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Abstract Neurodegeneration in Alzheimer’s dis-
ease (AD) is known to be mostly driven by tau neu-
rofibrillary tangles. However, both tau and neuro-
degeneration exhibit variability in their distribution
across the brain and among individuals, and the rela-
tionship between tau and neurodegeneration might
be influenced by several factors. I aimed to map local
molecular and connectivity characteristics that affect
the association between tau pathology and neurode-
generation. The current study was conducted on the
cross-sectional tau-PET and longitudinal T1-weighted
MRI scan data of 186 participants from the ADNI
dataset including 71 cognitively unimpaired (CU)
and 115 mild cognitive impairment (MCI) individu-
als. Furthermore, the normative molecular profile of
a region was defined using neurotransmitter receptor
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densities, gene expression, T1w/T2w ratio (myelina-
tion), FDG-PET (glycolytic index, glucose metabo-
lism, and oxygen metabolism), and synaptic density.
I found that the excitatory-inhibitory (E:I) ratio,
myelination, synaptic density, glycolytic index, and
functional connectivity are linked with deviation in
the relationship between tau and neurodegeneration.
Furthermore, there was spatial similarity between tau
pathology and glycolytic index, synaptic density, and
functional connectivity across brain regions. The cur-
rent study demonstrates that the regional susceptibil-
ity to tau-related neurodegeneration is associated with
specific molecular and connectomic characteristics of
the affected neural systems. I found that the molecu-
lar and connectivity architecture of the human brain
is linked to the different effects of tau pathology on
downstream neurodegeneration.

Keywords Alzheimer’s disease - Tau -
Neurodegeneration - Molecular - Connectivity - Mild
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Introduction

Alzheimer’s disease (AD) is widely known to initiate
through the aggregation of amyloid-p (Ap) within the
brain, followed by the accumulation of neocortical
tau pathology [1]. This cascade is believed to lead to
synaptic dysfunction, cerebral atrophy, and a progres-
sive decline in cognitive function [2, 3]. However,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-024-01339-1&domain=pdf
http://orcid.org/0000-0002-4633-3340
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

GeroScience

the exact sequence and interactions among the patho-
physiological processes and structural brain changes
occurring throughout this prolonged pre-dementia
interval remain inadequately understood. AD causes
cognitive decline that exhibits significant inter-indi-
vidual variability in clinical manifestations, as well
as in the burden and distribution of pathology [4, 5].
This clinicopathologic heterogeneity offers both chal-
lenges and opportunities for systematic, biomarker-
driven research aimed at enhancing our understanding
of AD biology, diagnostic processes, and treatment
strategies.

In a transition toward a biological, rather than
clinical, definition of AD, the National Institute on
Aging—Alzheimer’s Association (NIA-AA) has recently
established a biomarker-driven classification known
as the A/T/(N) framework [1]. These criteria desig-
nate labels indicating the presence (+) or absence (—)
of beta-amyloid plaques (A), tau-based neurofibrillary
tangles (T), and neurodegeneration (N). Neurodegen-
eration in AD is known to be mostly driven by tau neu-
rofibrillary tangles, with substantial research support-
ing a robust spatial and quantitative correlation between
measures of tau and neurodegeneration [6-8]. Never-
theless, both tau and neurodegeneration exhibit vari-
ability in their distribution across the brain and among
individuals, and the relationship between tau pathology
and neurodegeneration is not defined by a complete
one-to-one correspondence. Compared to the typical
association between the deposition of neurofibrillary
tangles and neurodegeneration, a divergence in the rela-
tionship between tau and neurodegeneration can occur
when patients exhibit less neurodegeneration than
expected based on their tau levels (indicative of resil-
ience to tau) or more neurodegeneration than expected
given their T levels (indicative of susceptibility). The
assessment of this disparity could provide insights into
resilience and susceptibility in neuronal metabolic reac-
tions to tau. Thus, discrepancies between tau and neu-
rodegeneration may be the effect of additional modula-
tors. Previous studies demonstrated that the association
between tau and neurodegeneration is likely attributed
to non-AD pathologies or molecular signatures [9, 10].
Also, it has been determined that local molecular and
connectivity features of the brain can be involved in
susceptibility or resilience to AD pathology [11-16].
The deviation from the normal relationship between
tau pathology and downstream neurodegeneration
might be due to multiple underlying factors such as age
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and white matter abnormalities [4]. Capturing the tau
pathology and neurodegeneration mismatch can reveal
that phenotypes provide a personalized approach for
cohort selection in trials and identify the other contribu-
tors of neurodegeneration besides tau pathology [4, 17].

The effect of disease can also be influenced by
local cellular and molecular susceptibilities. Spe-
cifically, regional variations in gene expression [11],
neurotransmitter receptor profiles [18], synaptic fea-
tures [19], metabolism, and connectivity [20] may
predispose certain brain regions to stress and subse-
quent pathology. It is critical to recognize that local
and systemic vulnerabilities are not necessarily exclu-
sive of one another; AD may originate from localized
pathologies that subsequently propagate selectively
across neural networks to other susceptible areas.

Here, I aimed to map local molecular and con-
nectivity attributes of tau pathology and neurode-
generation. I hypothesize that regional molecular and
connectivity fingerprints can affect the association
between tau and downstream neurodegeneration. The
discrepancies between tau and neurodegeneration
pose challenges for the application of AD-targeted
therapeutics. As the development of disease-mod-
ifying therapies progresses, there remains ongoing
debate concerning which patients are most likely to
benefit from these interventions and to what degree
targeting AD-specific pathology will effectively miti-
gate cognitive decline and neurodegeneration. A pre-
cision medicine approach that distinctly quantifies the
impact of local molecular and connectivity on tau-
related neurodegeneration is crucial as these therapies
transition into clinical practice and for patient strati-
fication in clinical trials. In the current study, I first
investigated the spatial similarity between the pat-
terns of regional molecular and connectivity finger-
prints with tau pathology and longitudinal neurode-
generation separately. In the next step, I create a map
of the association between tau pathology and neuro-
degeneration at each region to investigate the related
local molecular and connectivity features.

Methods
Participants

The ADNI study, launched in 2003 as a collabora-
tion between public and private sectors, aims to
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determine if a combination of MRI, PET scans, bio-
logical markers, and clinical assessments can track
the progression of mild cognitive impairment (MCI)
and early Alzheimer’s disease. More information
can be found at www.adniinfo.org. The current study
utilized data from ADNI3 (NCT02854033) and was
approved by relevant ethics boards. Informed consent
was obtained from all participants who were compen-
sated for their involvement. From the ADNI database,
192 participants with baseline tau-PET and longitu-
dinal T1-weighted MRI to obtain cortical thickness
data were selected for the study out of 783 individu-
als with tau-PET. Excluding 6 participants diagnosed
with AD dementia due to the small sample size, the
final sample of 186 included individuals with either
normal cognitive function (CU) or MCI. Clinical
status was determined by ADNI criteria: CU partic-
ipants had an MMSE score above 24, a CDR score
of 0, and no depression, while MCI participants had
an MMSE score above 24, a CDR score of 0.5, and
memory impairment based on the Wechsler Memory
Scale II and preserved activities of daily living.

Image processing

The standardized protocols for [18F]Flortaucipir PET
imaging were followed at all ADNI sites. Images
were captured in 4X5-min frames between 80 and
100 min after injecting approximately 370 MBq
of [18F]Flortaucipir. A total of 253 (35%) partici-
pants had [18F]Flortaucipir PET scans, conducting a
median of 5.2 years (IQR 4.2, 6.1) after their baseline
[18F]Florbetapir PET scans, allowing for the assess-
ment of tau pathology at a later time point. Among
these participants, 110 had a follow-up scan after 1.3
years (IQR 1.0, 2.1). The analysis utilized Freesurfer-
defined Desikan-Killiany atlas regions provided by
ADNI, which were generated by aligning the [18F]
Flortaucipir image with a previously segmented MRI
scan from the same session [21]. I obtained stand-
ardized uptake value ratios (SUVRs) of 68 cortical
regions to cover the full spectrum of the brain.

The ADNI dataset included standard 3T baseline
T1-weighted images. Further details on the acquisi-
tion parameters can be found in Jack Jr. et al. [22].
The structural T1-weighted gradient echo pulse
sequence data were acquired in sagittal orientation
with dimensions of 170x256 X256 mm and a voxel
resolution of 1.2x 1 x 1 mm. The repetition time was

2300 ms, echo time 2.95 ms, flip angle 9°, and slice
thickness 1.2 mm. T2 FLAIR images had dimen-
sions of 175%x256x256 with a voxel resolution of
0.9%0.9x5, repetition time 9000 ms, echo time 90
ms, flip angle 150°, and slice thickness 5 mm.
FreeSurfer version 5.3.0 (http://surfer.nmr.mgh.
harvard.edu) was used to analyze the MRI data and
calculate cortical thickness measurements. The
methods for cortical reconstruction and volumetric
segmentation using FreeSurfer have been detailed
in previous publications [23]. After processing, all
images were visually inspected, and any errors in
automatic skull stripping or gray/white matter bound-
ary estimation were corrected before reanalyzing.
Cortical thickness measures were displayed on the
white matter border or the inflated surface of each
participant’s reconstructed brain to enhance visuali-
zation without the influence of cortical folding. The
maps were smoothed using a circularly symmetric
Gaussian kernel with a FWHM of either 20 mm or
10 mm and then averaged across participants using a
non-rigid high-dimensional spherical averaging tech-
nique to align cortical folding patterns. This method
ensured precise matching of morphologically similar
cortical regions across participants, based on their
individual anatomy, while reducing metric distortion.
As a result, a mean measure of cortical thickness was
obtained at each point on the reconstructed surface.
The longitudinal cortical thickness of participants
with more than one visit (two or four follow-up vis-
its) was included in the current study. I calculated the
slope of cortical thickness using linear mixed-effect
models with random slope and intercept which were
fitted for each brain region, with cortical thickness
as the dependent variable and time in years from the
baseline scan date as the independent variable.

Molecular and connectomic profile

A total of 10 molecular and connectomic fea-
tures were used in the analytical models to repre-
sent the effect of local molecular and connectomic
fingerprints.

Gene expression gradient

The gene gradient across the left cortex, represented

by the first principal component of gene expres-
sion (PC1), is linked to cell type distributions and
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cell-specific gene expression, indicating its connec-
tion to the brain’s cellular architecture [24, 25]. Data
on gene expression was obtained from the Allen
Human Brain Atlas and processed using the open-
source Python toolbox Abagen [24]. A total of 11,560
genes with differential stability above 0.1 were kept
in the region by gene matrix [26]. The left gene gradi-
ent was also observed in the right hemisphere. Fur-
ther details on the processing methods can be found
in Hansen et al.’s study [25].

Receptor gradient

The receptor gradient, representing the variation in
receptor densities across the cortex, was determined
using the first principal component analysis. Recep-
tor densities were estimated through PET tracer
studies for a total of 18 receptors and transporters
across 9 neurotransmitter systems, including dopa-
mine, norepinephrine, serotonin, acetylcholine, glu-
tamate, GABA, histamine, cannabinoid, and opioids.
Volumetric PET images were aligned to the MNI-
ICBM152 template and parcellated into 68 cortical
regions. The parcellated PET maps were z-scored and
compiled into a region Xreceptor matrix of relative
densities, as presented in Hansen et al. [27].

Excitatory-inhibitory ratio

The excitatory-inhibitory (E:I) ratio was calculated
by comparing the z-scored densities of PET-derived
excitatory and inhibitory neurotransmitter receptors
in the cortex. This analysis utilized the same dataset
that was used to calculate the receptor gradient. Excit-
atory neurotransmitter receptors taken into account
were 5-HT2A, 5-HT4, 5-HT6, D1, mGIuRS, o432,
and M1. Inhibitory neurotransmitter receptors consid-
ered were 5-HT1A, 5-HT1B, CB1, D2, GABAA, H3,
and MOR.

Glycolytic index

Aerobic glycolysis is the process of converting glu-
cose to lactate in the presence of oxygen. Instead of
using the traditional ratio of oxygen metabolism to
glucose metabolism, we utilize the glycolytic index as
a measurement of aerobic glycolysis. The glycolytic
index is determined by fitting glucose metabolism to
oxygen metabolism in a linear regression model, with
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larger values indicating more aerobic glycolysis. It
is important to note that the glycolytic index and the
traditional ratio are highly correlated [28]. Data was
collected and analyzed by Vaishnavi et al. [28], with
glucose metabolism determined as outlined below
and oxygen metabolism measured in participants
using labeled water, carbon monoxide, and oxygen.
All experiments were conducted with approval from
the Human Research Protection Office and the Radio-
active Drug Research Committee at Washington Uni-
versity in St. Louis, with written informed consent
from all participants.

Glucose metabolism

The study involved measuring glucose metabolism
in the cortex of 33 healthy adults (19 female, aver-
age age 25.4+2.6 years) through the administration
of 18F-labeled fluorodeoxyglucose (FDG) for a PET
scan, following the protocol outlined in Vaishnavi
et al. [28]. Approval for all experiments was obtained
from the Human Research Protection Office and the
Radioactive Drug Research Committee at Washing-
ton University in St. Louis, with written informed
consent provided by all participants.

Synapse density

Synapse density in the cortex was assessed in a group
of 76 healthy adults, consisting of 45 males with
an average age of 48.9+18.4 years. The measure-
ment was conducted using ''C-UCB-J, a PET tracer
that binds to the synaptic vesicle glycoprotein 2A
(SV2A) [29-40]. Data was collected over a 90-min
period post-injection using an HRRT PET camera.
The non-displaceable binding potential (BPND) was
determined using the SRTM2 model, with the cen-
trum semiovale as the reference region and a fixed kO
value of 0.027 (population average). All participants
provided written informed consent, and the study was
carried out in accordance with protocols approved by
the Yale University Human Investigation Committee
and the Yale New Haven Hospital Radiation Safety
Committee.

Mpyelination

The T1w/T2w ratios, which are indicative of intra-
cortical myelin levels, were measured using data
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from the Human Connectome Project (HCP, S1200
release) for 417 unrelated participants (age range
22-37 years, 193 males) [41, 42]. This study was
approved by the WU-Minn HCP Consortium. The
imaging data was obtained using a Siemens Skyra 3T
scanner, with a T1-weighted MPRAGE sequence and
a T2-weighted SPACE sequence, both at an isotropic
resolution of 0.7 mm. More information on the imag-
ing protocols and procedures can be found at http://
protocols.humanconnectome.org/HCP/3T/imaging-
protocols.html.

Image processing involves correcting gradient
distortion caused by non-linearities, bias field dis-
tortions, and aligning images to a standard reference
space. The T1w/T2w ratios for each participant were
provided in the surface-based CIFTI file format and
segmented into 68 cortical regions based on the Laus-
anne anatomical atlas [43]. It is important to note
that the TIw/T2w ratio is an MRI-based estimate of
myelin content that has not yet been validated against
myelin histology [44]. Other MRI-based measures,
such as magnetization transfer or simultaneous tissue
relaxometry of R1 and R2 relaxation rates and proton
density (SyMRI), have been validated using myelin
histology and are highly correlated [44]. Further-
more, PET imaging may offer a promising approach
for mapping myelin content in the brain [45, 46].

Functional connectivity

To explore the potential effect of functional brain
connectivity on tau pathology and neurodegeneration,
I utilized a template functional connectivity matrix
generated from 69 CU individuals in the ADNI
cohort who tested negative for Ap and exhibited low
tau-PET binding (global SUVR < 1.3). The methodol-
ogy for creating the template matrix has been detailed
in previous literature [47]. In summary, functional
images were processed through realignment, co-reg-
istration with native T1 images, detrending, band-
pass filtering (0.01-0.08Hz), and nuisance covariate
regression (including white matter and CSF signal
averages and motion parameters). Frames with exces-
sive displacement (greater than 1 mm) were removed,
and only participants with less than 30% censored
data were included. Functional connectivity matrices
were constructed based on the Desikan-Killiany atlas
comprising 68 cortical regions. Fisher-z correlations
were calculated between time-series data from voxels

within each region of interest to evaluate individual
functional connectivity strength metrics. These indi-
vidual matrices were then averaged and thresholded
at 30% density for further analysis.

Statistical analysis

All statistical analyses were performed with R ver-
sion 4.2.0 (www.R-project.org). For comparing the
parametric and non-parametric demographical and
clinical variables between MCI and CN groups, the
t-test and Mann—Whitney U-test were used, respec-
tively. Initially, I measured the level of spatial simi-
larity using linear regression between the tau-PET
SUVR and cortical thickness slope in each ROI
across all participants. This process resulted in a map
of R* values (tau-PET SUVR vs. longitudinal corti-
cal thickness) which describes the level of variance in
neurodegeneration explained by tau pathology. The
results were considered significant, at a p-value < 0.05
after FDR correction. Next, I measured the associa-
tion between the tau-PET SUVR and cortical thick-
ness slope at the individual level by applying linear
regression analysis between the average values of all
regions in each participant.

I assessed whether molecular and connectomic
profiles are associated with patterns of tau pathol-
ogy and neurodegeneration. To that end, using lin-
ear regression analysis, I tested the spatial similarity
between each molecular and connectomic profile with
averaged tau-PET SUVR or cortical thickness slope
for all participants. Next, in order to investigate the
spatial similarity between molecular and connectomic
profiles with tau-explained neurodegeneration (R>
value), I performed linear regression analysis between
each molecular and connectomic profile with R? value
across all participants.

To create brain maps that show the influence of
molecular or connectomic features on tau pathol-
ogy, neurodegeneration, and tau-explained neuro-
degeneration, I first measured the residuals using
linear regression models of single molecular or
connectomic profile as independent and neuroim-
aging-only (tau pathology, neurodegeneration, and
tau-explained neurodegeneration) as dependent
variable. The residuals were standardized across
regions. The standardized residuals for each region
across participants were combined, and the Wil-
coxon rank-sum statistic was calculated between
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the residuals as the distribution of the residuals did
not follow a normal pattern. A null distribution of
the Wilcoxon statistic was established by repeating
the previous steps with 1000 randomly permuted
receptor maps for each imaging modality and recep-
tor. The significance of the Wilcoxon maps for each
model was determined by calculating the z-scores
of the Wilcoxon statistic to its null distribution.

Results
Sample characteristics

The current study was conducted on the cross-sec-
tional tau-PET and longitudinal T1-weighted MRI
scan data of 186 participants from the ADNI dataset
including 71 CU and 115 MCI individuals in order
to explore molecular and connectomic fingerprints
of tau-explained neurodegenration (Fig. 1A). The
summarized clinical and demographical characteris-
tics of the participants are reported in Table 1. The
cortical thickness slope was used as a measure of
longitudinal neurodegeneration and derived from a
linear mixed-effect model for 68 cortical regions.

To investigate whether the tau-related neurode-
generation pattern is influenced by microarchitec-
tural attributes and network connectivity, I defined
molecular and connectivity fingerprints for each of
the 68 regions of the Desikan-Killiany atlas [48].
The molecular profile of a region was defined using
neurotransmitter receptor densities, gene expres-
sion, TIw/T2w ratio (myelination), FDG-PET
(glycolytic index, glucose metabolism, and oxygen
metabolism), and synaptic density (Fig. 1B and C).
Likewise, I defined connectivity fingerprint as the
strength of functional connectivity of a given region
to all other cortical regions (Fig. 2).

Linear regression models were used to explore
the association between tau-PET SUVR and corti-
cal thickness slope with CSF biomarkers including
AP, p-tau, and total tau and FDG-PET in meta-
ROIs. Based on the results, there was a significant
association between each of the CSF biomarkers
and FDG-PET in meta-ROIs with tau-PET SUVR
and cortical thickness slope among our participants
(Fig. 3A and B).
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Tau accumulation explains the variance in
neurodegeneration

In the first step, I tested whether higher cortical tau
accumulation was associated with reduced cortical
thickness over time across spatially corresponding
regions. To this end, I used linear regression models
and measured tau-PET SUVR and cortical thickness
slope association in each given region across partici-
pants. Across all participants, tau-PET SUVR was
negatively associated with cortical thickness slope
most (R*=0.086) prominently in temporal regions
(Fig. 4A). On average, across 19 regions that survived
the multiple comparison correction, the estimate of
R?* was 0.041 which revealed that tau accumulation
explains the variance in neurodegeneration (cortical
thickness). Next, I applied the regression analysis at
the individual level, where I found that higher base-
line tau-PET is associated with faster cortical thin-
ning (= —0.411, p-value <0.001) (Fig. 4B and C).

Molecular and connectomic features are associated
with tau pathology and neurodegeneration spatial
patterns

An important modifier of tau pathology and neurode-
generation is the regional molecular and connectivity
characteristics [49-54]. Therefore, I aimed to inves-
tigate whether there are spatial similarities between
molecular and connectomic fingerprints with tau
pathology and neurodegeneration. I performed linear
regression analysis between the spatial group-aver-
aged tau-PET and spatial molecular and connectomic
profiles. Based on the analyses, I found that regions
with higher glycolytic index exhibit higher tau accu-
mulation (=0.399, p-value=0.001) (Fig. 5A). Also,
there was spatial similarity between higher synap-
tic density and lower tau pathology (p= —0.403,
p-value<0.001) (Fig. 5B). Furthermore, I found
a significant positive association between func-
tional connectivity and tau-PET SUVR (B=0.520,
p-value <0.001) (Fig. 5C).

Further, investigating the same relations for lon-
gitudinal neurodegeneration (cortical thickness), the
strong effect of the glycolytic index and functional
connectivity was found on cortical thickness slope
(Fig. 5D and E). I found that regions with higher gly-
colytic index and functional connectivity have slower
cortical atrophy over time.
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A. Inter-regional modeling of assoication between baseline tau-PET and longitudinal cortical thicness

tau-PET
ADNI

MRI (Cortical Thickness)
ADNI

Linear regression model was applied to measured tau-PET
SUVR and itudinal cortical thick iation in each
given region across participants and resulted in R?

B. Regional micro-architectural and connectivity measures

Neurotransmitter receptor Gene expression
1200 healthy individuals Allen Brain

T1w/T2w ratio
Human Connectome Project
2 ADNI

FDG-PET

UCB-J-PET :
Resting-state fMRI
> (mhealthy individua; (es R )

C. Group-level modeling of assoication between tau-explained neurodegenration and micro-architectural and connectivity measures

and connectivity measures

(Tau-related neurodegeneration and micro-architecturaD

Fig. 1 Methodological approach. Regression analyses of pro-
cessed baseline tau-PET and longitudinal cortical thickness
data in 68 ROIs were performed in order to measure neurode-
generation-explained variance by tau-PET (R?) in each corti-
cal region (A). Regional molecular and connectomic features
including 18 PET-derived neurotransmitter receptor densities,
11,560 gene expressions, T1w/T2w ratio (myelination), FDG-
PET, UCB-J PET (synaptic density), and rsfMRI were entered

Molecular and connectomic features are associated
with tau-explained neurodegeneration

My first hypothesis was that molecular and connec-
tomic profiles might affect the association between
tau pathology and neurodegeneration. I, therefore,
investigated the spatial similarity between the map of

as predictors (B). See the “Methods” section for details of how
the features were retrieved. Spatial similarity between the pat-
terns of tau-explained neurodegeneration (R?) and molecular
and connectomic features was measured using linear regres-
sion analyses C. ROI, region of interest; PET, positron emis-
sion tomography; FDG, 18F-fluorodeoxyglucose; MRI, mag-
netic resonance imaging; rsfMRI, resting-state functional MRI

calculated R? (tau-PET SUVR vs. cortical thickness
slope) with molecular and connectivity fingerprints
across all participants. I found that the regions with
higher E:I ratio and myelination exhibit lower R>
values (Fig. 6A and D). Also, in the regions where
tau explained a low level of variance in cortical atro-
phy (R? value), the synaptic density was significantly
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Table 1 Demographic and clinical characteristics

Variable CU (n=171) MCI P
(n=115)

Age (years) 68.1+6.5 74.1+6.1 0.002

Female (%) 42 (59%) 66 (57%) 0.438

Education (years) 16.26 +£2.6 16.4+2.8 0.633

APOEe4 carriers 21 (26%) 72 (62%) <0.001
(%)

MMSE 282+1.8 264+2.4 0.014

CSF total tau (pg/ 238.1+67.1 262.4+52.5 0.004
ml)

CSF p-tau (pg/ml) 21.6+5.4 245+6.8 <0.001

CSF A (pg/ml) 1373.8+412.4 1123.7+378.2 <0.001

FDG-PET meta- 1.308+0.612 1.285+0.729 0.0387
ROI

Ap-positive (%) 18 (25%) 62 (54%) <0.001

Data are presented as mean =+ standard deviation unless speci-
fied otherwise

APOEe4 apolipoprotein E genotype (carrying at least one 4
allele), MMSE Mini-Mental State Evaluation, PET positron
emission tomography, MCI mild cognitive impairment, CU
cognitively healthy, CSF cerebrospinal fluid, p-fau phosphoryl-
ated tau, FDG-PET ['®F]Fluorodeoxyglucose positron emis-
sion tomography

higher (Fig. 6C). Moreover, there was a significant
positive association between the glycolytic index and
functional connectivity with tau-explained neurode-
generation (R? value) (Fig. 6B and E).

Mapping molecular and connectomic profile
influence

I inferred to investigate the degree of molecular and
connectomic profile influence on tau pathology, neu-
rodegeneration, and tau-explained neurodegeneration
(R? value) across different brain regions. This was
performed by identifying brain regions where the
inclusion of a specific molecular and connectomic
predictor consistently improved the explanation of a
particular type of neuropathology across all subjects.
For each molecular and connectomic feature, I fitted
individualized, single predictor-enriched models and
compared their ability to explain the accumulation of
tau pathology, neurodegeneration, or tau-explained
neurodegeneration at each brain region. At each
brain region, the studentized residuals were com-
puted across all participants, with each residual rep-
resenting the unexplained pathology (tau pathology,
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neurodegeneration, or tau-explained neurodegenera-
tion) in a given region. Then, for all regions, the Wil-
coxon rank-sum statistics of the population residuals
from the two models were calculated. This process
was repeated with 1000 randomly shuffled molecu-
lar and connectomic maps to obtain a null distribu-
tion of Wilcoxon statistics. A permutation test was
used to filter brain regions with significant residual
improvements (p <0.05) over the null distributions.
The resulting maps do not represent the regions with
the highest pathological severity but rather those were
significantly better explained by the inclusion of a
particular molecular and connectomic profile distri-
bution. I summarized the molecular and connectomic
profile influence map of the factors that were spatial
associated with tau pathology, neurodegeneration,
or tau-explained neurodegeneration (R> value) in the
previous steps (Fig. 7).

Among other regions, the glycolytic index most
prominently influences tau pathology in right
bankssts, fusiform, inferior temporal, pars triangu-
laris, cuneus, entorhinal, pars orbitalis, posterior
cingulate, superior temporal, temporal pole, and
transverse temporal regions (Fig. 7A). The synaptic
density most prominently influences tau pathology in
fusiform, inferior parietal, inferior temporal, isthmus
cingulate, pars opercularis, bankssts, cuneus, entorhi-
nal, middle temporal, and pars orbitalis regions. The
functional connectivity influences tau accumulation
in a set of regions including isthmus cingulate, cau-
dal anterior cingulate, rostral anterior cingulate, lat-
eral occipital, lateral orbitofrontal, lingual, superior
temporal, bankssts, and caudal middle frontal. Also,
the glycolytic index most prominently influences lon-
gitudinal alteration of cortical thickness in caudal
anterior cingulate, medial orbitofrontal, middle tem-
poral, paracentral, superior temporal, supramarginal,
temporal pole, lateral occipital, lateral orbitofrontal,
and lingual regions (Fig. 7B). Functional connectiv-
ity influences cortical thickness change in entorhinal,
lateral orbitofrontal, parahippocampal, postcentral,
precentral, posterior cingulate, and superior frontal
regions.

In the next step, I repeated the same analysis for
the tau-explained neurodegeneration (R’ value). I
found that E:I ratio most prominently influences
tau-explained neurodegeneration (R? value) in fusi-
form, inferior parietal, inferior temporal, paracentral,
parahippocampal, pars opercularis, bankssts, caudal
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Fig. 2 Microarchitectural and connectomic features. Brain
surface rendering of gene PCIl=first component of 11,560
genes’ expression, receptor PCl=first component of 18
PET-derived neurotransmitters density, E:I ratio=excita-
tory-inhibitory receptor density ratio; receptor entropy, gly-
colytic index =amount of aerobic glycolysis; glucose metabo-

anterior cingulate, caudal middle frontal, inferior
parietal, inferior temporal, insula, and superior tem-
poral regions (Fig. 7C). Also, the glycolytic index
influences tau-explained neurodegeneration in fusi-
form, inferior parietal, pericalcarine, bankssts, caudal
anterior cingulate, medial orbitofrontal, middle tem-
poral, and superior frontal regions. Synaptic density
influences supramarginal in a set of regions including
the frontal pole, fusiform, inferior parietal, parahip-
pocampal, pars opercularis, pars orbitalis, posterior
cingulate, superior temporal, and supramarginal.
Furthermore, myelination most prominently influ-
ences tau-explained neurodegeneration in fusiform,
temporal pole, transverse temporal, bankssts, isthmus
cingulate, pars opercularis, and superior temporal
regions. Functional connectivity influences R* value

lism=FDG-PET image; synapse density=UCB-J PET tracer;
myelination=T1w/T2w ratio; oxygen metabolism=['30]
labeled water, carbon monoxide, and oxygen PET; functional
connectivity =sum of weighted connections. PET, positron
emission tomography; FDG, 18F-fluorodeoxyglucose

in bankssts, inferior parietal, temporal pole, entorhi-
nal, isthmus cingulate, and parsopercularis regions.

Discussion

The major aim of the current longitudinal study was
to assess the molecular and connectivity contributors
of tau-related neurodegeneration combining the spa-
tial distribution of molecular and connectomic fea-
tures and ADNI longitudinal data. Using this patient-
specific modeling of longitudinal neuroimaging and
normal average spatial template, I found that molecu-
lar and connectivity architecture of the human brain is
linked to the different effects of tau pathology on neu-
rodegeneration (Fig. 8). Second, I comprehensively
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Fig. 3 Association between tau-PET and cortical thickness
with CSF biomarkers. Scatter plot of the association between
tau-PET SUVR and CSF biomarkers and FDG-PET in meta-
ROI regions (A). Each dot represents an individual. Scatter
plot of the association between cortical thickness slope and
CSF biomarkers and FDG-PET in meta-ROI regions (B).
Each dot represents an individual. All linear regressions per-
formed were two-sided, without adjustment for multiple com-

map local molecular and connectivity contributions
of tau accumulation and longitudinal neurodegen-
eration. This study shows that regional vulnerability
to tau pathology and neurodegeneration is linked to
molecular and connectivity characteristics of the
affected brain regions. Third, I further showed that in
what regions molecular and connectivity fingerprints
most prominently influence the tau pathology, neuro-
degeneration, and tau-explained neurodegeneration.
Tau aggregates initially accumulate within the
medial temporal lobe’s memory system, spreading
from the transentorhinal cortex to the hippocampus
and parahippocampal cortex and eventually extend-
ing to other cerebral regions [55-57]. However, the
underlying mechanisms determining the selective
vulnerability of specific brain regions to tau pathol-
ogy remain to be clarified. The advance of brain-wide

@ Springer

B=0.607 p=-0.314
p<0.001 _ p=0.006
= (]
€ x©
> 2
g 2
s m
% e
S ]
s
tau-PET SUVR tau-PET SUVR
B=-0.274 © B=0307
p=0.014 ... " p=0.008
E. g
jo2] ©
k= ©
= €
> m
& &
v U]
a)
[N
Cortical Thickness Slope Cortical Thickness Slope
Cu

parisons, and error bands correspond to the 95% confidence
interval. The linear models were adjusted for the effect of age,
sex, APOE e4, and baseline AB-PET. PET, positron emission
tomography; SUVR, standardized uptake value ratio; Ap,
amyloid-beta; CU, cognitively unimpaired; MCI, mild cogni-
tive impairment; p-tau, phosphorylated tau; FDG-PET, ['®F]
Fluorodeoxyglucose positron emission tomography

gene expression atlases, such as the Allen Human
Brain Atlas, has enabled the correlation of spatial
gene expression variations with regional susceptibil-
ity to tau pathology in AD [58, 59]. Notably, several
studies have identified specific genes whose expres-
sion patterns correspond to the spatial distribution of
tau pathology [11, 59-61]. Also, brain connectivity
is found to be a modifier of tau pathology spreading
as regions with stronger connectivity to other regions
exhibit higher levels of tau aggregates [47, 62, 63].
It was indicated that pathological tau spreads trans-
synaptically between neurons in laboratory settings
and spreads along axonal connections in the brains
of transgenic mouse models of tauopathy. This aligns
with the theory of prion-like dissemination of fibrillar
tau among interconnected brain regions. In line with
previous findings, I found that higher tau pathology
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Fig. 4 Regional association between tau-PET and corti-
cal thickness. Surface rendering of average baseline tau-PET,
cortical thickness slope, and tau-explained neurodegeneration
(R?) in 68 cortical regions (A). Scatter plot of the group-level
association between tau-PET SUVR and cortical thickness
slope (B). Each dot represents an individual. Participants with
higher baseline tau-PET SUVR levels have more decrease in
cortical thickness over time (B). Area chart of regional tau-
PET SUVR, cortical thickness slope, and R? (tau-PET SUVR

is closely linked to the functional connectivity of a
given region. Further, I showed that the spatial pat-
tern of tau accumulation is associated with the synap-
tic density distribution. This finding critically extends
previous results, showing an association between
baseline tau pathology and longitudinal synaptic
loss [64]. Taken together, these findings are congru-
ent with the hypothesis that the local molecular and
connectomic characteristics of the brain might play
a key role regarding the vulnerability or resilience

Cortical thickness slope

R? (tau-PET vs. Cortical thickness slope)

@©tau-PET @ Cortical thickness slope @ R?

vs. cortical thickness slope) (C). All linear regressions per-
formed were two-sided, without adjustment for multiple com-
parisons, and error bands correspond to the 95% confidence
interval. The linear models were adjusted for the effect of age,
sex, APOE e4, and baseline AB-PET. PET, positron emission
tomography; SUVR, standardized uptake value ratio; Ap, amy-
loid-beta; CU, cognitively unimpaired; MCI, mild cognitive
impairment

to tau pathology. Another finding of my study was
the slower cortical atrophy over time in regions with
higher glycolytic index and functional connectiv-
ity. However, my analysis was not adjusted for the
effect of tau pathology, which brings the idea that
the observed association might be due to the indirect
effect of tau pathology since there were similar results
for the baseline tau-PET level. However, a previous
study demonstrates a significant interplay between
tau propagation via communicative connectivity and
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Fig. 5 Microarchitectural and connectomic features are asso-
ciated with tau pathology and neurodegeneration patterns.
Scatter plot and area chart of the association between tau-PET
SUVR and glycolytic index (A). Each dot represents a region.
Regions with higher glycolytic index have higher tau accumu-
lation. Scatter plot and area chart of the association between
tau-PET SUVR and synaptic density (B). Each dot represents
a region. Regions with higher synaptic density showed lower
tau accumulation. Scatter plot and area chart of the associa-
tion between tau-PET SUVR and functional connectivity (C).
Each dot represents a region. Higher functional connectivity
is spatially associated with a higher level of tau accumulation.
Scatter plot and area chart of the association between cortical
thickness slope and glycolytic index (D). Each dot represents

the subsequent impact on glucose metabolism [65].
This underscores the possibility that functional con-
nectivity might partially regulate the effects of tau on
FDG metabolism.

Tau pathology is believed to be the main driver
of neurodegeneration in the course of AD [56, 66].
Also, previous studies demonstrated a strong spa-
tial and quantitative correlation between tau pathol-
ogy and neurodegeneration [67, 68]. Nonetheless,
both tau and neurodegeneration exhibit variability
in their patterns across different brain regions and
among individuals, indicating that the relationship
between tau and neurodegeneration is not a perfect
one-to-one correspondence [69, 70]. To gain a bet-
ter understanding of early AD pathogenesis, it is
important to determine how regional molecular and
connectomic features affect the relationship between
tau and neurodegeneration. Based on my findings,
a higher E:I ratio was spatially associated with a
weaker relationship between tau and longitudinal
neurodegeneration. The ablation of tau reduces the
homeostatic response of the axon initial segments
(AISs) in inhibitory neurons, enhances inhibitory
activity, and mitigates hypersynchrony. The changes
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a region. A higher glycolytic index is spatially associated with
more decrease in cortical thickness over time. Scatter plot and
area chart of the association between cortical thickness slope
and functional connectivity (E). Each dot represents a region.
A higher functional connectivity is spatially associated with
more decrease in cortical thickness over time. Heatmap of the
association between microarchitectural and connectomic fea-
tures with tau pathology and cortical thickness (F). All linear
regressions performed were two-sided, without adjustment for
multiple comparisons, and error bands correspond to the 95%
confidence interval. The linear models were adjusted for the
effect of baseline AP-PET. PET, positron emission tomogra-
phy; SUVR, standardized uptake value ratio; AP, amyloid-beta

in excitatory and inhibitory neurons elucidate how tau
reduction prevents abnormally elevated E:I ratios and
subsequent network hypersynchrony and brain disor-
ders [71]. Also, there is more evidence of disrupted
excitatory and inhibitory synaptic functions linked
to tau in early AD [72]. Pathological tau accumula-
tion occurs predominantly in excitatory neurons as
opposed to inhibitory neurons [73]. This pattern is
observed in the entorhinal cortex, along with brain
regions affected in the later stages of the disease [73].
In combination with my findings, regions with higher
excitatory synaptic function are less vulnerable to
tau-related neurodegeneration which offers the thera-
peutic potential of neurotransmitter-based treatments
in the AD continuum.

Elevated myelin levels are associated with a
reduced susceptibility of the connected regions to
tau aggregate accumulation [74]. Further, defects in
myelin lipid biosynthesis at the preclinical stages of
AD precede tau pathology in cortical regions [75]. 1
showed that the regions with higher template-based
myelination have lower tau-explained neurode-
generation. These results suggest that the myelina-
tion might have a protective role in the downstream
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Fig. 6 Microarchitectural and connectomic features are asso-
ciated with tau-explained neurodegeneration. Scatter plot and
area chart of the association between tau-explained neurode-
generation (R?) and E:I ratio (A). Each dot represents a region.
Regions with higher E:I have lower tau-explained neurode-
generation (R?). Scatter plot and area chart of the association
between tau-explained neurodegeneration (R?) and glycolytic
index (B). Each dot represents a region. Regions with higher
glycolytic index have higher tau-explained neurodegeneration
(R?). Scatter plot and area chart of the association between tau-
explained neurodegeneration (R?) and synaptic density (C).
Each dot represents a region. Regions with higher synaptic
density have lower tau-explained neurodegeneration (R?). Scat-
ter plot and area chart of the association between tau-explained
neurodegeneration (R?) and myelination (D). Each dot rep-

neurodegeneration due to the tau pathology. The
current findings suggest that myelin may serve as a
potential target for the prevention and treatment of
AD. Given that myelination is a druggable target,
pharmacological stimulation of myelination emerges
as a promising therapeutic strategy for AD [76, 77].
Clemastine, an approved H1 histamine antagonist,
has recently been demonstrated to enhance the dif-
ferentiation of oligodendrocyte precursor cells and
promote myelination [78]. Clinical trials repurposing
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resents a region. Regions with higher myelination have lower
tau-explained neurodegeneration (R?). Scatter plot and area
chart of the association between tau-explained neurodegenera-
tion (R%) and functional connectivity (E). Each dot represents
a region. Regions with higher functional connectivity have
higher tau-explained neurodegeneration (R?). Heatmap of the
association between microarchitectural and connectomic fea-
tures with tau-explained neurodegeneration (R?) (F). All linear
regressions performed were two-sided, without adjustment for
multiple comparisons, and error bands correspond to the 95%
confidence interval. The linear models were adjusted for the
effect of baseline AB-PET. PET, positron emission tomogra-
phy; AP, amyloid-beta; E:I ratio, excitatory: inhibitory receptor
density ratio

clemastine for the treatment of multiple sclerosis have
shown symptom improvement [79].

Synapses play a critical role in cognitive func-
tion, and synaptic loss is a well-documented and
consistent pathology in AD [80]. Cognitive impair-
ment in AD is strongly correlated with synaptic
loss in the association cortex and limbic system
[81]. Synaptic damage linked to toxic P-amyloid
oligomers and tau aggregates is evident in the early
clinical stages of AD, with individuals with mild
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Fig. 7 Model-derived map of molecular and connectomic
influence on tau pathology, neurodegeneration, and tau-
explained neurodegeneration. The influence map of molecular
and connectomic features visualized on the brain (A-C). The
influence map shows the brain regions where specific molec-
ular and connectomic features are consistently informative
in explaining the tau pathology, neurodegeneration (cortical
thickness derived from MRI data), or tau-explained neurode-
generation which were re-scaled to 0 to 100 range for visuali-
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uals from each model for a given region. The maps presented
show only the regions with statistically significant z-scores

(p-value <0.05) of the Wilcoxon rank-sum test statistics, rela-
tive to the null distributions
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Fig. 8 Proposed model of microarchitectural and connec-
tomic features associated with tau-related neurodegeneration.
The model revealed that biological and connectomic profiles
including lower myelination, excitatory-inhibitory receptor

MCI exhibiting a reduction in synapses and synap-
tic density [82]. Post-mortem studies suggest that
pathological tau impairs synaptic function through
several mechanisms, including interference with
presynaptic vesicle release and the translocation of
tau toward dendrites in the postsynapse, which is
associated with dendritic loss [83]. An in vivo study
revealed that loss of synaptic density regionally fol-
lows tau accumulation after 2 years [84]. Based on
my findings, regions with high synaptic density are
less vulnerable to neurodegeneration due to the tau
pathology.

/)

High Functional Connectivity

High Glycolytic index

Low Synaptic Density

[High Tau-related Neurodegeneration

density ratio, and synaptic density along with higher functional
connectivity and glycolytic index are associated with the pat-
tern of higher neurodegeneration due to the tau pathology

Another important finding of the present study
was the higher tau-related neurodegeneration in
regions with stronger connectivity to other regions.
A possible explanation might be the trans-synaptic
spread of tau aggregates through functional con-
nections and the local effect of tau pathology on the
synapses [47, 85]. A study by Wang et al. suggested
that functional connectivity partially modulates the
influence of tau accumulation on downstream glu-
cose metabolism [65].

Previous studies support the notion that a devia-
tion from the normative relationship between tau
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pathology and neurodegeneration across brain
regions in the AD continuum might be due to multi-
ple non-AD underlying factors [4, 10, 17]. However,
this is the first study aimed to explore the regional
molecular and connectivity fingerprints affecting the
relationship between tau pathology and downstream
neurodegeneration. The strength of this study is the
integration of longitudinal data to investigate neuro-
degeneration, facilitating a dynamic and temporal
understanding of disease progression. By concentrat-
ing on the regional molecular and connectivity fin-
gerprints that modulate the relationship between tau
pathology and subsequent neurodegeneration, the
study provides a deep understanding of the mecha-
nisms underlying AD neurodegeneration.

This data-driven methodology requires validation
through post-mortem pathological analysis to ascer-
tain whether the resilience or vulnerability imaging
patterns are accurately captured. Despite this neces-
sity, the approach holds significant implications for
clinical interventions and prognostication, especially
as a proxy for neurodegenerative disorders lacking
in vivo biomarkers. Also, investigating the tau and
neurodegeneration mismatch could also facilitate the
identification and examination of resilience or brain
reserve. If corroborated with longitudinal cognitive
data, it may serve as a valuable prognostic instrument
for clinicians.

There are also several limitations to consider.
Firstly, using longitudinal tau-PET imaging would
better capture the tau aggregate accumulation in the
early stages of AD. Second, neuropathological valida-
tion is crucial for this study. However, there is a lack
of access to datasets that include tau-PET, 18F-FDG-
PET, and autopsy data. Third, although I used linear
regression to determine the relationship between tau
pathology and neurodegeneration, the relationship is
likely to exhibit some degree of nonlinearity. Non-
linear approaches, such as image-to-image transla-
tion, may more accurately model the relationships,
including potential remote spatial dependencies
between network hubs and connected nodes. Another
limitation is the exclusion of AD patients during the
selection phase, due to their limited number. Conse-
quently, the study is unable to elucidate the impact
of AP plaques on tau propagation. Additionally, the
tau pathology burden among the CU and MCI par-
ticipants within the ADNI dataset is relatively low.
This results in a low signal-to-noise ratio for tau-PET

@ Springer

imaging, particularly at the lower end of the spec-
trum, which may lead to the measurement of scan
noise rather than a clear signal of tau pathology.

The current study demonstrates that the regional
susceptibility to tau-related neurodegeneration is
associated with specific molecular and connectomic
characteristics of the affected neural systems. I found
that the molecular and connectivity architecture of the
human brain is linked to the different effects of tau
pathology on downstream neurodegeneration. This
may improve our understanding regarding the poten-
tial factors that shape cortical neurodegeneration due
to the tau pathology which paves the way for a step
toward the implementation of precision medicine in
AD. However, future studies will need to apply this
approach with a larger sample size; personalized
molecular and connectomic characteristics, incorpo-
rating directional flow; and AP dynamics.
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