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Abstract.
Background: Cortical neurodegenerative processes may precede the emergence of disease symptoms in patients with
Alzheimer’s disease (AD) by many years. No study has evaluated the free water of patients with AD using gray matter-based
spatial statistics.
Objective: The aim of this study was to explore cortical microstructural changes within the gray matter in AD by using free
water imaging with gray matter-based spatial statistics.
Methods: Seventy-one participants underwent multi-shell diffusion magnetic resonance imaging, 11C-Pittsburgh compound
B positron emission tomography, and neuropsychological evaluations. The patients were divided into two groups: healthy
controls (n = 40) and the AD spectrum group (n = 31). Differences between the groups were analyzed using voxel-based
morphometry, diffusion tensor imaging, and free water imaging with gray matter-based spatial statistics.
Results: Voxel-based morphometry analysis revealed gray matter volume loss in the hippocampus of patients with AD
spectrum compared to that in controls. Furthermore, patients with AD spectrum exhibited significantly greater free water, mean
diffusivity, and radial diffusivity in the limbic areas, precuneus, frontal lobe, temporal lobe, right putamen, and cerebellum
than did the healthy controls. Overall, the effect sizes of free water were greater than those of mean diffusivity and radial
diffusivity, and the larger effect sizes of free water were thought to be strongly correlated with AD pathology.
Conclusions: This study demonstrates the utility of applying voxel-based morphometry, gray matter-based spatial statistics,
free water imaging and diffusion tensor imaging to assess AD pathology and detect changes in gray matter.
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INTRODUCTION

Over the past few decades, numerous studies have
sought to characterize the neurodegenerative alter-
ations in Alzheimer’s disease (AD) in vivo by using
noninvasive neuroimaging techniques. Although the
clinical diagnosis of AD is based on the clinical
course and symptoms of neuropsychological tests,
diagnostic imaging of the brain has become an indis-
pensable supplement to research criteria. Previous
studies employing volumetric T1-weighted magnetic
resonance imaging (MRI) have primarily focused
on the macrostructural atrophy observed in the hip-
pocampus and other structures within the temporal
lobe [1, 2]. Recent research shows that amyloid-
β interacts with cortical tau pathology to influence
neurodegeneration [3, 4]. However, AD pathology
accumulates for many years before the appearance of
macrostructural changes that can be reliably detected
by conventional T1-weighted imaging [5]. Neu-
roimaging techniques to assess the pathology of AD
are essential for staging and monitoring treatment
response given the irreversibility of neuronal loss.

Concurrently, diffusion tensor imaging (DTI) was
extensively used to investigate the microstructures
in the AD brain [6, 7]. In a previous study, DTI
was suggested as a noninvasive method for detecting
brain pathology in vivo in early stages of AD [8]. As
a noninvasive modality for assessing cerebral water
diffusion characteristics, DTI provides quantitative
parameters in voxel units [9]. However, standard DTI
techniques primarily evaluate white matter (WM) and
exhibit limitations, particularly in the assessment of
gray matter (GM) or regions with complex fibrous
structures [10, 11]. The innovation of free water imag-
ing (FWI) has provided a novel technique for the
appraisal of MRI diffusion, facilitating estimations
of the portion of the diffusive signal ascribed to iso-
topically unhindered water through regularization of
the bi-tensor model [12]. Elevated levels of free water
(FW) in the brain tissue may indicate a potential link
between neuroinflammation and AD [13]. An unbi-
ased statistical analysis of the cortical microstructure
can be performed based on voxel-specific GM data
using gray matter-based spatial statistics (GBSS)
[14]. The damage associated with AD first appears
in the cortex, not in the WM [15], and examining
GM FW using GBSS may be worthwhile. However,
no study has evaluated the FW of patients with AD
using GBSS.

In this context, we hypothesized that patients with
AD spectrum (AD-S) also show an increase in corti-

cal fine-structure FW. Thus, in this study, we aimed to
investigate cortical microstructural alterations in AD-
S and characterize the microstructures within the GM
using FWI.

MATERIALS AND METHODS

Participants

Ninety-three participants were recruited for this
prospective study from 2014 to 2018, which was
conducted at the National Center for Neurology
and Psychiatry. Participants were required to be
aged ≥ 55 years. Those with concurrent chronic
diseases, antecedents of central nervous system
disorders (including vascular disorders, severe cere-
bral trauma, or meeting the criteria for substance
abuse/dependence) were excluded. The participants
were amyloid-negative cognitively healthy controls
(HCs) and individuals with an amyloid-positive AD-
S. In our investigation, we meticulously recruited
participants from the AD-S cohort exhibiting clini-
cal signs of cognitive decline, with a global Clinical
Dementia Rating (CDR) of ≥ 0.5, thereby encom-
passing stages from mild cognitive impairment (MCI)
onward. Notably, our cohort did not include individ-
uals in the preclinical phase of AD, characterized
by a CDR of 0 and amyloid positivity, ensuring
focused examination of symptomatic stages of the
disease. All amyloid-positive participants in our
study met the clinical diagnostic criteria for AD,
as outlined by the National Institute on Aging and
Alzheimer’s Association guidelines. These criteria
integrate clinical assessments and biomarker evi-
dence to provide a comprehensive framework for
AD diagnosis. The participants underwent 3.0 T
MRI (including three-dimensional [3D] T1-weighted
imaging and multishell diffusion imaging), 11C-
Pittsburgh compound B (PiB) positron emission
tomography (PET), and neuropsychological evalu-
ations. Individuals demonstrating cognitive decline
and absence of amyloid deposition were excluded
to allow for a clearer differentiation between the
HC group and those deemed clinically healthy,
facilitating the discrete categorization of AD. Sub-
sequently, 71 participants were divided into two
groups based on the results of neuropsychological
tests and amyloid PET by evaluating the centiloid
scale (CL) units of the target cortex, as stipulated by
the Global Alzheimer’s Association Interactive Net-
work (http://www.gaain.org/centiloid-project) proto-
col: the HC group consisted of amyloid-negative
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participants with a CDR of 0 (N = 40), and the
AD-S group comprised amyloid-positive participants
(N = 31). This cross-sectional, observational study
was approved by the Institutional Review Board of
the National Center for Neurology and Psychiatry,
and written informed consent was obtained from all
participants before participation.

Image acquisition

The participants underwent MRI using a 3.0
T MRI system (Verio, Siemens, Erlangen, Ger-
many). Three-dimensional sagittal T1-weighted
magnetization-prepared rapid acquisition with gradi-
ent echo images were captured with the following
scanning parameters: repetition time/echo time,
1900 ms/2.52 ms; flip angle, 9◦; in-plane resolu-
tion, 1.0×1.0 mm; effective slice thickness, 1.0 mm
without an interval; 300 slices; matrix, 256×256;
and field of view (FOV), 25×25 cm. For FWI
and DTI metrics, multishell diffusion images were
acquired along 30 non-collinear directions at three b-
values (0, 1000, and 2000 s/mm2). Furthermore, two
images with reverse-phase encoding (blip up/down)
were acquired without a diffusion gradient. The
diffusion MRI parameters were as follows: repe-
tition time/echo time, 17700 ms/93 ms; flip angle,
90◦; in-plane resolution, 2.0×2.0 mm; effective slice
thickness, 2.0 mm; 74 slices; matrix, 114×114; and
FOV, 22.4×22.4 cm.

Positron emission tomography/computed
tomography scans were performed using a
Siemens/Biograph 16 scanner (3D acquisition
mode; 81 image planes; axial FOV, 16.2 cm; transax-
ial resolution, 4.2 mm; axial resolution, 4.7 mm; and
slice interval, 2 mm). Low-dose computed tomog-
raphy was performed for attenuation correction. An
intravenous injection of 11C-PiB at a dose of 555
MBq was administered 50 min before the PET/CT
scan for 11C-PiB imaging, with an emission scan
duration of 20 min. The PET/CT images were recon-
structed using the fusion of Fourier rebinning and
ordered subset expectation. The mean interval and
standard deviation between 11C-PiB PET and MRI
was 22.1 ± 23.0 days (11C-PiB to MRI: 18.3 ± 23.8
days).

Voxel-based morphometry analysis

The CAT12 toolbox (http://dbm.neuro.uni-
jena.de/cat/) implemented in SPM12
(www.fil.ion.ucl.ac.uk) was used for voxel-based

morphometry (VBM) analysis. The T1WI scans
were segmented into GM, WM, and cerebrospinal
fluid. These three components were used to calculate
intracranial volume. DARTEL was used to spatially
normalize the segmented GM and WM images to
the Montreal Neurological Institute space. Finally,
the GM and WM images were flattened using an
isotropic Gaussian kernel with a full width at half
maximum of 8 mm.

Free water index and DTI index processing

The correction of diffusion MRI data for eddy cur-
rent and motion was performed using the eddy tool
in the FMRIB Software Library (FSL Version 6.0.5)
[16]. The DTI indices (fractional anisotropy, mean
diffusivity [MD], axial diffusivity, and radial diffusiv-
ity [RD]) and FW imaging were generated from eddy
current corrected volumes by fitting the FW model
executed using Diffusion Imaging in Python ver. 1.0
(DIPY, https://dipy.org).

Gray matter-based spatial statistics analysis

We used GBSS [14] contained within the FSL
software package [17] for detailed topographi-
cal mapping of statistically significant differences
between groups across all DTI and FW images. GBSS
[14] is a GM analog to tract-based spatial statistics
that strictly adheres to the latter methodology. Ini-
tially, non-cerebral voxels were eliminated from the
three-dimensional T1-weighted images of each par-
ticipant using a Brain Extraction Tool. Subsequently,
every skull-stripped three-dimensional T1-weighted
image (affine and nonlinear) was aligned to the
MNI152 standard space of 1-mm resolution using
the FMRIB Linear Image Registration Tool and
the FMRIB Nonlinear Image Registration Tool
[18], respectively. Subsequently, the field bias was
rectified, and segmentations of GM, WM, and cere-
brospinal fluid were performed using the FMRIB
Automated Segmentation Tool [14]. The resultant
GM image was employed to engender a median
GM skeleton. This was achieved by discarding any
data with a probability value < 0.2 in the GM image
after segmentation, thus effectively excluding WM
and cerebrospinal fluid (CSF). Each participant’s
b0 maps were then affine-aligned to their respec-
tive three-dimensional T1-weighted images using
the echo-planar imaging registration process. After
ensuring that all maps were affinely and nonlinearly
aligned into the MNI152 brain common space at a
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resolution of 1 mm [18], each participant’s aligned
maps were projected onto the median GM skeleton
map.

Region of interest (ROI) analysis

Region of interest analysis was performed to quan-
tify and evaluate changes in GM. Further, regions in
the Automated Anatomical Labeling atlas [19] where
significant differences were detected by GBSS were
used for skeletal ROI analysis. Average maps were
calculated for each ROI on the skeleton of each indi-
vidual participant. The effect sizes for each map were
compared between HC and AD-S individuals.

Positron emission tomography processing

The 11C-PiB PET images were spatially normal-
ized using SPM after partial-volume correction using
the PETPVE12 toolbox. The participant PET images
were co-registered to their T1-weighted images and
spatially normalized to the MNI space using the
DARTEL method. All PET images were divided
by the positive mean uptake value of the cerebellar
GM after spatial normalization using MRI parame-
ters. Consequently, standardized uptake value ratio
(SUVR) images were obtained, and each image was
subsequently smoothed using an 8-mm full width at
half maximum Gaussian kernel. The SUVR was cal-
culated from standardized participant PET counts in
the cerebral cortex (GAAIN Pons VOI). The resul-
tant SUVR was then transmuted to CL values to
ensure standardization of amyloid imaging results
because tracers, PET scanners, procedural factors,
and analysis methods varied among diagnostic imag-
ing facilities [20]. A cut-off CL value of 10 was
adopted to define positive and negative amyloid accu-
mulation [21].

Statistical analysis

For the VBM analysis, white matter and GM
volumes were analyzed using whole-brain SPM12
analyses, a two-sample t-test, and multiple regres-
sion designs, with age, sex, and years of education
as covariates. Results with a height threshold of
p = 0.001 (uncorrected) and clusters that fell below
a cluster-corrected p value = 0.05 (family-wise error
[FWE]) were considered significant.

An unpaired Student’s t-test, a general linear model
framework (including one-way analysis of variance
with age and intracranial volume computed using

SPM12 as covariates), and the threshold-free cluster
enhancement (TFCE) option were used in random-
ize to avoid selection of an arbitrary cluster-forming
threshold [22]. A randomization test with 50000
permutations was used to compare FW and vari-
ous DTI metrics between the groups. A corrected
family-wise error (p = 0.05) was considered statisti-
cally significant. Additionally, GBSS analyses were
conducted to explore the correlations among age,
sex, education, clinical severity, FW, and various
DTI metrics. Clinical severity was assessed using
the Montreal Cognitive Assessment (MoCA), Mini-
Mental State Examination (MMSE), and Clinical
Dementia Rating-Sum of Boxes (CDR-SOB). Bon-
ferroni correction was applied to the clinical severity
index to account for multiple comparisons. Region of
interest (ROI) analysis was performed on the cortical
areas previously reported to be associated with AD
[13, 23–25]. The effect sizes were calculated using
Cohen’s d. Furthermore, Pearson correlation analy-
sis was used to examine the correlation between FW
and GM cortical volume and regional SUVR.

RESULTS

Participant characteristics

The demographic characteristics, neuropsycho-
logical scores, SUVR, and CL of each group are
summarized in Table 1. The two groups showed no
significant differences in terms of age, sex, or years
of education.

Voxel-based morphometry analysis

Voxel-based morphometry analysis showed GM
volume loss in the hippocampus in the AD-S group
compared to that in the control group (p < 0.001;
uncorrected, Fig. 1). No significant differences were
found at the cluster level (p < 0.05, FWE-corrected).
No significant differences were found between indi-
viduals with AD-S and controls for the WM volume
(p < 0.001; uncorrected, p < 0.05, FWE).

Gray matter-based spatial statistics and ROI
analysis

Individuals with AD showed significantly higher
FW, MD, and RD values than did HCs in the lim-
bic areas, precuneus, frontal lobe, temporal lobe,
right putamen, and cerebellum (Fig. 2). However,
the FA, axial diffusivity, and free-water-corrected
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Table 1
Demographic characteristics of the Alzheimer’s disease-spectrum group (AD-S) and healthy control (HC) group

HCs AD-S group P
(N = 40) (N = 31)

Mean ± SD Mean ± SD

Age (y) 65.5 ± 8.7 70.4 ± 8.0 0.01◦
Sex (female:male) 20 : 20 20 : 11 0.22‡
Education (y) 14.4 ± 2.4 13.5 ± 2.6 0.11◦
MoCA score 27.1 ± 2.2 20.4 ± 6.2 <0.001◦
MMSE score 29.3 ± 1.1 23.6 ± 4.7 <0.001◦
CDR-SOB all 0 – 3.3 ± 3.1 –
SUVR of 11C-PiB within the whole cortex 0.97 ± 0.04 1.81 ± 0.51 <0.001◦
CL of 11C-PiB with the cerebellum as the reference region –3.2 ± 3.9 75.5 ± 48.4 –

∗Some of them could not be collected, ◦one-way ANOVA, ‡χ2 test. HC; healthy controls; AD-S, Alzheimer’s disease spectrum; N, number of
participants; SD, standard deviation; CDR, Clinical Dementia Rating; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive
Assessment; FAB, Frontal Assessment Battery; SUVR, Standardized Uptake Value Ratio; CL, CentiLoid units; SOB, sum of boxes.

Fig. 1. Comparison of the patients in the Alzheimer’s spectrum
group (AD-S) with healthy controls. Voxel-based morphometry
analysis showed gray matter volume loss in the hippocampus of
patients in the AD-S group compared to that in the control group
(p < 0.001; uncorrected). Blue-light blue voxels represent lower
values.

DTI metrics (FA, MD, RD) did not significantly dif-
fer between individuals with AD and HCs (data not
shown). In the GBSS analysis, no correlation was
found between FW or DTI and age, sex, or edu-
cation. GBSS analyses of the relationship between
MoCA, MMSE, CDR-SOB, and FW metrics in the
AD-S group showed significant correlations in the
limbic areas, precuneus, frontal lobe, and temporal
lobe (Figs. 3–5).

Region of interest analysis showed that individu-
als with AD had significantly higher FW, MD, and
RD values than did HCs. The effect sizes of FW
were greater than those of MD and RD (Table 2).
The areas with effect sizes exceeding 1.10 for FW
were the amygdala, posterior cingulate, hippocam-

pus, parahippocampus, and precuneus, which are
supposed to be vulnerable to AD pathology.

In the correlation between FW and cortical volume,
significant correlations were noted in the amygdala,
posterior cingulate, hippocampus, parahippocampus,
and the precuneus. Conversely, significant correla-
tions between FW and regional SUVR were only
observed in some areas, such as the posterior cin-
gulate (Table 3).

DISCUSSION

We used DTI and FW models to examine corti-
cal microstructural changes in individuals with AD-S
compared to those in the HC group. Voxel-based
morphometry analysis detected decreased GM vol-
ume only in the hippocampus of individuals with
AD-S. However, GBSS analysis showed that indi-
viduals with AD had increased MD, RD, and FW
in the medial temporal lobe, posterior cingulate, and
precuneus, which are thought to be affected by AD.
In addition, ROI analysis in the AD-S group showed
that the effect sizes of FW were greater than those of
MD and RD. This study utilizes GBSS along with
FW metrics to improve our understanding of AD
pathology. The study findings contribute to the grow-
ing body of research by highlighting the potential
of FW metrics, obtained through GBSS, as markers
for AD pathology. This approach enhances our abil-
ity to characterize microstructural alterations within
GM in AD, offering insights into neurodegenerative
processes of the disease.

The morphological changes in patients with AD
were characterized by atrophy of the medial tempo-
ral lobe, encompassing the hippocampus, entorhinal
cortex, and amygdala [26–28]. This finding was con-
firmed by previous studies using the VBM method
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Fig. 2. Comparison of the patients in the Alzheimer’s disease-spectrum group (AD-S) with healthy controls (HCs). AD-S patients showed
significantly higher free water (FW), mean diffusivity (MD), and radial diffusivity (RD) values than did HCs in the limbic areas, precuneus,
frontal lobe, temporal lobe, right putamen, and cerebellum. Red-yellow represents higher values. The skeleton is represented in green.

and comparative analysis of patients with AD and
healthy individuals [29–32]. Our study also detected
decreased GM volume in the hippocampus of indi-
viduals with AD-S by VBM analysis. Voxel-based
morphometry automatically analyzes the size of each
voxel in the segmented tissue to identify volume dif-
ferences that are indicative of GM atrophy or local
WM density changes. Therefore, VBM can avoid the
subjective differences caused by artificially depicting
ROIs without being biased toward structural changes
in specific brain regions and can objectively and com-
prehensively assess anatomical changes throughout
the brain. Thus, minute changes in brain volume or
density in the early stages of AD can be detected using
VBM analysis [33].

In this study, we utilized FWI in conjunction
with GBSS to assess GM alterations in individu-
als with AD-S. FWI offers several advantages over
DTI. Although DTI was widely used to measure
water diffusion and infer microstructural proper-

ties, it may not accurately represent nonspecific
water molecules in extracellular spaces owing to the
partial-volume effect [34]. MD measures the average
diffusion within a voxel, sensitive to changes in the
tissue microenvironment, including both intra- and
extracellular spaces [35]. Conversely, RD indicates
diffusion perpendicular to the principal direction of
fiber tracts, often associated with myelin damage in
WM [36]. In contrast, FWI can differentiate between
intra- and extracellular water and depict extracel-
lular water, providing a more accurate measure of
neurodegeneration-related changes [37]. The corre-
lation between these measures can vary depending
on the pathological context. Elevated FW suggests
augmented extracellular space, possibly due to neu-
rodegeneration or inflammation, which would also
affect MD by increasing overall diffusivity. However,
the extent to which FW contributes to MD changes
can depend on the specific brain region and the stage
of AD. Regions with significant neuroinflammatory
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Fig. 3. Relationship between Montreal Cognitive Assessment (MoCA) and FW metrics of patients in the Alzheimer’s disease-spectrum group
(AD-S). AD-S patients showed significant negative correlations in the limbic areas, precuneus, frontal lobe, and temporal lobe. Blue-light
blue voxels represent lower values. The skeleton is represented in green.

responses may exhibit a stronger correlation between
FW and MD increases. Regarding the observation of
higher effect sizes for FW compared to MD in cer-
tain regions, and the similarity of many effect sizes,
it is plausible to interpret that the contribution of
FW to the observed MD changes is substantial in
areas with pronounced AD pathology. This is con-
sistent with the hypothesis that neuroinflammatory
processes, reflected by increased FW, play a criti-
cal role in the microstructural alterations observed
in AD. Nevertheless, in regions where Cohen’s d is
higher for MD, other factors beyond FW, such as
intracellular edema or tissue loss, might contribute
more significantly to the MD increase. Future studies
employing advanced modeling techniques that can
separate these contributions within the AD brain are
necessary to precisely quantify the impact of FW on
MD alterations [38].

Specifically, in the context of AD, increased FW
could reflect loss of cellular integrity and increased

extracellular space due to neuronal loss and degen-
eration. The increase in FW observed in AD patients
is predominantly pathological [13, 23]. The patho-
logical basis is supported by the fact that AD is
characterized by neuronal loss, amyloid-beta plaque
accumulation, and neurofibrillary tangles, all of
which contribute to the brain’s microstructural alter-
ations [39]. By providing a more direct measure of
these pathological changes, FW imaging can detect
subtle neurodegenerative changes earlier and with
greater specificity than conventional DTI metrics,
as described by Sun et al. [40]. For instance, Mail-
lard et al. demonstrated the potential of FWI in
detecting early microstructural changes in the brain
that are associated with cognitive decline, a hall-
mark of AD [41]. In addition, increased levels of
FW in the hippocampus have been documented in
AD [13, 23]. The association between FW changes
and amyloid accumulation can be discussed in terms
of indirect relations [23]. While no direct evidence
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Fig. 4. Relationship between Mini-Mental State Examination (MMSE) and FW metrics of patients in the Alzheimer’s disease-spectrum
group (AD-S). AD-S patients showed significant negative correlations in the limbic areas, precuneus, frontal lobe, and temporal lobe.
Blue-light blue voxels represent lower values. The skeleton is represented in green.

from pathological studies is available, a suggested
relationship between PET scans, cerebrospinal fluid
amyloid-beta, and increased levels of FW has been
hypothesized [13]. An indirect link has been sug-
gested through the pathological progression of AD,
where amyloid buildup causes neuronal degenera-
tion [42]. This degeneration leads to an expanded
extracellular space, indicated by higher FW, as noted
in earlier studies [13]. Disruption of the cortical
minicolumnar structure in AD represents a critical
aspect of its pathology, influencing the diffusion pat-
terns observed in cortical GM. Concurrently, the
strong correlation between synaptic density and GM
diffusivity underscores the importance of synaptic
integrity in the neurodegenerative processes of AD
[43]. These insights collectively suggest that the
observed increases in FW and changes in diffusion
metrics are substantially influenced by the underly-
ing synaptic density, offering a novel perspective on
the microstructural alteration’s characteristic of AD.

Our findings revealed a significant elevation in FW
within the GM in the AD-S group, particularly in
regions such as the medial temporal lobe, posterior
cingulate, and precuneus. Region of interest analy-
sis further indicated that FW had a more pronounced
effect than did DTI metrics, especially in the tem-
poral pole and medial temporal lobe, indicating the
utility of combining GBSS with FWI for characteriz-
ing GM alterations in AD. Free water may play a role
in neurodegenerative processes, as demonstrated in
our previous study [13]. An increase in cortical FW
is anticipated during the symptomatic stage of AD,
potentially resulting from the breakdown of elements
such as myelin cell membranes and cellular compo-
nents that typically limit water molecule mobility and
are linked to the neuroinflammatory response of the
blood-brain barrier [13, 44].

Unlike with regional SUVR, our study found a
very strong correlation between FW and GM cor-
tical volume and indicated significant correlations
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Fig. 5. Relationship between Clinical Dementia Rating-Sum of Boxes (CDR-SOB) and FW metrics of patients in the Alzheimer’s disease-
spectrum group (AD-S). AD-S patients showed significant positive correlations in the limbic areas, precuneus, frontal lobe, and temporal
lobe. Red-yellow represents higher values. The skeleton is represented in green.

between these cognitive scores and FW in the areas
that are supposed to be vulnerable regions in AD
pathology. Aβ primarily accumulates in the cerebral
cortex, and its association with the progression of AD
and cognitive impairment has been found to be weak
[45]. However, FW may reflect the brain structure
and emergence of symptoms more sensitively [46].
The application of GBSS in our study (which was
introduced in the context of multicompartment dif-
fusion modeling [47]) provided a robust approach to
discern distinct cortical alterations. GBSS also has
the advantage of effectively resolving multiple fiber
populations within a voxel, offering a more detailed
representation of the brain microstructure [48]. In
fact, the GBSS analysis in our study revealed sig-
nificant differences that VBM could not identify. Our
study coupled GBSS with FWI to demonstrate the
potential to further elucidate AD-related changes and
inform future investigations of the GM modifications
underlying AD.

Limitations

The limitation of this study was the uncertainty
regarding the number of MCI cases. Thus, we do not
know the start of the increase in the progression of
AD. A further study including participants with mild
cognitive impairment can clarify this point.

Conclusion

This study demonstrated the significance of inte-
grating GBSS and FWI for predicting AD pathology
and changes in GM. By incorporating FW and GBSS,
alterations not detected by VBM can be identified.
FW may be more directly associated with cogni-
tive impairments in AD’s progression. These insights
could aid in developing enhanced diagnostic and
therapeutic approaches, thus improving our compre-
hension of the neurodegenerative processes inherent
in AD.
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Table 2
Effect sizes in the ROI analysis

FW MD RD

Amygdala L 1.49 1.28 1.27
Amygdala R 0.92 1.07 1.03
Cingulate Mid L 0.69 0.65 0.65
Cingulate Mid R 0.95 0.89 0.89
Cingulate Post L 1.08 1.04 1.05
Cingulate Post R 1.24 1.23 1.24
Cuneus L 0.66 0.68 0.69
Cuneus R 0.91 0.87 0.87
Frontal Med Orb R 0.78 0.53 0.53
Frontal Inf Oper L 0.70 0.58 0.57
Frontal Inf Oper R 0.99 0.79 0.78
Frontal Inf Orb 2 L 0.76 0.67 0.67
Frontal Inf Orb 2 R 1.00 0.82 0.81
Frontal Inf Tri L 0.76 0.58 0.58
Frontal Inf Tri R 1.09 0.82 0.83
Frontal Med Orb L 0.85 0.76 0.76
Frontal Mid 2 L 0.66 0.51 0.51
Frontal Mid 2 R 0.91 0.77 0.76
Frontal Sup 2 L 0.71 0.59 0.58
Frontal Sup 2 R 0.77 0.70 0.69
Frontal Sup Medial L 0.85 0.76 0.75
Frontal Sup Medial R 0.75 0.63 0.61
Hippocampus L 1.11 1.02 1.03
Hippocampus R 1.13 1.13 1.13
Insula L 0.98 0.85 0.86
Insula R 1.07 0.95 0.96
ParaHippocampal L 1.15 1.02 1.03
ParaHippocampal R 1.01 1.07 1.10
Precentral L 0.62 0.56 0.56
Precentral R 0.79 0.65 0.65
Precuneus L 0.92 0.87 0.88
Precuneus R 1.21 1.14 1.14
Temporal Inf L 1.01 0.97 0.98
Temporal Inf R 1.09 0.95 0.95
Temporal Mid L 0.90 0.94 0.93
Temporal Mid R 0.95 0.91 0.90
Temporal Pole Mid L 1.03 0.95 0.97
Temporal Pole Mid R 0.95 0.79 0.79
Temporal Pole Sup L 0.92 0.86 0.85
Temporal Pole Sup R 1.00 0.71 0.69
Temporal Sup L 0.85 0.78 0.77
Temporal Sup R 0.88 0.81 0.80

FW, free water; L, Left; MD, mean diffusivity; R, Right, RD, radial diffusivity; ROI, region of
interest.

Table 3
Correlations between FW and GM volume or regional PiB SUVR

FW and GM volume FW and PiB SUVR
r p r p

Amygdala L –0.60 <0.001 0.03 0.83
Amygdala R –0.63 <0.001 –0.05 0.71
Cingulate Mid L –0.65 <0.001 0.37 <0.001
Cingulate Mid R –0.67 <0.001 0.38 <0.001
Cingulate Post L –0.06 0.66 0.47 <0.001
Cingulate Post R –0.41 <0.001 0.48 <0.001
Cuneus L –0.63 <0.001 0.20 0.10
Cuneus R –0.59 <0.001 0.18 0.16
Frontal Med Orb R –0.54 <0.001 0.19 0.13
Frontal Inf Oper L –0.71 <0.001 0.34 <0.001

(Continued)
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Table 3
(Continued)

FW and GM volume FW and PiB SUVR
r p r p

Frontal Inf Oper R –0.64 <0.001 0.35 <0.001
Frontal Inf Tri L –0.76 <0.001 0.44 <0.001
Frontal Inf Tri R –0.47 <0.001 0.28 0.02
Frontal Med Orb L –0.62 <0.001 0.32 0.01
Frontal Mid 2 L –0.61 <0.001 0.32 0.01
Frontal Mid 2 R –0.50 <0.001 0.27 0.03
Frontal Sup 2 L –0.61 <0.001 0.17 0.17
Frontal Sup 2 R –0.67 <0.001 0.18 0.14
Frontal Sup Medial L –0.81 <0.001 0.25 0.04
Frontal Sup Medial R –0.63 <0.001 0.19 0.11
Hippocampus L –0.84 <0.001 –0.25 0.04
Hippocampus R –0.84 <0.001 –0.14 0.26
Insula L –0.66 <0.001 0.36 <0.001
Insula R –0.88 <0.001 0.37 <0.001
ParaHippocampal L –0.70 <0.001 0.29 0.02
ParaHippocampal R –0.72 <0.001 0.37 <0.001
Precentral L –0.60 <0.001 0.05 0.71
Precentral R –0.63 <0.001 0.01 0.94
Precuneus L –0.72 <0.001 0.25 0.04
Precuneus R –0.64 <0.001 0.24 0.05
Temporal Inf L –0.47 <0.001 0.41 <0.001
Temporal Inf R –0.72 <0.001 0.41 <0.001
Temporal Mid L –0.69 <0.001 0.47 <0.001
Temporal Mid R –0.79 <0.001 0.39 <0.001
Temporal Pole Mid L –0.42 <0.001 0.05 0.72
Temporal Pole Mid R –0.69 <0.001 0.22 0.08
Temporal Pole Sup L –0.67 <0.001 0.18 0.14
Temporal Pole Sup R –0.51 <0.001 0.18 0.14
Temporal Sup L –0.75 <0.001 0.35 <0.001
Temporal Sup R –0.81 <0.001 0.35 <0.001

FW, Free Water; GM, Gray Matter; L, Light; SUVR, Standardized Uptake Value Ratio; R, Right; ROI, Region of Interest.
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