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Abstract

BACKGROUND: Subjective cognitive decline (SCD) has been recognized as a potential
risk stage for progression to Alzheimer’s disease (AD), while glymphatic dysfunction
is considered an important characteristic of AD. We hypothesize that glymphatic dys-
function occurs during the SCD stage, aiming to discover potential biomarkers for
SCD.

METHODS: Participants from two independent studies, Sino Longitudinal Study on
Cognitive Decline (SILCODE, n = 654) and the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI, n = 650), representing different ethnicities and disease stages, were
included to assess glymphatic function using diffusion tensor image analysis along the
perivascular space (DTI-ALPS).

RESULTS: Abnormal glymphatic function occurs during the SCD stage, with the ALPS
index demonstrating excellent classification performance for SCD and normal con-
trols (area under the receiver operating characteristic curve [AUC]s; cope = 0.816,
AUC,p\; = 0.797). Lower ALPS index indicates higher risk of cognitive progression,
which is negatively correlated with Subjective Cognitive Decline Questionnaire 9
scores and amyloid positron emission tomography burden.

DISSCUSION: Our study suggests the ALPS index has the potential to serve as a
biomarker for SCD.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease
that is irreversible.! Many studies have shown that drug clinical trials
fail because treatment is initiated too late. Early diagnosis and early
intervention are critical for controlling the progression of the disease.
Subjective cognitive decline (SCD) is the earliest symptomatic mani-
festation and preclinical stage of AD.2 Research based on biomarkers
has found that SCD has characteristic pathological changes similar to
AD, further suggesting that SCD is a high risk for AD.% The risk ratio
of SCD developing into dementia in the future is approximately 1.63
to 3.01.%7° Therefore, SCD is an important gateway for AD prevention
and treatment.>

AD is characterized by progressive cognitive decline, reflecting
potential amyloid beta (AB) depositions, tau protein depositions, synap-
tic loss, and neurodegeneration.®® The glymphatic system is a novel
mechanism of waste removal in the brain. It refers to the flow of
cerebrospinal fluid (CSF) into the cerebral parenchyma along the peri-
arterial space, and then the interstitial fluid transports the metabolic
waste to the meningeal lymphatic vessels and deep cervical lymph
nodes.? Recent research has shown that the cerebral glymphatic sys-
tem is involved in the clearance of ~ 55% to 65% of AB protein in
the brain of mice.' Successive further studies have indicated that the
glymphatic dysfunction is considered a common pathway for AD.11-13

Currently, neurologists have applied neuroimaging techniques to
quantify glymphatic dysfunction. Diffusion tensor image (DTI) analysis
along the perivascular space (ALPS) index has been used to evaluate
the function of the glymphatic system, and is considered a biomarker
for disease progression or treatment assessment in patients with
AD.13-14 Previous studies have found a close correlation between the
ALPS index and several AD biomarkers, including CSF AB42, as well as
AB deposition, tau entanglement, and glucose metabolism on positron
emission tomography (PET).1>~1¢ It has also been observed that the
decreased ALPS index shows significant consistency with various AD-
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Alzheimer’s disease, biomarker, diffusion tensor image analysis along the perivascular space,
glymphatic, subjective cognitive decline

* Glymphatic function characterized by the analysis along the perivascular space
(ALPS) index becomes abnormal in subjective cognitive decline (SCD), the earliest
symptomatic manifestation and preclinical stage of Alzheimer’s disease (AD).

* The ALPS index demonstrates excellent classification performance for SCD and
normal controls in the East Asian and Western cohorts.

* Participants with a lower ALPS index show a higher risk of clinical progression.

* The ALPS index is closely associated with serval cognitive scales and amyloid beta

related multiple cognitive functioning performances.'>1” However,
whether the ALPS index can be used as a biomarker in the SCD stage
is still unknown. It is important to explore the glymphatic activity
alterations in SCD individuals and the relationship to cognitive decline.

Therefore, the aim of this study is to investigate whether the ALPS
index, which characterizes glymphatic function, has the potential to
serve as an imaging biomarker for the SCD stage. We hypothesize
that glymphatic dysfunction occurs during the SCD stage, potentially

contributing to cognitive progression.

2 | MATERIALS AND METHODS

2.1 | Participants
We included 1304 participants from two independent studies, the Sino
Longitudinal Study on Cognitive Decline (SILCODE, ClinicalTrials.gov
identifier: NCT03370744) from China and the Alzheimer’s Disease
Neuroimaging Initiative (ADNI, http://adni.loni.usc.edu/). We investi-
gated the potential of the ALPS index as a biomarker for SCD and its
relationship to clinical and pathological features of AD for each cohort.
SILCODE is a project aimed at the diagnosis of SCD and mild cog-
nitive impairment (MCI) in the early stage of AD using multimodal
data, including basic clinical information, neuropsychological assess-
ment, biological markers, and neuroimaging.*® The SILCODE study was
approved by the local ethics committee of Xuanwu Hospital of Capi-
tal Medical University (2017[046]). Informed consent was signed by all
participants. ADNI, established by Dr. Michael W. Weiner, is a compre-
hensive, multicenter research project backed by diverse organizations
and funds, including the National Institute on Aging (NIA) and the Food
and Drug Administration (FDA). Its objective is to develop and inves-
tigate a range of biomarkers—clinical, imaging, and biochemical—to
aid in the early detection and monitoring of AD, with open access for

researchers.
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The current analyses included data from 654 SILCODE partici-
pants (215 normal controls [NC], 194 SCD, 153 MCI, and 92 AD) and
650 ADNI participants (197 NC, 191 SCD, 158 MCI, and 104 AD)
after quality control. Both studies were approved by the responsible
ethics committees and radiation protection authorities. All participants

provided written informed consent.

2.2 | Inclusion criterion

SILCODE: NC participants were volunteers without any concerns
about cognitive decline and whose neuropsychologic test scores were
inthe normal range. The entry criterion of SCD referred to the concep-
tual framework proposed by Jessen et al. in 201417 and our previous

18.20 including (1) self-reported experience of persistent

references,
decline in memory compared to a previous state (within the last 5
years), (2) persistent concerns about memory changes, and (3) perfor-
mance within the normal range on all clinical scales (adjusted for age,
sex, and education; versions suitable for the Chinese). The diagnosis
of MCI was based on a neuropsychological method. The diagnos-
tic criteria for MCI meet the Jak/Bondi diagnostic criteria for MCI:
(1) at least two scores on the same cognitive domain (memory, lan-
guage, or executive function) on the neuropsychological test are both
impaired to a degree > 1.0 standard deviation (SD); (2) one score on
each cognitive domain (memory, language, executive function) of the
neuropsychological test was impaired to a degree > 1.0 SD; (3) Func-
tional Activity Questionnaire (FAQ) score > 9, indicating impairment
in the ability to perform independently at least three or more activ-
ities of daily living. MCI can be diagnosed when one of the above
conditions is met.2! AD refers to the guidelines from NIA-Alzheimer’s
Association workgroups.?2-2% Participants were excluded if they had
a history of stroke, brain damage, severe anemia, syphilis infection,
or other conditions.?? The diagnoses were checked by experienced
neurologists.

ADNI: Participants are classified according to the pre-established
criteria by ADNI, as outlined below: NC participants are defined as
having no subjective cognitive complaints and normal performance
on cognitive scales; MCI and AD must have subjective cognitive com-
plaints: MCl participants have Mini-Mental State Examination (MMSE)
scores ranging from 24 to 30, while AD scores range from 20 to 26;
Clinical Dementia Rating (CDR) score are 0.5, and for AD they are > 0.5;
Additionally, ADNI recruited a group of elderly individuals with SCD,
defined as subjectively reflecting cognitive issues, with self-complaints
exceeding the predefined cut-off on memory ratings assessed by the
Cognitive Change Index. To obtain more detailed diagnostic criteria,
please refer to the procedure manual of ADNI (http://www.adni-info.
org).

Participants included in the study must undergo DTI sequence
scanning, along with providing basic demographic information (i.e.,
age, sex, education). Due to the sensitivity of the ALPS index to the
anterior commissure-posterior commissure (AC-PC) line, images of
subjects with AC-PC line exceeding the horizon by more than 20° were
excluded.’>?* A detailed ADNI and SILCODE participants screening

process is provided in Figures S1 and S2 in supporting information.

RESEARCH IN CONTEXT

1. Systematic review: Glymphatic dysfunction character-
ized by analysis along the perivascular space (ALPS) index
has been validated in the Alzheimer’s disease (AD) con-
tinuum. According to our literature review on PubMed,
few studies have simultaneously been conducted in Asian
and Western cohorts, and no prior research has been
found to explore the performance of glymphatic function
in subjective cognitive decline (SCD).

2. Interpretation: We demonstrate that glymphatic system
dysfunction occurs earliest in SCD and is most severe in
AD, a finding validated across both cohorts (East Asian
and Western). For the first time, we suggest the potential
of the ALPS index as a biomarker for SCD, indicating that a
lower ALPS index is associated with a higher risk of cogni-
tive progression, closely linked to cognitive performance
and amyloid beta burden.

3. Future directions: Future research to assess the glym-
phatic system more accurately and non-invasively is
imperative. This holds significance for effective diagno-
sis and prognosis of SCD, whether in Western or Eastern
populations.

2.3 | Image acquisition

Two scan parameters were used for the data in SILCODE. Three hun-
dred five images were acquired on an integrated simultaneous 3.0 T
MR system (Signa, GE Healthcare) at Xuanwu Hospital of Capital Med-
ical University. DTI scans were collected axially with a single-shot spin-
echo diffusion-weighted echo planar imaging sequence. The parame-
ters were as follows: 30 gradient directions and 5 b0 images (b = 1000
s/mm?2), flip angle = 90°, field of view (FOV) = 256 x 256 x 256,
matrix = 112 x 112, repetition time = 16,500 ms, echo time = 95.6 ms,
slice number = 70, slice thickness = 2 mm. Three hundred forty-
nine images were acquired using a 3.0 T Trio Siemens scanner at
Xuanwu Hospital, Capital Medical University. Using an echo planar
imaging sequence in 32 independent, non-collinear directions of a
b-value = 1000 s/mm?, and one additional image with no diffusion
weighting (b = 0), repetition time = 11,000 ms, echo time = 98 ms,
flip angle = 90°, FOV = 256 mm x 256 mm, matrix = 128 x 128, slice
number = 60, and slice thickness =2 mm.

Participantsin ADNI come from different centers; all of the diffusion
images were acquired at 3.0 T MR system, primarily conducted on GE,
SIMENS, and Philips machines. A total of 56 sites were included in this
study based on the information provided by ADNI. The five major imag-
ing acquisition parameters used are listed in Supplementary Material 1
in supporting information. For all detailed information on the imaging
acquisition of ADNI, please refer to the description in the imaging pro-
tocol column of the ADNI manual (http://adni.loni.usc.edu/methods/

mri-tool/mri-analysis/).
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2.4 | MRI imaging and assessment of ALPS index
Diffusion image pre-processing was based on FMRIB Software Library
(FSL) version 5.0 (Oxford Centre for Functional MRI of the Brain;
https://fsl.fmrib.ox.ac.uk/fsl/), including eddy currents and motion cor-
rection, skull stripping, tensor fitting, and normalization to Montreal
Neurological Institute (MNI) space. Using the Johns Hopkins Univer-
sity International Consortium of Brain Mapping DTI-81 White Matter
atlas (JHU ICBM-DTI-81 Atlas), we extracted fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD) for each participant as reference DT| metrics.

Based on the JHU ICBM-DTI-81 Atlas overlayed on the FA map,
we located the associated fiber of the lateral ventricle body (superior
longitudinal fasciculus [SLF]), and the projection fiber (superior corona
radiata [SCR]).25-26 The SLF and SCR white matter fiber tracts are ori-
ented orthogonally to the medullary vessels (X direction), which serve
as the principal pathways for waste transport in the body of the lateral
ventricles. Therefore, selecting these two fiber tracts helps to mitigate
the influence of larger white matter fiber bundles on the diffusion of
water molecules in the X direction.2® This approach allows us to inde-
pendently investigate the diffusivity within the medullary vessels and
along the perivascular spaces, thereby assessing the activity of the
glymphatic system. The region of interest (ROI) was defined as a spher-
ical region with a radius of 5 mm placed at the corresponding locations
of SCR and SLF in the left and right brains. The location and validation
of ROl were performed by two experienced clinicians. These ROls were
then applied to all participants and used to extract diffusivity values of
the Dxx, Dyy, and Dzz to calculate the ALPS index (Figure 1). The cal-
culation formula of ALPS index is shown in the Figure 1. The MD in the
ROI of the projection area and the associated area in the X direction
(Dxxproj, Dxxassoc) is used as the numerator, and the MD in the ROI
of the projection area in the Y direction (Dyyproj) and the associated
area in the Z direction (Dzzassoc) is used as the denominator.?> Then,
we calculated the ALPS index of the left ROl (ALPS-index-L), and right
ROI (ALPS-index-R) and averaged them (ALPS-index-Bi).

Because the SILCODE cohort used two different imaging acquisition
parameters and the ADNI cohort included participants from multiple
sites, we performed batch effect correction on both cohorts separately
before conducting any statistical analyses to mitigate the impact of
multi-site variations on the ALPS index. We used the ComBat algo-
rithm, awidely used method for removing unwanted effects introduced
by multi-site.2” This algorithm has been demonstrated to effectively

reduce multi-site effects in DTl images.28

2.5 | PET imaging

A subset of participants from the NC and SCD groups in the ADNI
cohort underwent florbetapir (AV45) PET scans, and the provided
PET images were included in this study. The preprocessing of AV45
PET images was conducted using SPM12 (https://www.fil.ion.ucl.auk/
spm/software/spm12/), a software package commonly used for ana-
lyzing and interpreting functional neuroimaging data. The processing

steps primarily involved registering the PET images to T1-weighted
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images, followed by normalization to the MNI space. Subsequently, an
8-mm full width half-maximum Gaussian kernel was applied. The amy-
loid deposition was quantified using standardized uptake value ratio
(SUVR), which was determined by the region tracer uptake normalized
to the whole cerebellum based on the Anatomical Automatic Labeling
(AAL) template (area: 91-116).27

2.6 | Statistical analysis

In this study, statistical analysis was conducted using IBM SPSS
statistics v26.0 (IBM Corp) and GraphPad Prism 9.0.0 for Windows
(GraphPad Software, www.graphpad.com). All analyses were con-
ducted separately for the SILCODE and ADNI cohorts. A P < 0.05 was

considered significant unless otherwise stated.

2.6.1 | Sample characteristics

The chi-square test was used for group comparisons of the categorical
variable sex. Continuous variables including demographic information
and neuropsychological tests were compared between groups with the
use of two-sample t tests. All between-group tests were two-sample t
tests between SCD groups and other groups (NC, MCI, AD).

2.6.2 | Receiver operating characteristic analysis

We used the receiver operating characteristic curve (ROC) to evaluate
the ability of the ALPS index as an early biomarker of SCD. Classifica-
tion experiments were based on the generalized linear mixed model,
with age, sex, and education level included as covariates. Multi-site
effects are incorporated as random effects in model construction. The
area under the ROC curve (AUC) values were calculated based on the
predicted results from the model and were determined by the true
positive rate and false positive rate. First, we investigated the classi-
fication ability of the ALPS index for distinguishing SCD from NC in
both the ADNI and SILCODE cohorts separately. Second, considering
the influence of AB, we further subdivided SCD participants into Ag
negative (AS-) and Ag positive (AB+). The AS status of each participant
was determined based on established cut-off points (global SUVR of
AV45 > 1.11, normalized to the whole cerebellum).3° Similarly, we used
the ALPS index to classify the AS status in SCD. Results were compared
to traditional DTI metrics (FA, AD, RD, MD).

2.6.3 | Group comparisons along the AD continuum
We explored the trend and difference of the ALPS index among
the NC group, SCD AB- group, and SCD AB+ group. In addition,
we examined changes of the ALPS index along the AD continuum
in two cohorts. Analysis of variance (ANOVA) was used to analyze
differences between groups. The Gaussian distribution of the data

was assessed using the Shapiro-Wilk test and by examining quantile-
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quantile plots. When the data followed a Gaussian distribution, we
used standard ANOVA to test for differences between groups. If the
data did not follow a Gaussian distribution, we used the Kruskal-
Wallis test to assess group differences. The post hoc test of multiple
comparisons used the Benjamini-Hochberg false discovery rate (FDR)
test.

2.6.4 | Survival analysis

A subset of participants from the SCD and NC groups in the ADNI
cohort provided follow-up data, which aided us in evaluating the ALPS
index for detecting cognitive decline and prognosis. Survival analysis
was performed using the Kaplan-Meier method, and differences in
survival were evaluated through a log-rank test. We constructed two
models, each aimed at exploring the predictive ability of the ALPS index

for cognitive progression in NC and SCD groups. In model construc-

tion, the ALPS index was defined as a continuous variable, and high-
and low-risk categories were delineated based on within-group base-
line medians (NC: 1.20; SCD: 1.11). Multivariable analysis was used
to predict risk factors for cognitive progression. Age, education, sex,
and apolipoprotein E (APOE) ¢4 were included as covariates to adjust
for their potential confounding effects. Taking the site as the random
intercept to account for clustering effect, a Cox frailty model was con-
structed to obtain the hazard ratio of the ALPS index. Note that due
to the collinearity issues when including ALPS-index-L/R/Bi simultane-
ously in the regression model, we opted to use ALPS-index-Bi as the

primary indicator in this analysis.

2.6.5 | Correlation analysis

The correlation between the ALPS index and neuropsychological scales

and A deposition was calculated by partial correlation analysis. Age,



LIET AL.

Alzheimer’s &Dementia® | ssa

sex, and education were regressed as covariates. The P values were
corrected by FDR tests.

We also investigated the association between the ALPS index and
amyloid deposition at the voxel level. This voxel-wise analysis was
implemented based on multiple regression in SPM12. Age, sex, edu-
cation, and APOE ¢4 status were included as covariates in this model.
Clusters with voxel number > 200 and P < 0.001 were considered
significant.

2.6.6 | Mediation analysis

Mediation analysis was used to examine whether AB burden medi-
ated the pathway from glymphatic function to cognitive decline. The
mediation model used is a three-variable regression model, with the
ALPS index as the independent variable, cognitive performance as
the dependent variable, and Aj deposition as the mediator. Age, sex,
education level, and APOE status are included as covariates. The signif-
icance of the mediation effect was tested using bootstrap with 5000
replications and 95% confidence interval (Cl). A Cl obtained from the
bootstrapped distribution that does not contain O was considered sig-
nificant. The percentage of mediation effect (PM) was used to measure
the weight of the ALPS index in the total effect and was calculated by
dividing the indirect effect by the total effect. This analysis was based
on the PROCESS macro.

3 | RESULTS

3.1 | Demographic data

The demographic information data of all participants are summarized
in Table 1. The two cohorts differed in age and education level, but
within each cohort there were no significant differences in age, sex,
or education between the SCD and NC groups. In the ADNI cohort,
there were differences in age and education level between the AD and
SCD groups. In SILCODE, the 9-item version of the subjective cognitive
decline questionnaire (SCD-9) scores of the SCD group were signifi-
cantly different from those of the NC group (P < 0.001). However, there
was no difference in Montreal Cognitive Assessment (MoCA) Basic
(MoCA-B) and MMSE scores between SCD and NC group. In ADNI, A
SUVRs were significantly different between the SCD and NC groups
(P <0.001), but no difference was present in MoCA and MMSE scores.

3.2 | Tensor map of ALPS index

We selected diffusion images of four subjects from each cohort for
example presentation, representing different disease stages (NC-SCD-
MCI-AD, Figure 2). In SILCODE, the diffusivity of projection and
associated fiber in the X direction (Dxx map) diffusivity in the NC case
is higher than that in SCD, MCI, and AD cases (brighter). The diffusiv-

ity of projection fibers in Y direction (Dyy map) and associated fibers
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in the Z direction (Dzz map) in the NC case were slightly lower than
those in MCI and AD cases (darker). Similar results can be seen in the
cases of the ADNI cohort. These abnormal diffusivity alterations may
be caused by the damage of the glymphatic system, which could be
reflected by decreased ALPS index. As shown in the case of NC-SCD-
MCI-AD, the cognitive function (MoCA scores) decreased sequentially,
and this trend of cognitive dysfunction was reflected by the ALPS index.
The age and education of the cases remained consistent across the
respective cohorts.

33 |
NC

ALPS index distinguishes between SCD and

Evaluating the performance of DTI metrics in distinguishing between
NC and SCD subjects (Figure 3A, B), we found excellent diagnostic
performances of the ALPS index. In both cohorts, the ALPS index
consistently achieved the highest AUC (AUC = 0.793/0.768/0.816 in
SILCODE, AUC = 0.797/0.770/0.794 in ADNI), whereas conventional
DTI metrics showed lower discriminatory ability (AUC < 0.745).

We next examined whether the ALPS index could predict A sta-
tus in the SCD group (Figure 3C). Results also showed the highest
classification performance of the ALPS index to distinguish A+ from
AB- participants in the SCD group (AUC = 0.758). Compared to AB-
- participants, the A+ participants consistently showed decreased
glymphatic function as reflected by lower ALPS index, regardless of
ALPS-index-L, R, and Bi (Figure 3D-F).

3.4 | Alterations of the ALPS index along the AD
continuum

Next, we explored disease-related changes of the ALPS index along the
AD continuum. The results showed that there was a downward trend
in the ALPS index along the disease continuum in both cohorts, and the
ALPS index reached the lowest level in the AD group. In SILCODE, the
differences between SCD and MCI (ALPS-index-L/Bi: P = 0.001/0.004)
as well as AD (ALPS-index-L/R/Bi: P = 0.0003/0.040/0.0008) reached
significance levels, while the differences between MCI and AD did
not (Figure 4A-C). In ADNI, we also observed significant differences
between the SCD and AD groups. Notably, unlike SILCODE, in ADNI
only ALPS-index-R can show significant differences between SCD and
MCI (P = 0.0251), while differences between SCD and AD can only be
revealed by ALPS-index-R/Bi (Figure 4D-F).

3.5 | The predictive effect of the ALPS index on
the cognitive impairment

In the NC and SCD groups of the ADNI cohort, a total of 145 partic-
ipants had follow-up data. Among those without cognitive complaints
(n=79), there were a total of 11 (13.9%) participants who experienced

cognitive decline, including 9 participants progressing to MCl and 2
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AD case
62 ylo 63 y/o
edu=9 edu=12
MoCA-B=20 MoCA-B=17

ALPS index-L/R=0.88/0.89

MCI case AD case
73.8 ylo 73.7 ylo
edu=14 edu=18
MoCA=25 MoCA=13

ALPS index-L/R=1.53/1.43 ALPS index-L/R=1.13/1.14 ALPS index-L/R=1.02/0.99 ALPS index-L/R=0.93/0.88

FIGURE 2 Diffusionimages and ROl locations of typical cases from two cohorts. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; ALPS, analysis along the perivascular space; edu, education; FA, fractional anisotropy; MCI, mild cognitive impairment;
MoCA, Montreal Cognitive Assessment; MoCA-B, Montreal Cognitive Assessment Basic; NC, normal control; SCD, subjective cognitive decline;

SILCODE, Sino Longitudinal Study on Cognitive Decline; y/o, years old

participants progressing to AD. In the SCD group (n = 66), a total of 13
(19.7%) participants experienced clinical progression during follow-up,
including 12 participants progressing to MCI and 1 participant pro-
gressing to AD. Table S1 in supporting information provides detailed
information for the participants with follow-up.

Based on the Cox regression model, in the SCD group, the results
indicate that a lower ALPS index is associated with an increased
risk of cognitive progression, with age, education, and sex as covari-
ates (Figure 5A, P = 0.002). Furthermore, the result of Kaplan-Meier
curve showed that ALPS index had excellent performance in predicting
cognitive decline (hazard ratio [HR; 95% Cl]: 0.240 [0.0804-0.7283],
P = 0.0193, in the low-rank test, Figure 5B). Notably, these analyses
were then repeated in baseline NC participants, yielding similar results
(Figure 5C, P < 0.001; Figure 5D, HR [95% Cl]: 0.1019 [0.03125-
0.3323], P=0.0073).

3.6 |
scales

Correlation between ALPS index and clinical

In SILCODE, the results of partial correlation analysis showed that
there was a significant negative correlation between SCD-9 and ALPS-
index-L/Bi (r=-0.199,P=0.002;r=-0.183 P =0.004, FDR corrected;
Figure 6A). We found that ALPS-index-L/Bi had a greater correlation
with MoCA-B (r = 0.213, P = 0.001; r = 0.179, P = 0.005; Figure 6B).
However, the correlations were not found between ALPS-index-R and
SCD-9, MoCA-B. Similar results were found in ADNI: there were signif-

icant correlations between the ALPS index and MoCA score in the NC
and SCD group (r =0.122, P = 0.017; r = 0.150, P = 0.003; r = 0.145,
P =0.004; Figure 6C).

We next measured the relationship between glymphatic and
AB deposition. Including data from the NC and SCD participants
from the ADNI cohort, we found a significant negative correlation
between ALPS index and SUVR of AV45, especially in ALPS-index-Bi
(r = —=0.360, P < 0.001; Figure 6D). Results of voxel-wise analy-
sis showed significant negative correlation between ALPS index and
SUVR of AV45. Significant voxels are primarily distributed in the
frontal lobe (e.g., middle frontal gyrus, superior frontal gyrus). Sim-
ilarly, there is a significant negative correlation between AB burden
and ALPS-index-R, with significant voxels distributed in regions such
as the left medial superior frontal and right middle temporal gyrus
(Figure 6E).

3.7 | The ALPS index causes cognitive decline
through Ag burden

We further explored whether SUVR of AV45 mediates the cognitive
performance decline caused by glymphatic dysfunction by conducting
amediation model. The results showed that the SUVR of AV45 showed
significant mediation effects between ALPS index and MoCA scores
after correcting for multiple covariates (i.e., age, sex, education). The
mediation effect of SUVR of AV45 on the cognitive decline caused by
ALPS-index-R is the most significant (Figure 6F, PM = 27.9%; total
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FIGURE 3 Performance of ALPS index for distinguishing NC from SCD and predicting the AS status of SCD. ROC results of ALPS index and
conventional DTI metrics distinguish NC and SCD in SILCODE (A) and ADNI (B). C, ALPS index and conventional DTI metrics predict the Ag status
of SCD in ADNI. Trends of ALPS index among NC, SCD A—, and SCD A+ groups in the left (D), right (E), and bilateral (F). “~” indicates negative; “+”
indicates positive. *P < 0.05, **P < 0.01, ***P < 0.001. A, amyloid; AB, amyloid beta; AD, axial diffusivity; ADNI, Alzheimer’s Disease Neuroimaging
Initiative; ALPS, analysis along the perivascular space; AUC, area under the curve; DT, diffusion tensor imaging; FA, fractional anisotropy; MD,
mean diffusivity; NC, normal control; RD, radial diffusivity; ROC, receiver operating characteristic curve; SCD, subjective cognitive decline;

SILCODE, Sino Longitudinal Study on Cognitive Decline

effect ¢’ =0.240, P = 0.003; direct effect c = 0.171, P = 0.039; indirect
effect =0.067;[95% Cl] = 0.0030-0.1375).

4 | DISCUSSION
In this study, we explored whether the ALPS index could be used as
a biomarker for SCD. The results of ROC, Cox regression, and sur-
vival analysis demonstrate that the ALPS index serves as a risk factor
for cognitive decline in SCD; patients with a lower ALPS index have
a higher risk of cognitive decline. There is a significant association
between lower ALPS index and AgB burden in SCD, further mediation
models indicate that the A3 burden served as a mediator in the rela-
tionships between the ALPS index and cognitive performance. Notably,
the results of this study are cross-validated in two independent cohorts
from Chinese and American populations.

Previous studies have shown a significantly decreased ALPS index

in AD and MCI patients, which is consistent with our findings.23-14

We further confirmed that the ALPS index had begun to decline at
the SCD stage. In addition, compared to other DTI metrics, the ALPS
index showed better classification performance in distinguishing SCD
from NC (AUCg cope = 0.816, AUCpn; = 0.797). Although FA and
MD diffusion measure maps have often been used to perform AD
classification, research about SCD populations have poor classifica-
tion effects.3! This may be due to the absence of widespread disorder
and significantly abnormal changes in the white matter structure of
subjects in the ultra-early phase of AD.32 However, the ALPS index
indirectly indicates the state of glymphatic function, which may be
impaired before white matter structural integrity. It is known that the
glymphatic system contributes to the clearance of waste products in
the brain. Previous studies reported higher perivascular space vol-
ume fraction and fractional volume of free water in white matter in
patients with AD.17:33 This impairment in the perivascular space may
result from blockage of brain drainage pathways due to the accumula-
tion of AB.3* The accumulation of A8 may be the cause of perivascular

clearance impairment that could be reflected by the ALPS index.
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FIGURE 4 Trend of ALPS index along the AD continuum. A-C, Results in SILCODE. D-F, Results in ADNI. *P < 0.05,**P < 0.01, ***P < 0.001.
AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ALPS, analysis along the perivascular space; MCI, mild cognitive
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Our study revealed the impairment of the ALPS index in bilat-
eral ROIs. Different from our results, previous studies only showed a
decreased ALPS index in the left hemisphere.?>33 Such a discrepancy
may be attributed to their small sample size relative to our study. The
relatively consistent result is that we found patients with lower ALPS
index of the left hemisphere had a higher risk of cognitive decline.
These results were consistent across the two cohorts. More differ-
ences and a more stable outcome in our study may be due to the ROIs
we used determined on a standard template. This method has demon-
strated higher inter- and intra-rater correlation coefficients, compared
to the manual method.

Furthermore, we observed significant correlations between the
ALPS index and multiple cognitive functioning scales, especially in the
SCD-9. Kamagata et al. found that in AD and MCI patients, a lower
ALPS index is associated with lower CSF AB42, fluorodeoxyglucose
PET uptake, and poorer deficits in multiple cognitive domains.'” This
is consistent with our study, but the relationship between the ALPS
index and cognitive impairment in SCD has not been reported previ-

ously. AD is a continuous spectrum of disease, with SCD as its initial

stage. A decreased ALPS index in SCD is further evidence that sub-
tle pathological changes associated with AD have occurred at the SCD
stage.3> Hong et al. observed significant associations between the
ALPS index and cognitive domains in AD, including memory, execu-
tive function, visual-spatial, and language.’ In our study, we found
that there was a significant negative correlation between SCD-9 and
ALPS-index-L/Bi (r = —0.199, P = 0.002; r = —0.183 P = 0.004, FDR
corrected; Figure 6A). This study confirms that more severe cognitive
impairment was associated with higher SCD-9 scores and lower ALPS
index.

Previous studies detected correlations between ALPS index and
AB deposition in the temporal, parietal, and cingulate cortex.3¢ These
brain areas contribute to AD-related cognitive dysfunction. We also
found a significant association exists between lower ALPS index and
AB burden. However, further voxel analysis indicates that the ALPS
index is mainly associated with AB burden in the frontal and tempo-
ral lobes. One possible explanation for the slightly different results is
that our analysis is based on SCD, which as an earlier clinical stage

preceding AD, whereas Ota et al.’s3¢ study only included the NC and
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FIGURE 5 Coxmodel with hazard ratio and Kaplan-Meier survival curves. Cox model predicting the cognitive decline risk of ALPS index after
adjustment for age, years of education, sex in SCD and NC participants (A), (C). Associations of ALPS index with risk of clinical progression, the
Kaplan-Meier curves of clinical progression to MCI/AD dementia in SCD and NC participants (B), (D). AD, Alzheimer’s disease; AIC, Akaike
information criterion; ALPS, analysis along the perivascular space; APOE, apolipoprotein E; edu, education; MCI, mild cognitive impairment; NC,

normal control; SCD, subjective cognitive decline.

AD participants. During the prodromal phase of AD, A3 deposition is
not widespread throughout the brain but is present in certain early
Ag-sensitive regions, such as the frontal lobe and cingulate gyrus.? It
is noteworthy that recent studies may support our claim. In a recent
study that included a larger number of participants in the preclini-
cal stages of AD, both cross-sectional and longitudinal investigations
found a close association between the ALPS index and brain regions
considered particularly sensitive and early sites of possible A3 deposi-
tion (i.e., superior frontal, rostral middle frontal, and posterior cingulate
gyrus).1® This suggests that the ALPS index may function as a win-
dow to evaluate the abnormal subtle changes of the whole brain at
the SCD stage, even though it is an index of local water dynamics cal-
culated from local brain data. Apart from the information on amyloid
deposition, an axis of evaluation could be added for glymphatic sys-
tem abnormalities that are either a cause or a consequence of the
deposition.3¢

The ALPS index demonstrates the ability to predict the clinical pro-
gression of the AD spectrum. Huang et al. successfully validated the
effectiveness of the ALPS index in predicting the conversion of cogni-
tively normal participants to MCI/AD,*¢ which is consistent with our
findings. Our innovation lies in demonstrating that the ALPS index is
sensitive not only to cognitive progression in cognitively normal par-
ticipants but also equally sensitive to cognitive progression in SCD
participants.

More interestingly, based on a hypothetical cascade model, Huang
et al. suggested that glymphatic dysfunction indicated by the ALPS
index might precede significant A deposition and brain atrophy. Our
findings support this, as we found in SCD that the ALPS index may influ-
ence cognitive decline through Ag deposition. And, research with AD
mouse models has shown that reduced glymphatic transport occurs
before extensive AS deposition,®” and other studies indicated that dis-
rupting key glymphatic pathways promotes Ag accumulation.”3¢ Con-
sidering these findings, we believe that compared to other biomarkers
that are sensitive to AD but may reflect later-occurring pathologies,
the ALPS index, which represents glymphatic function, may play a more
significant role in the early detection of AD.

There are several limitations to this study. First, the ALPS index
provides an overview of the whole brain glymphatic function. Given
the potential regional heterogeneity of AD neuropathology (such as
ApB, tau, and neurodegeneration), future studies should focus on AD-
specific regions and include more AD-sensitive biomarkers to explore
regional glymphatic function. Second, the longitudinal analysis in this
study included a small subset of participants from the ADNI cohort,
necessitating caution in interpreting these results. Future research
should focus on larger, more diverse populations to explore the lon-
gitudinal changes in ALPS index and the interactions with cognitive
progression and neuropathology. Third, glymphatic function might

be affected by circadian rhythm.'2 The effect of different scanning



LIET AL.

Alzheimer’s &Dementia® | ssss

(A) SLICODE - SCD-9 ~ ALPS index

ALPS index-L

R =-0.199, p = 0.002

1.5+

SCD-9

(B) SLICODE - MoCA-B ~ ALPS index

ALPS index-L

R=0.213, p = 0.001

(C) ADNI - MoCA ~ ALPS index

ALPS index-L

R=0.122,p = 0.017

MoCA

(D) ADNI - AB-PET ~ ALPS index

R =-0.269, p = 0.001

ALPS index-L

0.8

0.8

12 14 16 18

AB SUVR

1.0

ALPS index-R

ALPS index-R ALPS index-R

ALPS index-R

R =-0.120, p = 0.063

SCD-9

R=0.121, p = 0.060

0.5 T T ’ T
20 25 30
MoCA-B
R =0.150, p = 0.003
1.54 ° = ! e ©
° ° °
AN L!,%
10y b l I
. ° A y A A
A 0
0.5 T T T
20 25 30
MoCA

R =-0.337, p < 0.001

(E) ADNI~ ALPS index ~ AB-PET (voxel-wised)

L

lobe

<

temporal

- ot
N é‘ é}\‘

ALPS index-L ~AB-PET

‘ frontal
/

1.8

1.6

12 14
AB SUVR

Medial superior Middle

temporal

ALPS index-R ~AB-PET

(F) ADNI ~ AB mediation between ALPS index and MoCA in NC and SCD

ALPS index-L

¢ =0.227*

ALPS index-R

¢’ =0.240"

ALPS index