
to increased tau aggregation, accelerated spread across brain 
regions, and worsened cognitive deficits [4, 29]. Neuroimag-
ing studies have further linked reduced glymphatic activity 
to increased amyloid and tau burden, suggesting its involve-
ment in Alzheimer’s disease pathophysiology [7]. Our study 
extends this mechanism by demonstrating that tau burden 
significantly mediated the relationship between glymphatic 
system (measured by the DTI-ALPS index) and neurode-
generation. Given that glymphatic function is modifiable by 

tau, Aβ may reach a ceiling effect rather than continuing 
to accumulate in proportion to disease severity. One pos-
sible explanation is that our study population included indi-
viduals with other dementia, in whom amyloid pathology 
may not be the primary pathological driver. Indeed, when 
individuals with other dementia were excluded, the DTI-
ALPS index showed a significant difference according to 
A status (Supplementary Fig. 3). Alternatively, this finding 
aligns with the hypothesis that impaired glymphatic clear-
ance may contribute more directly to tau accumulation and 
structural degeneration than to Aβ deposition alone [3, 28]. 
These findings highlight the importance of accounting for 
diagnostic heterogeneity when interpreting the relationship 
between glymphatic function and Aβ burden.

Taken together, these findings indicate that glymphatic 
dysfunction, as measured by the DTI-ALPS index, is 
closely associated with tau-related pathological processes. 
Although tau burden increased markedly from MCI to AD 
in our cohort, the ALPS index did not show a correspond-
ing group-level decline. This dissociation likely reflects the 
timing of glymphatic impairment along the Alzheimer’s 
disease continuum. MCI individuals already exhibited sig-
nificantly lower ALPS values compared with cognitively 
normal participants, suggesting that glymphatic dysfunction 

Table 5  Longitudinal associations of DTI-ALPS index with changes in cognitive function
Cognitive function Model 1 Model 2

β SE p-value β SE p-value
MMSE 9.29 2.00 < 0.001 5.24 1.75 < 0.001
CDR-SOB −4.79 1.06 < 0.001 −2.97 0.97 0.003
Abbreviations. DTI-ALPS Diffusion tensor image analysis along the perivascular space, MMSEMini-mental state examination, CDR-SOB 
Clinical dementia rating-sum of boxes, SE standarderror
Footnotes. Associations were assessed by linear mixed models. Model 1 was adjusted forbaseline age, sex, educational years, and APOE e4 car-
rier, while Model 2 additionallyadjusted for global MK6240 SUVR. β-coefficients (per unit increase in DTI-ALPS index)represented estimated 
changes in MMSE and CDR-SOB scores

1. Mean cortical thickness (Mean Cth)
Mediators Paths Path coefficient SE t value P-value Decision
Global Direct effect

Indirect effect
DTI-ALPS → Braak stages V-VI → HV/ICV ratio 0.02 0.02 1.27 0.205 Rejected

Temporal Direct effect
meta-ROI SUVR DTI-ALPS → Temporal meta-ROI 0.39 0.06 6.06 < 0.001

DTI-ALPS → HV/ICV ratio −0.21 0.06 3.32 0.001
Temporal meta-ROI → HV/ICV ratio −0.15 0.08 1.90 0.057

Indirect effect
DTI-ALPS → Temporal meta-ROI → HV/ICV ratio 0.03 0.02 1.71 0.087 Rejected

Abbreviations. SE standard error, DTI-ALPS Diffusion tensor image analysis along the perivascular space, SUVR Standardized uptake value 
ratio, CTh cortical thickness, HV/ICV ratio, hippocampal volume/intracranial volume ratio
Footnotes. Coefficients and standard errors were estimated from partial least squares structural equation modeling with bootstrap re-sampling 
(5,000 iterations). All models were adjusted for age, sex, educational years, APOE e4 carrier, cortical FLUTE SUVR, and intracranial volume. 
Regional SUVR of [18F]MK-6240 in Braak I–II, III–IV, and V–VI SUVRs, and the HV/ICV ratio were log-transformed to normalize their 
distribution

Table 4  (continued) 
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not allow for strong causal inference, our mediation hypoth-
esis was formulated based on previous evidences showing 
that glymphatic dysfunction contributes to the accumulation 
of pathological proteins, which in turn promote neuroin-
flammation and cognitive decline [3, 28, 34]. 

In conclusion, the present study found that the DTI-
ALPS index may serve as a non-invasive biomarker for 
glymphatic system dysfunction in dementia. Its associa-
tion with cognitive decline was partially mediated by tau 
pathology, and baseline DTI-ALPS index values also pre-
dicted future cognitive trajectory over two years. These 
findings suggest that impaired glymphatic clearance con-
tributes to neurodegeneration by facilitating tau accu-
mulation and support glymphatic activity as a potential 
therapeutic target.
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sleep, vascular health, and physical activity [30–33], these 
results open new avenues for potential therapeutic interven-
tions targeting clearance mechanisms in early-stage ADD.

This study has several strengths. It included a well-char-
acterized cohort comprising individuals across the clinical 
spectrum of dementia and supported by multimodal bio-
markers, including both tau and amyloid PET imaging. Also, 
the present study incorporated longitudinal follow-up and 
comprehensive cognitive assessments (MMSE, CDR-SOB, 
and detailed neuropsychological tests). The use of advanced 
mediation and structural equation modelling allowed us to 
examine potential pathways in a more structured manner, 
while recognizing that the cross-sectional nature of some 
measures limits the interpretation.

Several limitations should be acknowledged. First, the 
observational design limits causal interpretation. Second, 
although the DTI-ALPS index is a promising proxy for 
glymphatic function, it does not directly measure cerebro-
spinal fluid flow and may be influenced by other microstruc-
tural changes. It provides a global estimate and overlooks 
regional heterogeneity. Future studies should focus on 
ADD-specific regions and incorporate more sensitive bio-
markers to better understand regional glymphatic function. 
In addition, data on circadian rhythm, sleep, and several vas-
cular factors were not available, and therefore could not be 
included. Future studies with more complete covariate infor-
mation are needed. Third, the present study was conducted 
at a single center with a modest sample size, which may 
limit generalizability. Because glymphatic imaging markers 
such as the DTI-ALPS index currently lack established nor-
mative values or standardized cutoffs, our findings should 
be interpreted with caution, and further multicenter stan-
dardization studies are needed. Fourth, glymphatic imaging 
markers such as the DTI-ALPS index lack direct pathologic 
validation in human dementia, and current in vivo imaging 
cannot distinguish impaired tau clearance from increased tau 
accumulation or production. Accordingly, the associations 
observed in this study reflect relationships with net tau bur-
den rather than specific clearance mechanisms, highlighting 
the need for future post-mortem and multimodal validation 
studies. Lastly, although we adjusted for tau burden in longi-
tudinal models, future studies incorporating repeat tau PET 
scans will be needed to evaluate how dynamic changes in 
glymphatic function and tau interact over time. In the pres-
ent study, mediation analyses were based on cross-sectional 
data, with tau burden (as the mediator) collected at a single 
time point. The cognitive function tests were conducted 
annually, with a total of three assessments, but some of the 
data were incomplete. Therefore, mediation analyses were 
conducted cross-sectionally to maximize data availability 
and maintain analytical consistency. While our design does 
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