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Abstract
Background: Non-invasive biomarkers are key to early Alzheimer’s disease (AD) detection. Multiparametric MRI and

advanced imaging offer promising, accessible tools for identifying AD-related changes, supporting timely diagnosis and

intervention.

Objective: To assess how accurately multiparametric MRI biomarkers identify AD using Aβ-PET imaging as the refer-

ence, and to evaluate whether MRI metrics in AD-related brain regions can distinguish between Aβ-positive and Aβ-nega-
tive subjects across the AD continuum.

Methods: In this exploratory retrospective study, 44 subjects aged 50–80 years were classified based on their PET and

MRI biomarkers following the NIA-AA 2024 framework. MRI metrics included selected regional brain volumes

(T1-weighted), mean diffusivity and fractional anisotropy (DTI-MD, DTI-FA), quantitative susceptibility mapping (QSM),

and T1rho imaging. These were compared with amyloid load, and diagnostic performance was assessed using area-

under-the-curve (AUC) analysis.

Results: 25 subjects were Aβ+ (AD continuum), while 19 were Aβ- (controls). Volumes of the hippocampus, thalamus,

amygdala, cingulate, putamen, and corpus callosum and DTI-MD in the hippocampus, corpus callosum, cuneus, and cin-

gulate showed optimal diagnostic performance (AUC≥ 0.80), with hippocampal volume and hippocampal DTI-MD show-

ing AUCs> 0.90, (both p < 0.05). Combining hippocampal volumetry and hippocampal DTI-MD (AUC= 0.95, p < 0.001)

improved diagnostic accuracy by 2.1% compared to using either biomarker alone. LASSO logistic regression analysis

showed that amyloid positivity was significantly associated with hippocampal volume (p < 0.001).

Conclusions: Hippocampal volumetry and hippocampal DTI-MD may be superior and more sensitive imaging biomar-

kers for AD. Their combined use could improve diagnostic accuracy and enhance early AD detection.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder and the leading cause of dementia, recognized
by the World Health Organization as a global healthcare
priority.1 It affects one in nine individuals over 65 years2

and is the fifth leading cause of death worldwide.3

Currently, over 50 million people have dementia, with
numbers expected to triple by 2050, particularly in low-
and middle-income countries.4

AD progresses through three primary stages: preclinical
AD, mild cognitive impairment due to AD, and dementia
related to AD.5 It is characterized by two main pathological
features: extracellular amyloid-β (Aβ) plaques and intra-
neuronal neurofibrillary tangles (NFTs) composed of phos-
phorylated tau.6 These features develop years before
clinical symptoms appear, with Aβ accumulation starting
about 20 years and NFTs about 10 years before symptom
onset.6 Therefore, AD is viewed as a continuum rather
than three distinct clinical stages, with biomarkers reflecting
this gradual progression.7

The key objective in diagnosing AD is to develop non-
invasive biomarkers that can detect the disease early.
These biomarkers should be sensitive, specific, clinically
useful, and accessible, allowing for timely intervention
and supporting precision medicine. Since the presence of
Aβ plaques is a strong indicator of AD, the framework
from the National Institute on Aging and the Alzheimer’s
Association (NIA-AA) highlights the importance of posi-
tive amyloid biomarkers in identifying AD-related pro-
cesses.7 However, AD is a complex and heterogeneous
disorder, and recent advances have led to the adoption of
the ATN (Amyloid, Tau, Neurodegeneration) framework
and its expanded versions, such as ATN(IVS), for research
and diagnosis.8 This multidimensional approach incorpo-
rates a broader spectrum of biomarkers including imaging
and fluid markers of amyloid deposition (A), tau pathology
(T), and neurodegeneration (N), as well as markers of
inflammation/immune mechanisms (I), vascular brain
injury (V), and synucleinopathy (S).8 Integrating these
diverse biomarkers enhances diagnostic accuracy, enables
earlier detection, and provides a more comprehensive
understanding of disease progression. Thus, expanding
the diagnostic focus beyond amyloid to include additional
relevant biomarkers is crucial for the development of
robust diagnostic tools and the implementation of effective
prevention and treatment strategies.

Definitive confirmation of Aβ and tau is through post-
mortem, which limits clinical-histological correlation during
life. Therefore, in vivo methods like positron emission tom-
ography (PET), magnetic resonance imaging (MRI), blood-
based biomarkers, and cerebrospinal fluid analysis have
been developed to facilitate early and accurate clinical diag-
nosis of AD and aid potential therapeutic intervention. PET
is the most established technique for visualizing Aβ and tau

in vivo,9 but it has limitations, such as limited availability
of radioactive tracers, high costs,10 the short half-life of the
11C isotope,11 and the tendency of Pittsburgh Compound B
(PIB) to bind only to fibrillar forms of Aβ.12 Alternative neu-
roimaging biomarkers have been developed to provide add-
itional insights. T1 weighted structural MRI is commonly
used to measure the volume of the hippocampus and other
brain regions, enabling the assessment of regional brain
atrophy in AD, while advancedMRI techniques like diffusion
tensor imaging (DTI), quantitative susceptibility mapping
(QSM), and T1rho offer additional insights into microstruc-
tural, biochemical, and pathological changes. DTI detects
microstructural changes in white matter, which may be asso-
ciated with Aβ and tau deposition among other pathological
processes, as indicated by lower fractional anisotropy and
higher mean diffusivity in affected areas.13 This makes DTI
a valuable tool for sensitively identifying early axonal degen-
eration and demyelination, which are characteristic features of
AD. QSM assesses magnetic susceptibility to identify abnor-
mal iron deposition and changes in myelination, hallmark fea-
tures of AD, as well as to detect microbleeds, differentiate
tissue types, monitor disease progression, and provide com-
plementary information for improved diagnostic accuracy.14

By quantifying brain iron accumulation and other susceptibil-
ity changes, QSM offers important insights into neurodegen-
eration and amyloid pathology in AD. T1rho is sensitive to
pH changes, slow molecular motions, proteoglycan content,
and chemical exchange processes that may be associated
with Aβ and tau presence, making it effective in detecting
both biochemical and structural changes.15 Its ability to
capture early alterations in the brain’s macromolecular envir-
onment and tissue microstructure further supports its use as a
potential biomarker for AD.16 Together, theseMRI sequences
provide complementary and comprehensive information on
the structural, biochemical, and pathological changes asso-
ciated with AD, enhancing the detection and monitoring of
the disease. Each method examines specific features of AD
pathology, but no study has directly compared their diagnos-
tic performance. Thus, this study aims to determine how
accurately multiparametric MRI-based neuroimaging biomar-
kers can identify AD using Aβ-PET imaging as the reference
standard. Specifically, we evaluate the ability of MRI-derived
metrics (T1 weighted, MD, FA, QSM and T1rho) in different
brain regions to distinguish between amyloid-positive and
amyloid-negative subjects across the AD continuum.

Methods

Subjects
This study is an exploratory retrospective analysis based on
data from the ongoing Chinese University of Hong Kong—
Screening for Early Alzheimer’s Disease Study
(CU-SEEDS), which aims to identify imaging biomarkers
for the early diagnosis of AD. Subjects were recruited
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according to specific criteria: they had to be of Chinese eth-
nicity, aged between 50 and 80 years, and have Cantonese
as their primary language. Subjects were excluded if they
had a diagnosis of non-Alzheimer’s dementia, a history of
stroke, parkinsonism, major psychiatric illness, other sig-
nificant neurological diseases (such as brain tumors), or
any contraindications to MRI /PET imaging. Informed
consent was obtained from all subjects. For the current ana-
lysis, we included Chinese men and women aged 50–80
years, without any diagnosed neurological disorders, who
underwent both PET/CT and MRI scans. The MRI protocol
included DTI (both MD and FA), T1-weighted imaging,
QSM, and T1 rho imaging. Additional data collected
included age, sex, years of education, cognitive impairment
status (assessed using the Hong Kong List Learning Test),
and Montreal Cognitive Assessment (MoCA) scores
(Hong Kong version). The study was conducted in accord-
ance with Helsinki declaration, and it was approved by the
Ethics Committee of the Joint Chinese University of Hong
Kong—New Territories East Cluster Clinical Research
Ethics Committee (REF NO. 2017.254). Forty-four (44) sub-
jects were analyzed after excluding thirty-four (34) subjects
whose amyloid-PET results indicated non-Alzheimer’s
pathological changes according to the NIA-AA 2018 frame-
work (I.e., A-T+N-, A-T-N+, A-T+N+).7 According to
the ATN framework, Aβ+ (positive amyloid-beta) biomarker
status is considered to be on the AD continuum, regardless of
tau or neurodegeneration status or cognitive impairment.
Therefore, our final sample comprised subjects with the fol-
lowing biomarker profiles: A-T-N- (normal AD biomarkers
as controls), A+T−N− (Alzheimer’s pathological change),
A+T+N−, and A+T+N+ (Alzheimer’s disease).7

Clinical staging of cognitive decline
Clinical staging was divided into four groups: normal
control (NC), subjective cognitive decline (SCD), mild cog-
nitive impairment (MCI), mild dementia (MD) and moder-
ate to severe dementia (MSD):

(i) Normal control (NC) was defined as subjects
without subjective memory complaints, as indi-
cated by an Abbreviated Memory Inventory for
Chinese (AMIC) score < 1 (range: 0–5, with
higher scores indicating worse memory)17 or an
AD8® Dementia Screening Interview (AD8)
score < 1 (range: 0–8, with higher scores indicating
greater perceived change).18 They also did not
have objective cognitive impairment, as demon-
strated by a Hong Kong List Learning Test
(HKLLT-T4) score >−1.0 standard deviation
(SD) or a MoCA score > 16th percentile.

(ii) SCD was defined as subjects with reported subject-
ive memory complaints (AMIC or AD8 score≥ 1)
but did not show objective cognitive impairment.

(iii) MCI was defined as subjects with SCD and object-
ive cognitive impairment (HKLLT-T4≤−1.0 SD
or MoCA≤ 16th percentile) but remained inde-
pendent in performing daily tasks.

(iv) Dementia (MD and MSD)- A senior neurologist
diagnosed dementia and classified its severity as
mild, moderate, or severe. This classification was
based on the NIA-AA criteria19 and the Clinical
Dementia Rating (CDR) score.20

Given the limited number of subjects in some of the indi-
vidual groups, in the analysis, we merged the SCD and MCI
groups to form the ‘early cognitive impairment’ group and
combined the MD and MSD groups to form the ‘mild/mod-
erate to severe dementia’ group.

PET imaging
PET imaging was performed using a PET/CT scanner
(Biograph™ 16 LSO HI-REZ; CTI/Siemens Inc.) to
quantify amyloid-beta, tau deposition, and glucose hypo-
metabolism with 11C-PIB, 18F-T807, and 18F-FDG,
respectively. All subjects received 11C-PIB intravenously
and were scanned at 35 min post-injection. Within one
week, 18F-T807 PET/CT was performed at 85 min post-
injection. Data acquisition began with a non-contrast CT
scan (130 kV, 110–115 mA, 2 mm pitch, 1 s tube rota-
tion), followed by PET imaging with 81 axial planes and
an axial field of view of 16.2 cm. PET and CT images
were reconstructed using the ordered-subset expectation
maximization (OSEM) algorithm (16 subsets, 8 itera-
tions), with a 256× 256 matrix for PET and a 512× 512
matrix for CT.

All PET images were processed using a standardized
pipeline as described in the image processing and registra-
tion section. Quantification of amyloid PET, tau PET, and
FDG-PET was achieved using standardized uptake value
ratios (SUVRs), with the cerebellar cortex serving as the
reference region. SUVRs for each region-of-interest (ROI)
were calculated by dividing the mean uptake in the ROI
by the mean uptake in the cerebellar cortex. In the case of
FDG-PET, mean FDG uptake was extracted from prede-
fined ROIs segmented using FreeSurfer version 7. All
co-registrations and segmentations were visually inspected
for accuracy, and any misalignments were manually
corrected.

The primary analysis exclusively focused on amyloid-
beta PET data by quantifying 11C-PIB uptake quantified
using the global cortical to cerebellum standardized
uptake value ratio (SUVR),21 calculated for each ROI as
described in the image processing and registration section.
These ROIs encompass key cortical regions commonly
affected in amnestic AD. Tau-PET and FDG-PET data
were used to categorize subjects according to the ATN
(Amyloid/Tau/Neurodegeneration) framework.
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MRI
All MRI scans were conducted using a 3 T scanner (Philips
Achieva TX, Best, The Netherlands) equipped with an
eight-channel head coil.

Structural MRI imaging and analysis
A 3D T1-weighted volumetric sequence was used to
acquire the structural MRI image for calculation of ROI
volumes and co-registration purposes. Parameters were set
as follows: echo time (TE) of 3.5 ms, repetition time (TR)
of 7.5 ms, flip angle of 8°, field of view of 250× 250×
171 mm³, acquired resolution of 1.1× 1.1× 1.2 mm³, and
a SENSE acceleration factor of 2. ROI volume (ROI-V)
and estimated total intracranial volume (eTIV) were
obtained from FreeSurfer output. ROI-V was adjusted for
eTIV using the formula22: Adjusted ROI-V= raw ROI-V – b
(eTIV − mean eTIV), where b represents the regression coef-
ficient from regressing ROI-V against eTIV.

DTI (MD and FA) MRI imaging and processing
Axial diffusion MRI data were collected using 48
diffusion-encoding directions at a b-value of 1000 s/mm2,
along with six non-diffusion-weighted b0 images. The
scanning parameters were as follows: TR of 8944 ms, TE
of 60 ms, a flip angle of 90°, reconstructed voxel of 1 mm
× 1 mm× 1 mm. The DTI scans were pre-processed using
the FSL diffusion toolbox (Version 5.0.9, FMRIB,
Oxford, UK, http://www.fmrib.ox.ac.uk/fsl/). First, the
images were corrected for eddy currents and head motion
using the FSL diffusion toolbox. Skull stripping was per-
formed with the Brain Extraction Tool. The DTIfit tool
was then used to fit diffusion tensors at each voxel and gen-
erate mean diffusivity (MD) and fractional anisotropy (FA)
maps. These DTI maps were aligned to the individual
T1-weighted anatomical images and standardized to the
MNI reference coordinate system using deformation fields
from T1 normalization. White matter masks and tract-
specific ROIs (cingulum, fornix, and uncinate fasciculus)
were derived using the FSL diffusion toolbox. The quality
of normalization was visually inspected, and scan homogen-
eity was assessed by calculating the standard deviation across
the sample. DTI maps were smoothed with an 8 mm
Gaussian kernel to enhance signal-to-noise ratio, compensate
for anatomical variability, and optimize statistical validity
while preserving spatial resolution. Median FA and MD
values were calculated within each ROI for each subject.

QSM MRI imaging and processing
Gradient-echo phase images were obtained using an eight-
echo 3D fast-field echo sequence for QSM analysis.

The imaging parameters included a TE of 4.0 ms with a
ΔTE of 5.2 ms, a TR of 45 ms, a flip angle of 20 degrees,
an FOV of 40× 240× 120 mm, an acquired resolution of
0.6× 0.8× 2 mm, and a sensitivity encoding (SENSE) accel-
eration factor of 2.5. QSM raw phase images were first
unwrapped using a Laplacian-based algorithm.23 Then, the
background phase was removed using the variable spherical
kernel size (V-SHARP) method.24 Finally, the susceptibility
maps were generated using the streaking artifact reduction
for QSM (STAR-QSM) technique available in the
STI-Suite.25

T1rho MRI imaging and processing
T1rho images were obtained with the following parameters:
TR/TE of 2000 ms/12 ms, total spin lock (TSL) durations of
10, 20, 30, and 40 ms, a spin lock pulse amplitude of
500 Hz, a slice thickness of 2 mm, a field of view (FOV)
of 24× 24 cm2, a matrix size of 256× 128, a bandwidth
of 130 Hz per pixel, and an echo train length of 4. To elim-
inate the contribution of cerebrospinal fluid (CSF) to the
T1rho-weighted MR signal, an inversion time (TI) of
860 ms was used, as described by Borthakur et al.16

Voxel wise T1rho values and ROI averages were calculated
using in-house MATLAB functions based on the following
formula26: M(TSL) = M0e−TSL/T1rho . Where M(TSL) is the
signal intensity at a given spin-lock time (TSL), M0 is the
initial signal intensity, and T1rho is the spin-lattice relax-
ation time in the rotating frame.

Image processing and registration
For all imaging modalities, DICOM images were converted
to NIFTI format using dcm2niix.27 PET, QSM, and T1rho
images were co-registered to individual T1-weighted
images using the affine registration tool in Advanced
Normalization Tools (ANTs), with skull stripping per-
formed on T128 and CT29 images to improve registration
accuracy. ROIs for PET, QSM, T1rho, and structural MRI
were automatically extracted, segmented and processed
using FreeSurfer version 7.30,31 Subcortical ROIs, including
the hippocampus, were defined using the MNI (Montreal
Neurological Institute) Structural Atlas, while cortical par-
cellation was performed with the Destrieux Atlas.30 The fol-
lowing ROIs (Figure 1) were included across all imaging
biomarkers: hippocampus, amygdala, thalamus, caudate,
putamen, corpus callosum, cuneus and cingulate.32

Additional ROIs analyzed were: global cortex, precuneus,
posterior cingulate cortex, and cerebellum for PET;
globus pallidus for QSM and T1rho; cingulum for DTI;
and total intracranial volume and cortical regions for struc-
tural MRI. Due to limited z-coverage, QSM and T1rho
sequences did not include the cuneus and cingulate gyrus.
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Quality control procedures
Rigorous quality control (QC) procedures were implemen-
ted to ensure the accuracy and reliability of brain imaging
data in this study. Following image acquisition and prepro-
cessing steps, including registration, QC was conducted
using both automated and manual approaches. Visual
inspection was routinely performed by overlaying regis-
tered images onto standard templates and examining them
slice-by-slice to verify proper alignment of anatomical
structures and to identify any artifacts or misregistration.
In addition, automated quality metrics, such as similarity
indices and deformation field analyses, were utilized to
quantitatively assess registration accuracy and detect out-
liers. Standardized QC checklists and protocols were
employed to maintain consistency across raters and ses-
sions, and specialized software tools were used to flag
images with potential quality issues. Images failing to
meet quality standards were either reprocessed or excluded
from further analysis. All QC steps and decisions were thor-
oughly documented to ensure transparency and reproduci-
bility, thereby enhancing the validity of the study findings.

AD definition based on imaging biomarkers
The NIA-AA 2024 framework proposed that amyloid-β (A)
PET positivity alone is a core diagnostic criterion for AD,
while tau (T) PET and neurodegeneration (N) are markers
for staging and monitoring disease progression.33 In this
study, the ATN classification was used solely for inclusion
and exclusion criteria: each biomarker was classified as
positive (+) or negative (−), and subjects were categorized
based on the presence or absence of Aβ.

Aβ+ was defined as an abnormal uptake in
11C-Pittsburgh compound B (PIB), visually identified and/
or with an SUVR≥ 1.4232 in the specified ROIs.34,35

T+was defined as an abnormal uptake in 18F-flortaucipir
(18F-T807), visually identified and/or with SUVR ≥1.2332

in the relevant ROIs. N+was defined as abnormal
glucose metabolism of 18-Fludeoxyglucose (F18-FDG)
PET with weighted median SUVR≥ 1.21.36 These SUVR
thresholds were selected based on established values
reported in the literature.32,36 Such thresholds are widely
used in both research and clinical practice to distinguish
biomarker positivity. All PET scans were independently
reviewed by a nuclear medicine specialist with over 20
years of experience, blinded to the subjects’ cognitive
data. Importantly, only Aβ-PET was used for group ana-
lyses in this study; tau and neurodegeneration data were col-
lected exclusively for subject classification according to the
NIA-AA 2018 framework and were not included in the
main analyses.

Statistical analysis
The data were not normally distributed, as indicated by
skewness and kurtosis assessments. Therefore, continuous
variables were reported as median (range) to accurately
represent central tendency and variability without the influ-
ence of outliers, unless stated otherwise. Averages were
used to compute data from various ROIs within the same
anatomical structure and/or from paired structures. Of
note, analysis of absolute QSM values was performed to
provide a single metric for the total magnitude of suscepti-
bility change, capturing both paramagnetic (e.g., iron accu-
mulation) and diamagnetic (e.g., demyelination) effects.

Figure 1. Illustrates the regions of interest in this study, as determined by MNI (Montreal Neurological Institute) Atlas, and shown in

axial, coronal and sagittal views with a color scheme. The regions include: brain stem (purple)- vital for basic life functions; amygdala

(peach)- involved in emotion regulation and memory; thalamus (tan)- acts as a relay station for sensory information; caudate (teal)-

associated with motor processes and learning; putamen (dark blue)- plays a role in movement and learning; pallidum (yellow)- involved

in the regulation of voluntary movement; hippocampus (pink)- critical for memory formation; corpus callosum (light pink/light blue/

green/orange/red)- facilitates communication between the two hemispheres, integrates functions, coordinates motor activities, and

supports cognitive processing.
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This approach prevents these competing signals from cancel-
ing each other out, thereby revealing important underlying
pathology and providing a more complete picture of the
disease.Categorical variableswere shownascountswith cor-
responding percentages. For comparisons between two
groups, the Mann-Whitney test was used for continuous
data, and Fisher’s exact test was used for categorical data.

The diagnostic performance of each variable was
assessed using the area under receiver operating character-
istic curves (AUC) to distinguish between Aβ+ and Aβ−
subjects. Pairwise comparisons of AUC values for different
MRI metrics were conducted using the DeLong test. AUC
values were interpreted as follows37: 0.90–1.00 as excel-
lent, 0.80–0.89 as good, 0.70–0.79 as fair, 0.60–0.69 as
poor, and 0.50–0.59 as fail. Post hoc analysis was per-
formed to assess whether combining the two best predictors
of Aβ+ would enhance the diagnostic performance of the
imaging biomarkers. To achieve this, three models were
constructed from the two predictors: each predictor was
evaluated individually as a model, and then both were com-
bined in a third model. Logistic regression was performed to
obtain the probabilities for each model. Predicted probabil-
ities were used to generate ROC curves, with optimal clas-
sification thresholds determined by Youden’s index.
Sensitivity, specificity, accuracy, positive predictive value,
negative predictive value, and AUC were calculated for
each model. Model performance was compared using
DeLong’s test for correlated AUCs, with 95% confidence
intervals and p-values reported for differences in AUC.

To identify key predictors of Aβ+, LASSO (Least
Absolute Shrinkage and Selection Operator) logistic regres-
sion was performed using age, sex, education, and a com-
prehensive set of neuroimaging biomarkers as predictors.

LASSO regression was implemented with cross-validation
to select the optimal regularization parameter, allowing
for simultaneous variable selection and regularization to
prevent overfitting in the context of high-dimensional
data. The dependent variable was Aβ+ (AD continuum),
a binary outcome. To assess the stability and significance
of the selected predictors, bootstrapping with 1000 resam-
ples was performed to estimate mean coefficients and
95% confidence intervals for each variable. Model perform-
ance was evaluated using accuracy and the AUC. All statis-
tical tests were two-sided, and p-values less than 0.05 were
considered statistically significant. Analyses were per-
formed using SPSS (version 28.0, IBM, Chicago, IL),
MedCalc (version 23.0.6) and Python (version 3.13).

Results

Demographic and clinical characteristics
Of the 78 subjects screened for AD, 44 were included in the
final analysis: 19 controls (Aβ-) and 25 on the AD con-
tinuum (Aβ+). The median age was significantly higher
in the Aβ+ group (70 years, range 50–79 years) compared
to the Aβ- group (64 years, range 52–72 years; p= 0.007).
Cognitive performance, as measured by MoCA and
HKLLT z-scores, was significantly lower in the Aβ+
group (both p < 0.001). Detailed demographic and clinical
characteristics are presented in Table 1.

Regional imaging outcomes
Compared to the Aβ- group, the Aβ+ group exhibited sig-
nificantly higher global amyloid deposition (p < 0.001)

Table 1. Demographic, clinical staging of cognitive impairment and positron emission tomography characteristics of the subjects.

Variable Aβ- (n= 19) Aβ+ (n= 25) p

Age (y) 64 (52–72) 70 (50–79) 0.007#

Sex: female/male, n (%) 10/9 (52.6/47.2) 18/7 (72/28) 0.191*

NC, n (%) 3 (15.8) 1 (4) 0.183*
SCD, n (%) 16 (84.2) 3 (12) <0.001*
MCI, n (%) 0 14 (56) <0.001*
MD, n (%) 0 (0) 6 (24) 0.023*
MSD, n (%) 0 (0) 1 (4) 0.383*
Education (y) 11(5–21) 9 (0–17) 0.517#

MoCA score 28 (26–30) 19 (4–30) <0.001#

HKLLT z-score 0.41 (−0.97–.88) −2.03 (−3–2) <0.001#

A-T-N-, n (%) 19 (100) 0 (0) <0.001*
A+T+N−, n (%) 0 (0) 16 (64)

A+T+N+, n (%) 0 (0) 9 (36)

A+T−N−, n (%) 0 (0) 0 (0) 1.000

A+T−N+, n (%) 0 (0) 0 (0) 1.000

#Mann-Whitney test was used. *Fisher’s exact test was used. Values are expressed as median (range) unless stated otherwise. Aβ: amyloid-β; AD:
Alzheimer’s disease; NC: normal control; SCD: subjective memory decline; MCI: mild cognitive impairment; MD: mild dementia; MSD: moderate to severe

dementia; MoCA: Montreal Cognitive Assessment score; HKLLT: Hong Kong List Learning Test. A-T-N-: normal AD biomarkers; A+T−N−: Alzheimer’s
pathological change; A+T+N− and A+T+N+: Alzheimer’s disease; A+T−N+: Alzheimer’s and concomitant suspected non-Alzheimer’s pathologic
change. Statistically significant (p < 0.05).
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and significantly lower volumes in the hippocampus (p <
0.001), thalamus (p < 0.001), putamen (p < 0.001), amyg-
dala (p < 0.001), corpus callosum (p < 0.001), cuneus (p <
0.001), and cingulate (p < 0.001). The caudate volume
was also lower in the Aβ+ group, but this difference was
only marginally significant (p= 0.051). DTI-MD values
were significantly elevated in the thalamus (p= 0.038),
hippocampus (p < 0.001), amygdala (p= 0.038), corpus cal-
losum (p < 0.001), cuneus (p < 0.001), and cingulate (p <
0.001). DTI-FA was significantly reduced in the hippocam-
pus (p= 0.002) and amygdala (p= 0.007). QSM values
were higher in the thalamus (p= 0.039) and putamen (p=

0.010), while T1rho was lower in the hippocampus (p=
0.005). Full regional imaging outcomes are provided in
Table 2 and Figure 2.

Discriminative performance of neuroimaging
biomarkers
Several imaging biomarkers demonstrated strong ability to
distinguish between Aβ- and Aβ+ groups as follows:
Hippocampal volume (AUC= 0.94, p < 0.001), Thalamus
volume (AUC= 0.90, p < 0.001), Amygdala volume

Table 2. Multimodal and multiparametric regional imaging outcomes between Aβ- and Aβ+ patients.

Variable Aβ- (n= 19) Aβ+ (n= 25) p

Global amyloid deposition (SUVR) 1.09 (0.90–1.22) 1.51 (0.78–2.18) <0.001
Global tau deposition (SUVR) 1.33 (1.05–1.71) 1.38 (1.02–2.41) 0.166

Adjusted Thalamus volume (ml) 6.81 (5.71–7.53) 6.01(4.25–6.74) <0.001
Adjusted Caudate volume (ml) 3.33 (2.65–4.12) 3.09 (2.34–3.87) 0.051

Adjusted Putamen volume (ml) 5.04 (3.79–5.79) 4.18 (3.54–4.99) <0.001
Adjusted Hippocampal volume (ml) 8.12 (7.59–9.92) 5.96 (4.59–8.06) <0.001
Adjusted Amygdala volume (ml) 1.81 (1.48–2.30) 1.32 (0.78–1.80) <0.001
Adjusted Corpus callosum volume (ml) 3.29 (2.77–3.93) 2.91 (2.19–3.79) <0.001
Adjusted Cuneus volume (ml) 3.75 (2.98–4.51) 3.53 (2.95–4.97) 0.166

Adjusted Cingulate volume (ml) 10.34 (9.01–12.33) 9.03 (7.47–12.09) <0.001
DTI-MD Thalamus (mm2/s) 0.0009 (0.0085–0.0013) 0.0011 (0.0009–0.002) 0.038
DTI-MD Caudate (mm2/s) 0.0010 (0.0089–0.002) 0.0011 (0.0009–0.002) 0.087

DTI-MD Putamen (mm2/s) 0.00070 (0.0006–0.0008) 0.00072 (0.00065–0.0008) 0.096

DTI-MD Hippocampus (mm2/s) 0.0010 (0.0091–0.0012) 0.0012 (0.00099–0.00165) <0.001
DTI-MD Amygdala (mm2/s) 0.00081 (0.0067–0.00104) 0.00083 (0.00077–0.00116) 0.038
DTI-MD Corpus callosum (mm2/s) 0.00104 (0.0010–0.00164) 0.00133 (0.00108–0.00208) <0.001
DTI-MD Cuneus (mm2/s) 0.00113 (0.0095–0.00137) 0.00134 (0.0099–0.00167) <0.001
DTI-MD Cingulate (mm2/s) 0.0009 (0.00089–0.0012) 0.00111 (0.00095–0.00131) <0.001
DTI-FA Thalamus (mm2/s) 0.33 (0.28–0.36) 0.31 (0.24–0.36) 0.107

DTI-FA Caudate (mm2/s) 0.21 (0.19–0.32) 0.22 (0.18–0.31) 0.478

DTI-FA Putamen (mm2/s) 0.31 (0.25–0.37) 0.32 (0.28–0.42) 0.149

DTI-FA Hippocampus (mm2/s) 0.202 (0.167–0.320) 0.172 (0.134–0.312) 0.002
DTI-FA Amygdala (mm2/s) 0.239 (0.217–0.272) 0.226 (0.196–0.303) 0.007
DTI-FA Corpus callosum (mm2/s) 0.47 (0.27–0.60) 0.47 (0.13–0.54) 0.118

DTI-FA Cuneus (mm2/s) 0.15 (0.12–0.20) 0.14 (0.10–0.21) 0.678

DTI-FA Cingulate (mm2/s) 0.194 (0.17–0.22) 0.187 (0.17–0.22) 0.096

QSM Thalamus (ppm) 0.00207 (0.0001–0.0045) 0.00376 (0.0001–0.0102) 0.039
QSM Caudate (ppm) 0.0288 (0.0138–0.0352) 0.0323 (0.0214–0.0505) 0.111

QSM Putamen (ppm) 0.0177 (0.006–0.0327) 0.0233 (0.0172–0.0521) 0.010
QSM Hippocampus (ppm) 0.0026 (0.00005–0.00579) 0.0025 (0.000008–0.00599) 0.937

QSM Amygdala (ppm) 0.00115 (0.0001–0.00566) 0.00262 (0.00025–0.0110) 0.388

QSM Corpus callosum (ppm) 0.00539 (0.0001–0.0174) 0.00527 (0.00022–0.0242) 0.676

T1rho Thalamus (ms) 78.25 (74.66–84.54) 77.58 (60.14–88.33) 0.271

T1rho Caudate (ms) 77.41 (72.14–84.34) 77.54 (66.39–82.85) 0.271

T1rho Putamen (ms) 74.98 (66.53–83.30) 75.29 (63.86–80.48) 0.387

T1rho Hippocampus (ms) 84.69 (79.70–100.21) 81.82 (75.02–97.11) 0.005
T1rho Amygdala (ms) 80.73 (75.59–95.16) 79.53 (73.86–83.20) 0.485

T1rho Corpus callosum (ms) 78.21 (73.11–85.51) 77.46 (64.44–88.78) 0.325

Mann-Whitney test was used. Values are expressed as median (range). AD: Alzheimer’s disease; Amyloid deposition as reflected by 11C-Pittsburgh

compound B tracer retention; Tau deposition as reflected by 18F-flortaucipir retention; SUVR: standardized uptake value ratio; T1rho: Time constant of

spin-lattice relaxation in rotating frame; QSM: Quantitative Susceptibility mapping; DTI-MD: Diffusion tensor imaging-mean diffusivity; DTI FA: Diffusion

tensor imaging- fractional anisotropy; ms: milliseconds; ppm: part per million; ml: milliliter. Significant level, p < 0.05. Corpus Callosum included the

following regions: Posterior, Mid Posterior, Central, Mid Anterior, and Anterior. Cingulate included these regions in both the left and right sides: Caudal

Anterior, Posterior, Rostral Anterior, and Isthmus.
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(AUC= 0.90, p < 0.001), Cingulate volume (AUC= 0.84, p
< 0.001), Putamen volume (AUC= 0.80, p < 0.001), Corpus
callosum volume (AUC= 0.80, p < 0.001), DTI-MD in the
hippocampus (AUC= 0.92, p < 0.001), corpus callosum
(AUC= 0.84, p < 0.001), cuneus (AUC= 0.83, p < 0.001),
and cingulate (AUC= 0.83, p < 0.001). DTI-FA in the
hippocampus (AUC= 0.76, p= 0.003), amygdala (AUC=
0.73, p= 0.003), T1rho in the hippocampus (AUC= 0.75,
p= 0.001), and QSM in the thalamus (AUC= 0.71, p=
0.001). Other regions and biomarkers had AUC values
between 0.60–0.69 and 0.50–0.59 (all p > 0.05), indicating
poor discrimination. Supplemental Table 1 provides
further details.

Post hoc analysis of the best two performing
neuroimaging biomarkers
Hippocampal volumetry and DTI-MD in the hippocampus
were identified as the best performing biomarkers for distin-
guishing between Aβ- and Aβ+ groups. The combination of
both hippocampal volume and DTI-MD in the hippocam-
pus achieved (AUC= 0.95, p < 0.001) but was not signifi-
cantly different to that of hippocampal volume alone
(AUC= 0.94, p= 0.334) and DTI-MD in the hippocampus
alone (AUC= 0.92, p= 0.137). Details are shown in
Supplemental Table 2.

Pairwise comparative analysis of multiparametric
neuroimaging biomarkers in regions that were
significantly different between Aβ- and Aβ+ groups
Pairwise comparisons using the DeLong test were con-
ducted to directly compare the diagnostic performance of

imaging biomarkers within the same brain region (ROI).
In the hippocampus, hippocampal volume (AUC= 0.94)
outperformed DTI-FA (AUC= 0.76, p= 0.013), QSM
(AUC= 0.54, p < 0.001), and T1rho (AUC= 0.75, p=
0.018), but was not significantly different from DTI-MD
(AUC= 0.92, p= 0.499). In the corpus callosum,
DTI-MD (AUC= 0.84) was superior to DTI-FA (AUC=
0.62, p= 0.004) and QSM (AUC= 0.56, p= 0.017). In
the thalamus, thalamus volume (AUC= 0.90) was superior
to DTI-MD (AUC= 0.67, p= 0.033), DTI-FA (AUC=
0.65, p= 0.009), QSM (AUC= 0.71, p= 0.007) and
T1rho (AUC= 0.62, p= 0.001). In the amygdala, amygdala
volume (AUC= 0.90) was superior to DTI-MD (AUC=
0.66, p= 0.012), QSM (AUC= 0.56, p= 0.002) and
T1rho (AUC= 0.55, p= 0.002). In the putamen, putamen
volume (AUC= 0.80) was superior to DTI-FA (AUC=
0.60, p= 0.033). In the cuneus, DTI-MD (AUC= 0.83)
was significantly better than DTI-FA (AUC= 0.53,
p= 0.004) and cuneus volume (AUC= 0.61, p= 0.006).
No significant differences were observed in other regions.
Detailed results are shown in Figure 3 and Supplemental
Tables 3–9.

Neuroimaging biomarkers as predictors of Aβ
positivity
The LASSO regression model demonstrated excellent
classification performance (accuracy= 93.3%, AUC=
0.94), indicating strong discrimination between subjects
with Aβ- and Aβ+. A variable was deemed to have a stat-
istically significant association with Aβ+ if the 95% CI
for its mean coefficient did not contain 0 and the 95%
CI for its odds ratio did not contain 1. Based on these

Figure 2. Images from two representative subjects. Top row shows a 70-year-old female subject with Alzheimer’s disease (A+T+N+).
Her Montreal Cognitive Assessment score was 16/30, Hong Kong List Learning Test z score of −2.24, 4 years of education and cognitively
impaired. The bottom row displays a 72-year-old female subject without Alzheimer’s disease (A-T-N-). Her Montreal Cognitive

Assessment score was 28/30, Hong Kong List Learning Test z score of 1.26, 11 years of education and cognitively unimpaired. The brain

images were obtained from: T1 weighted MRI, Diffusion tensor imaging-Fractional anisotropy (DTI-FA), Diffusion tensor imaging-mean

diffusivity (DTI-MD), T1 rho, Quantitative susceptibility mapping (QSM), amyloid positron emission tomography (PET) and tau (PET).
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strict criteria, only hippocampal volume (mean coeffi-
cient: −2.43, 95% CI: −5.36 to −0.80) was a strong pre-
dictor, with an Odds Ratio (OR) of 0.005 (95% CI: 0.05
to 0.45), with both intervals excluding the null values.
This indicates that a smaller or lower hippocampal
volume was significantly associated with a higher likeli-
hood of Aβ+.

The analysis also showed numerous variables with ‘bor-
derline significance’, with their 95% CI for both the mean
coefficient and the odds ratio touching the respective null
value of 0 and 1, respectively. These included several
brain region volumes (Thalamus, Putamen, Amygdala,
Cingulate, Corpus callosum), T1rho measurements
(Thalamus, Putamen, Hippocampus), QSM measurements
(Caudate, Putamen, Hippocampus), DTI-MD measure-
ments (Thalamus, Putamen, Hippocampus, Cuneus,
Cingulate, Corpus callosum), and DTI-FA measurements
(Thalamus, Putamen, Hippocampus, Amygdala, Cuneus,
Corpus callosum). Detailed results are presented in Table 3.

Sub-analysis: Discrimination of early cognitive
impairment and dementia severity
To distinguish between subjects with ‘early cognitive
impairment’ from those with varying dementia severity

(mild/moderate to severe dementia) based solely on clinical
classification, we performed a sub analysis. In the whole
cohort, imaging biomarkers showed good discrimination
between subjects with ‘early cognitive impairment’ (n=
37) and those with ‘mild/moderate to severe dementia’
(n= 7). Thalamus and Amygdala volumes showed the
strongest predictive power (both AUC= 0.90, p < 0.0001).
Hippocampal volume and DTI-MD in the cuneus also per-
formed well (both AUC= 0.89, p < 0.0001). Other variables
that showed strong predictive capability included DTI-MD
in the cingulate (AUC= 0.86, p < 0.0001), Cingulate
volume (AUC= 0.84, p < 0.0001), DTI-MD in the amyg-
dala (AUC= 0.81, p < 0.0001), Putamen volume (AUC=
0.80, p < 0.0001), and Corpus callosum volume (AUC=
0.80, p < 0.0001). Other regions and biomarkers had AUC
values between 0.70–0.79 and 0.50–0.59. Details are
shown in Table 4.

Discussion
This study used a region of interest approach on selected cor-
tical and subcortical regions relevant to AD based on previ-
ous literature. By successfully co-registering multimodal and
multiparametric data, we were able to examine the relation-
ships between amyloid deposition and MRI-based biomar-
kers, thereby providing a comprehensive characterization

Figure 3. Shows the area under receiver characteristic operating curves (AUC) of various MRI biomarkers in regions that were

significantly different between the Aβ- and Aβ+ subjects. T1 weighted: T1 weighted MRI for volumes in the hippocampus,

thalamus, amygdala, corpus callosum, cuneus and cingulate; DTI-MD: diffusion tensor imaging- mean diffusivity; DTI-FA: diffusion tensor

imaging- fractional anisotropy; QSM: quantitative susceptibility mapping; T1rho: T1 relaxation time in the rotating frame.
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of brain regions affected by AD. The subjects underwent
amyloid and tau PET/CT, T1-weighted structural MRI for
multiple regional volumetry, DTI-MD/DTI-FA, QSM and
T1rho imaging. Subjects were categorized in two groups:
an AD continuum group (Aβ+) and a control group (Aβ-).

The main findings of this study were as follows: (1)
Significant differences were observed between subjects with
Aβ+ and Aβ- in several imaging biomarkers, including

volumes of the hippocampus, thalamus, putamen, amygdala,
corpus callosum, and cingulate; DTI-MD in the thalamus,
hippocampus, amygdala, corpus callosum, cuneus, and
cingulate; DTI-FA in the hippocampus and amygdala;
QSM in the thalamus and putamen; and T1rho in the hippo-
campus. (2) Lower hippocampal volume was significantly
associated with a higher likelihood of Aβ+. (3) In differen-
tiating between “early cognitive impairment” and “mild to

Table 3. Bootstrapped mean LASSO regression analysis of imaging biomarkers and demographics for predicting amyloid-beta positivity.

Predictor Mean coefficient

95% Confidence

interval for mean

coefficient

ODDS ratio

95% Confidence

interval for ODD

ratio

Lower Upper Lower Upper

Age 0.01 −0.63 0.82 0.53 2.27 0.53

Sex −0.05 −0.89 0.34 0.41 1.40 0.41

Education −0.03 −0.79 0.42 0.45 1.52 0.45

Adjusted Thalamus volume −0.14 −0.97 0.00 0.94 0.77 1.00

Adjusted Caudate volume 0.14 −0.02 0.86 1.00 1.00 1.00

Adjusted Putamen volume −0.40 −1.60 0.00 0.89 0.70 1.00

Adjusted hippocampal volume −2.43 −5.36 −0.80 0.005 0.45 0.005

Adjusted Amygdala volume −0.28 −1.28 0.00 0.86 0.72 1.00

Adjusted Cuneus volume 0.09 −0.46 0.94 1.00 0.93 1.03

Adjusted Cingulate volume −0.28 −1.13 0.00 0.87 0.72 1.00

Adjusted Corpus callosum volume −0.52 −1.63 0.00 0.86 0.69 1.00

T1rho Thalamus −0.30 −1.75 0.00 0.17 1.00 0.17

T1rho Caudate −0.03 −0.49 0.07 0.61 1.07 0.61

T1rho Putamen −0.44 −2.07 0.00 0.13 1.00 0.13

T1rho Hippocampus −0.44 −1.91 0.00 0.15 1.00 0.15

T1rho Amygdala 0.15 −0.05 1.30 0.95 3.67 0.95

T1rho Corpus Callosum −0.13 −1.30 0.06 0.27 1.06 0.27

QSM-Thalamus 0.06 −0.27 0.88 0.76 2.41 0.76

QSM-Caudate −0.04 −0.60 0.00 0.55 1.00 0.55

QSM-Putamen 0.23 0.00 1.53 1.00 4.61 1.00

QSM-Hippocampus 0.31 0.00 1.91 1.00 6.76 1.00

QSM-Amygdala 0.01 −0.53 0.69 0.59 1.99 0.59

QSM-Corpus Callosum −0.05 −0.78 0.06 0.46 1.06 0.46

DTI MD-Thalamus 0.02 0.00 0.24 1.00 1.27 1.00

DTI MD-Caudate −0.03 −0.49 0.07 0.61 1.07 0.61

DTI MD-Putamen 0.29 0.00 1.51 1.00 4.53 1.00

DTI MD-Hippocampus 0.36 0.00 2.40 1.00 11.02 1.00

DTI MD-Amygdala −0.02 −0.44 0.11 0.64 1.12 0.64

DTI MD-Cuneus 1.32 0.00 3.74 1.00 42.18 1.00

DTI MD-Cingulate 0.19 0.00 1.63 1.00 5.10 1.00

DTI MD-Corpus callosum 0.05 0.00 0.60 1.00 1.82 1.00

DTI FA-Thalamus −0.08 −0.85 0.00 0.43 1.00 0.43

DTI FA-Caudate −0.15 −1.46 0.17 0.23 1.19 0.23

DTI FA-Putamen −0.01 −0.15 0.00 0.86 1.00 0.86

DTI FA-Hippocampus −0.12 −1.35 0.00 0.26 1.00 0.26

DTI FA-Amygdala −0.77 −2.84 0.00 0.06 1.00 0.06

DTI FA-cuneus −0.04 −0.59 0.00 0.55 1.00 0.55

DTI FA- cingulate- Whole −0.08 −1.02 0.23 0.36 1.26 0.36

DTI FA- Corpus Callosum −0.02 −0.29 0.00 0.75 1.00 0.75

LASSO regression analysis was performed using Python. Significant; 95% CI does not include zero, Borderline; 95% CI just touches zero (lower or upper

bound is zero), Not significant; 95% CI includes zero. T1 rho; QSM: Quantitative susceptibility mapping; 0DTI-MD: Diffusion tensor imaging-mean

diffusivity; DTI FA: Diffusion tensor imaging-fractional anisotropy. *QSM and T1rho were not performed in the cuneus and cingulate due to practical and

technical difficulties in obtaining clear data. Corpus Callosum included the following regions: Posterior, Mid Posterior, Central, Mid Anterior, and Anterior.

Cingulate included these regions in both the left and right sides: Caudal Anterior, Posterior, Rostral Anterior, and Isthmus.
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severe dementia,” several brain regional volumes showed
significant discriminatory power, including the hippocam-
pus, thalamus, putamen, amygdala, corpus callosum, and
cingulate. Additionally, various advanced neuroimaging
biomarkers showed significant discriminatory ability.
These included DTI-MD in the cuneus, cingulate, amyg-
dala, hippocampus, corpus callosum, caudate, and thal-
amus; QSM in the caudate and putamen; and T1rho in
the thalamus and hippocampus.

We found that increased amyloid burden (Aβ+) was sig-
nificantly associated with alterations in several imaging bio-
markers across multiple brain regions. However, biomarkers
indicative of atrophy and reduced microstructural integrity,
specifically, volumes of the hippocampus, thalamus,

amygdala, cingulate, putamen, and corpus callosum
volumes, and DTI-MD in the hippocampus, corpus callosum,
cuneus, and cingulate demonstrated high diagnostic accuracy
(AUC≥ 0.80), with hippocampal volumetry and hippocam-
pal DTI-MD showing excellent performance (AUC>0.90).
These findings are consistent with previous studies38–40

and underscore the central role of hippocampal degeneration
and white matter disruption in the early and later stages of
AD. In contrast, imaging biomarkers in the thalamus,
caudate, putamen, and amygdala showed only fair to poor
diagnostic performance (AUC= 0.79–0.50), suggesting that
pathological changes in these regions may be less specific
to AD, occur later in its progression, or may be less sensi-
tively detected by these imaging metrics.

Table 4. Whole cohort multiparametric neuroimaging biomarkers for differentiating clinically diagnosed ‘early cognitive impairment’
and mild/moderate-severe dementia across brain regions.

MRI biomarker AUC SE Youden index J Sensitivity (%) Specificity (%) p

Adjusted Thalamus volume 0.90 (0.78–0.97) 0.04 0.72 72 (50.6–87.9) 100 (82.4–100) <0.0001
Adjusted Caudate volume 0.67 (0.52–0.81) 0.09 0.40 72 (50.6–87.9) 68 (43.4–87.4) 0.051

Adjusted Putamen volume 0.80 (0.66–0.91) 0.07 0.54 96 (79.6–99.9) 58 (33.5–79.7) <0.0001
Adjusted Hippocampal volume 0.89 (0.75–0.96) 0.07 0.66 71.43 (29.0–96.3) 94.29 (80.8–99.3) <0.0001
Adjusted Amygdala volume 0.90 (0.78–0.97) 0.04 0.72 72 (50.6–87.9) 100 (82.4–100) <0.0001
Adjusted Corpus callosum volume 0.80 (0.65–0.90) 0.07 0.49 60 (38.7–78.9) 89 (66.9–98.7) <0.0001
Adjusted cuneus volume 0.62 (0.46–0.77) 0.09 0.29 76 (54.9–90.6) 53 (28.9–75.6) 0.162

Adjusted Cingulate volume 0.84 (0.70–0.93) 0.06 0.59 64 (42.5–82.0) 95 (74.0–99.9) <0.0001
DTI-MD Thalamus 0.64 (0.51–0.76) 0.11 0.36 64.81 (50.6–77.3) 71.43 (29.0–96.3) 0.197

DTI-MD Caudate 0.64 (0.51–0.76) 0.11 0.39 53.70 (39.6–67.4) 85.71 (42.1–99.6) 0.207

DTI-MD Putamen 0.50 (0.37–0.63) 0.16 0.25 96.30 (87.3–99.5) 28.57 (3.7–71.0) 0.993

DTI-MD Hippocampus 0.78 (0.63–0.90) 0.09 0.47 47.06 (29.8–64.9) 100.0 (59–100) 0.002
DTI-MD Amygdala 0.81 (0.66–0.92) 0.08 0.59 58.82 (40.4–75.4) 100 (59–100) <0.0001
DTI-MD Corpus callosum 0.76 (0.60–0.88) 0.08 0.53 52.94 (35.1–70.2) 100 (59–100) 0.003
DTI-MD Cuneus 0.89 (0.75–0.97) 0.05 0.77 91.18 (76.3–98.1) 85.71 (42.1–99.6) <0.0001
DTI-MD Cingulate-whole 0.86 (0.71–0.95) 0.07 0.62 76.47 (58.8–89.3) 85.71 (42.1–99.6) <0.0001
DTI-FA Thalamus 0.64 (0.51–0.76) 0.15 0.40 83.33 (70.7–92.1) 57.14 (18.4–90.1) 0.330

DTI-FA Caudate 0.64 (0.51–0.76) 0.14 0.34 90.74 (79.7–96.9) 42.86 (9.9–81.6) 0.301

DTI-FA Putamen 0.68 (0.52–0.82) 0.14 0.43 100 (89.7–100) 42.86 (9.9–81.6) 0.185

DTI-FA Hippocampus 0.72 (0.56–0.85) 0.13 0.48 76.47 (58.8–89.3) 71.43 (29.0–96.3) 0.094

DTI-FA Amygdala 0.61 (0.48–0.74) 0.16 0.37 94.44 (84.6–98.8) 42.86 (9.9–81.6) 0.465

DTI-FA Corpus callosum 0.67 (0.53–0.78) 0.10 0.36 50 (36.1–63.9) 85.71 (42.1–99.6) 0.109

DTI-FA Cuneus 0.55 (0.42–0.68) 0.15 0.25 96.3 (87.3–99.5) 28.57 (3.7–71) 0.740

DTI-FA Cingulate-whole 0.66 (0.53–0.78) 0.13 0.38 66.67 (52.5–78.9) 71.43 (29.0–96.3) 0.208

QSM Thalamus 0.56 (0.42–0.69) 0.12 0.46 62.26 (47.9–75.2) 83.33 (35.9–99.6) 0.612

QSM Caudate 0.79 (0.63–0.91) 0.10 0.55 87.88 (71.8–96.6) 66.67 (22.3–95.7) 0.001
QSM Putamen 0.79 (0.63–0.91) 0.10 0.58 57.58 (39.2–74.5) 100 (54.1–100.0) 0.003
QSM Hippocampus 0.59 (0.45–0.72) 0.19 0.50 83.02 (70.2–91.9) 66.67 (22.3–95.7) 0.641

QSM Amygdala 0.52 (0.39–0.65) 0.13 0.21 54.72 (40.4–68.4) 66.67 (22.3–95.7) 0.886

QSM Corpus callosum 0.57 (0.43–0.70) 0.13 0.31 48.08 (34.0–62.4) 83.33 (35.9–99.6) 0.618

T1rho Thalamus 0.78 (0.63–0.89) 0.09 0.60 74.29 (56.7–87.5) 85.71 (42.1–99.6) 0.001
T1rho Caudate 0.64 (0.48–0.73) 0.12 0.30 87.27 (75.5–94.7) 42.86 (9.9–81.6) 0.383

T1rho Putamen 0.54 (0.41–0.67) 0.12 0.20 34.55 (22.2–48.6) 85.71 (42.199.6) 0.726

T1rho Hippocampus 0.76 (0.61–0.88) 0.10 0.49 77.14 (59.9–89.6) 71.43 (29.0–96.3) 0.01
T1rho Amygdala 0.56 (0.43–0.69) 0.10 0.26 54.55 (40.6–68.0) 71.43 (29.0–96.3) 0.522

T1rho Corpus callosum 0.55 (0.42–0.68) 0.15 0.41 83.64 (71.2–92.2) 57.14 (18.4–90.1) 0.730

Area under receiver operating curve (AUC) test was used. T1rho: Time constant of spin-lattice relaxation in rotating frame; QSM: Quantitative

Susceptibility mapping; DTI-MD: Diffusion tensor imaging-mean diffusivity; DTI FA: Diffusion tensor imaging- fractional anisotropy; SE: Standard error.

Significant level, p < 0.05. Corpus Callosum included the following regions: Posterior, Mid Posterior, Central, Mid Anterior, and Anterior. Cingulate

included these regions in both the left and right sides: Caudal Anterior, Posterior, Rostral Anterior, and Isthmus.
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Reduced volumes in the hippocampus, thalamus, amyg-
dala, cingulate, putamen, and corpus callosum and elevated
DTI-MD reflect neuronal loss, diminished tissue integrity
and overall progression of AD,41,42 while lower DTI-FA
in the amygdala and corpus callosum indicates compro-
mised white matter integrity. We observed regionally diver-
gent patterns, with more pronounced microstructural
alterations in the hippocampus and cuneus compared to
subcortical regions such as the thalamus and putamen,
and atrophy in certain regions as indicated above. This
likely reflects the characteristic progression of AD path-
ology, which typically begins in the transentorhinal
regions (including the entorhinal cortex and hippocampus)
before spreading to limbic structures (e.g., thalamus, amyg-
dala, cingulate), neocortical areas (e.g., cuneus), and even-
tually the basal ganglia (e.g., putamen).43,44

While hippocampal atrophy as one of the strongest
single metrics for distinguishing between Aβ- and Aβ+
groups is a known sign of AD, it is not specific to the
disease and can be observed in other neurodegenerative
and non-neurodegenerative disorders.43–45 In contrast,
DTI-MD in the hippocampus also another strongest single
metric for distinguishing between Aβ- and Aβ+ groups in
our study is sensitive to microstructural white matter altera-
tions and shows promise for detecting AD even in its early
stages.46 Although DTI-MD is also not entirely specific, it
demonstrates greater discriminatory power than hippocampal
volume alone.47 Our study shows that combining DTI-MD
and hippocampal volumetry increases diagnostic accuracy
by 2.1%, suggesting that integrating T1-weighted MRI and
DTI-MD offers a more effective biomarker strategy for AD
detection. This combined approach could facilitate earlier
and more accurate diagnosis, inform prognosis, and support
personalized management strategies. Furthermore, incorpor-
ating these sensitive imaging biomarkers into clinical practice
and research, particularly within the ATN (IVS) framework,
could improve monitoring of disease progression and evalu-
ating therapeutic interventions cost-effectively.

Atrophy of the hippocampus, thalamus, amygdala, cin-
gulate, putamen, and corpus callosum and microstructural
changes in the cuneus, cingulate, and amygdala reliably dis-
tinguished between early cognitive impairment and more
advanced dementia, supporting their relevance for tracking
disease progression.48 Imaging biomarkers identified in the
amyloid-based classification model (using PET metrics)
may be particularly sensitive to early and/or preclinical
changes, whereas those highlighted by the clinical classifi-
cation model reflect broader neurodegenerative processes
associated with symptomatic cognitive decline. This dis-
tinction emphasizes the complementary value of imaging
and clinical assessments, and the need to interpret bio-
marker findings within the context of disease stage or clin-
ical question.

These findings underscore the importance of evaluating
imaging biomarkers not only as diagnostic metrics but

also as indicators of underlying biological processes, such
as neuronal degeneration and white matter disruption. The
contrasting associations observed across different regions
suggest complex interactions between amyloid deposition,
tau pathology, and neurodegeneration, which may manifest
differently depending on the stage and anatomical spread of
the disease. Identifying and targeting sensitive imaging bio-
markers in key regions, particularly the transentorhinal and
limbic areas, could be essential for accurate diagnosis of
AD. Further, our findings highlight the complementary
roles of other regional volumes, DTI-FA, QSM, and
T1rho in the neuroimaging assessment of AD.

DTI-FA, which measures the directional coherence of
water diffusion and reflects white matter integrity, was sig-
nificantly reduced in the hippocampus and amygdala of Aβ
+ subjects, indicating early microstructural disruption.49

Although its discriminative performance was fair, DTI-FA
remains valuable for detecting subtle white matter
changes that may precede overt atrophy and could serve
as a sensitive marker for tracking disease progression or
therapeutic response.50

QSM, which quantifies tissue magnetic susceptibility
and is sensitive to iron deposition and mineral alterations,
showed higher values in the thalamus and putamen
among Aβ+ subjects, with fair discriminative ability.
QSM is emerging as a marker of brain iron accumulation,
a process increasingly recognized for its interaction with
Aβ pathology,51 and offers unique mechanistic insights
into the role of metal homeostasis and neuroinflammation
in AD and may complement established biomarkers in
multimodal imaging approaches.

T1rho, a marker of tissue macromolecular content and
microenvironmental changes, was significantly reduced in
the hippocampus of Aβ+ subjects and demonstrated fair
diagnostic accuracy. Its sensitivity to biochemical and
microenvironmental alterations makes it a promising tool
for identifying prodromal AD, especially when combined
with structural and diffusion imaging.15 The integration of
these modalities into multimodal imaging protocols holds
potential for more comprehensive assessment, improved
patient stratification, and the development of targeted thera-
peutic strategies in both clinical and research contexts. The
seemingly paradoxical inverse relationship between T1rho
values and Aβ+, particularly in the putamen and hippocam-
pus, likely reflects the heterogeneous nature of the AD con-
tinuum within our cohort (A+T-N-, A+T+N-, and A+T
+N+). Pooling these groups, which represent different
disease stages and pathological burdens, may obscure the
expected positive correlation between T1rho and amyloid
that is typically observed in later stages of the disease. It
is conceivable that in the preclinical A+T-N- group,
where amyloid is present, but tau pathology and neurode-
generation are absent, subtle compensatory mechanisms
or a different molecular process might transiently decrease
T1rho values. When this preclinical subgroup is combined
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with more advanced A+T+N+ patients where the T1rho
signal would be increased by both amyloid and tau path-
ology, the average effect across the entire Aβ+ cohort
could be diluted or even reversed. Additionally, the
complex interplay of different pathologies, such as the pres-
ence of iron, may influence T1rho in a region-specific
manner that is not solely dependent on amyloid load.

Interestingly, LASSO regression analysis only showed a
significant association with hippocampal volumetry. This
outcome agrees with previous studies52–54 and underscore
the complex and region-specific relationships between
amyloid deposition and various aspects of brain structure,
microstructure, and tissue properties. This suggests that
while DTI-MD in the hippocampus effectively distin-
guishes between Aβ+ and Aβ- groups, its direct association
with amyloid positivity is weaker because amyloid depos-
ition and neurodegeneration represent related but distinct
pathological processes in AD. In our cohort, subjects
included those with A+T−N−, A+T+N−, and A+T+
N+ along the AD continuum. Amyloid accumulation typic-
ally occurs early and may remain asymptomatic for years
before tau pathology and neurodegeneration become
evident. DTI-MD reflects microstructural damage and neur-
onal loss, which are more closely linked to tau pathology
and progression to neurodegeneration. Therefore, many
Aβ+ subjects, particularly those in the earlier stages, may
not yet exhibit significant hippocampal neurodegeneration
detectable by DTI-MD, while those with advanced path-
ology may be more likely to show pronounced changes.
This heterogeneity may explain why DTI-MD can strongly
distinguish Aβ+ from Aβ- groups overall, but its direct
association with amyloid positivity is less robust.

The principal strength of this study lies in its comprehen-
sive multimodal and multiparametric approach, integrating
both established and novel imaging techniques to evaluate
their effectiveness in detecting AD. By extending beyond
the scope of previous research, this study provides a more
robust assessment of these methods, with the potential to
enhance diagnostic accuracy and deepen our understanding
of AD-related brain changes. However, several limitations
should be acknowledged. Firstly, the sample size is rela-
tively small, particularly within the Aβ+ group, and the T
+ cohort was insufficient for meaningful subgroup analysis,
partly due to the stringent inclusion and exclusion criteria
employed. Secondly, as a cross-sectional study, it cannot
account for longitudinal changes and thus cannot determine
whether subjects with similar levels of AD pathology will
exhibit comparable clinical symptoms over time. Future
longitudinal studies involving larger and more diverse
populations, and incorporating both clinical and biological
classifications, are necessary to validate and extend these
findings. Thirdly, the Aβ+ group in this study predomin-
antly comprises older subjects with MCI or AD, while
the Aβ- group is younger and less cognitively impaired.
This demographic and clinical disparity fundamentally

undermines the ability to attribute observed differences in
imaging biomarkers such as hippocampal volumetry and
DTI-MD exclusively to amyloid pathology. Instead, these
differences may largely reflect the effects of advanced neu-
rodegeneration and established disease, rather than early
or preclinical amyloid-related changes. The confounding
influence of age and cognitive impairment makes it difficult
to disentangle whether the observed biomarker alterations
are driven by amyloid deposition per se or by the broader
spectrum of neurodegenerative changes associated with
clinical progression. As such, the generalizability of our
findings regarding the utility of these biomarkers for early
detection is limited, and caution is warranted when inter-
preting these results. Fourthly, the differences in image pro-
cessing and atlas registration between modalities, along
with limited coverage for QSM and T1rho despite us
using consistent ROI definitions via ANTs and FreeSurfer
to mitigate inconsistencies, these factors introduce potential
biases and constrain regional comparisons, requiring careful
interpretation of multimodal findings. Finally, each imaging
modality has inherent technical limitations that may have
influenced the findings. Future studies should aim
to recruit more demographically and clinically matched
groups, particularly with greater representation of cogni-
tively unimpaired Aβ+ subjects and employ longitudinal
designs to clarify the specific contributions of amyloid path-
ology versus clinical severity to structural brain changes.

In conclusion, this study demonstrates that multimodal
imaging biomarkers especially the volumes of the hippo-
campus, thalamus, amygdala, cingulate, putamen, corpus
callosum and DTI-MD in the hippocampus, corpus callo-
sum, and cuneus provide superior diagnostic accuracy for
distinguishing subjects across the AD continuum. The com-
plementary roles of DTI-FA, QSM, and T1rho offer add-
itional insights into white matter integrity, iron accumulation,
and biochemical changes, respectively. Incorporating these bio-
markers into targeted, multimodal imaging protocols focused
on key regions can further enhance detection, monitoring,
and characterization of AD, ultimately supporting improved
patient outcomes and the development of personalized thera-
peutic strategies.
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