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Abstract.
Background: The AT[N] research framework focuses on three major biomarkers in Alzheimer’s disease (AD): amyloid-�
deposition (A), pathologic tau (T), and neurodegeneration [N].
Objective: We hypothesize that the diverse mechanisms such as A−→T and A−→[N] pathways from one brain region to
others, may underlie the wide variation in clinical symptoms. We aim to uncover the causal-like effect of regional AT[N]
biomarkers on cognitive decline as well as the interaction with non-modifiable risk factors such as age and APOE4.
Methods: We apply multi-variate statistical inference to uncover all possible mechanistic spreading pathways through which
the aggregation of an upstream biomarker (e.g., increased amyloid level) in a particular brain region indirectly impacts
cognitive decline, via the cascade build-up of a downstream biomarker (e.g., reduced metabolism level) in another brain
region. Furthermore, we investigate the survival time for each identified region-to-region pathological pathway toward the
AD onset.
Results: We have identified a collection of critical brain regions on which the amyloid burdens exert an indirect effect on
the decline in memory and executive function (EF) domain, being mediated by the reduction of metabolism level at other
brain regions. APOE4 status has been found not only involved in many A−→N mechanistic pathways but also significantly
contributes to the risk of developing AD.

1Data used in preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (https://adni.loni.usc.edu). As such, the investigators
within the ADNI contributed to the design and implemen-
tation of ADNI and/or provided data but did not participate
in analysis or writing of this report. A complete listing of
ADNI investigators can be found at: http://adni.loni.usc.edu/wp-
content/uploads/how to apply/ADNI Acknowledgement List.pdf

∗Correspondence to: Quefeng Li, Department of Biostatistics,
University of North Carolina at Chapel Hill, 3105D McGavran-

Grennberg Hall, Chapel Hill, NC 27599, USA. Tel.: +1 919
962 6450; E-mail: quefeng@email.unc.edu and Guorong Wu,
Department of Psychiatry, University of North Carolina at
Chapel Hill, 343 Medical Wing C, 334 Emergency Room Drive,
Chapel Hill, NC 27599, USA. Tel.: +1 919 966 2216; E-mail:
grwu@med.unc.edu.

ISSN 2542-4823 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

https://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
mailto:quefeng@email.unc.edu
mailto:grwu@med.unc.edu
https://creativecommons.org/licenses/by-nc/4.0/


856 Z. Yu et al. / Uncovering Diverse Mechanistic Spreading Pathways in Disease

Conclusion: Our major findings include 1) the region-to-region A−→N−→MEM and A−→N−→MEM pathways exhibit
distinct spatial patterns; 2) APOE4 is significantly associated with both direct and indirect effects on the cognitive decline
while sex difference has not been identified in the mediation analysis.
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INTRODUCTION

Alzheimer’s disease (AD), the most common
neurodegenerative disorder, leads to gradually pro-
gressive memory loss, the decline in other cognitive
domains, altered behavior, loss of functional abilities,
and ultimately death [1–6]. As shown in Fig. 1, AD
is a progressive disease such that it starts from the
medial temporal lobe and gradually spreads through-
out the brain until damaging the occipital lobe,
which causes the visual problem. Convergent evi-
dence shows that the spreading of neuropathological
burdens such as amyloid plaque and neurofibrillary
tangle commence several years prior to the cognitive
decline, and such a time period has been estimated to
last years, even decades before the onset of AD clini-
cal symptoms [7, 8]. It is a common practice to stratify
the disease progression into preclinical, early-state
mild cognitive impairment (MCI), late-stage-MCI,
and AD based on the severity of clinical symptoms.
Since current therapeutic interventions are best uti-
lized at the early stage of the disease, early detection
of probable AD is very important for optimizing the
benefit of AD treatments [7, 9–15].

The research framework of AD was initiated by the
National Institute of Aging (NIA) [16] to guide obser-
vational and interventional research in AD instead of
routine clinical care. Specifically, AD is defined by
its underlying pathologic processes that can be doc-
umented by postmortem examination or in vivo by
biomarkers [16, 17]. The biomarkers are grouped into

Fig. 1. The progression stage of Alzheimer’s disease.

amyloid-� (A�) deposition (A biomarker), patho-
logic tau (T biomarker), and neurodegeneration ([N]
biomarker), which constitute the backbone of AT[N]
research framework of AD [16]. Although the AT[N]
research framework is flexible to study the associ-
ations between different pathologic processes and
cognitive symptoms, the causal pathway that provides
a mechanistic explanation of how neuropathological
events affect cognitive decline and how biological
risk factors are involved in the neurodegeneration
process is largely elusive.

Neuroimaging techniques such as magnetic res-
onance imaging (MRI) and positron emission
tomography (PET) provide valuable information for
the diagnosis and management of AD. For instance,
PET imaging can track the progression of AD by
detecting regional changes in brain metabolism,
blood flow, and the accumulation of amyloid and tau
proteins [18–20]. Compared to global measurements
such as plasma biomarkers [21] and cerebrospinal
fluid (CSF) biomarkers [22, 23], the rich spatial
information in neuroimages allows us to localize
the investigation of mechanistic pathways between
AT[N] biomarkers across brain regions.

In this context, the overarching goal of this work is
to answer the following important scientific questions
that allow us to advance our current understanding of
the diversity in the disease progression of AD.

1. Novel understanding of the pathophysiological
mechanism at the imaging biomarker level. Although
affected individuals with an increased magnitude of
pathological burden often show a greater cognitive
decline over time, the neurophysiological mecha-
nisms by which AD pathology spreads in the brain
and how this determines the associated trajectory of
cognitive decline are still largely elusive. Since con-
verging evidence shows that the neuropathological
burdens spread throughout the brain in a prion-
like manner [24], an interesting question is whether
there exists the region-to-region mechanistic path-
way between AT[N] biomarkers where the effect of
excessive regional neuropathological event on cogni-
tive decline is mediated by the development of other
regional neuropathological events.
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2. Role of APOE4 in diverse mechanistic pathways.
There is a compelling body of evidence that the diver-
sity of cognitive decline trajectory and the extent of
neurodegeneration caused by AD is closely related to
the pathogenesis process, where genetic factors (such
as APOE4 status [25]) have various contributions
to the development of neuropathological burdens
at different brain regions [26, 27]. Since APOE4
has sex-dependent effects [28], we include APOE4
carrier/non-carrier, sex, and age in the statistical anal-
ysis and put the spotlight on the direct/indirect causal
effect of these non-modifiable risk factors on the
mechanistic pathways of AT[N] biomarker.

3. Survival analysis for cognitive decline on the
mechanistic pathways. It is vital to quantify the sur-
vival rate of risk factors that lead to cognitive decline
in the diagnosis and treatment of AD. Specifically, the
questions include (i) What is the effect size of each
non-modifiable risk factor on the cognitive decline?;
(ii) Does lifestyle variable contribute to the neu-
ropathological events on the particular mechanistic
pathway?; (iii) Does sex difference occur on the iden-
tified mechanistic pathways?

To answer these questions, we apply a cutting-
edge statistical model to uncover the synergistic
effect of AD biomarkers resulting in cognitive
decline by characterizing their inter-relationships.
The data analysis is performed on the neuroimag-
ing data, clinic assessment, and demographic data
from Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database.

MATERIALS AND METHODS

Data demographics

Data used in the preparation of this arti-
cle were obtained from the ADNI database
(https://adni.loni.usc.edu). The ADNI was launched
in 2003 as a public-private partnership, led by Prin-
cipal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to
measure the progression of MCI and early AD. For up
-to-date information, see https://www.adni-info.org.

ADNI enrolls participants between the ages of 55
and 90 who are recruited at 57 sites in the United
States and Canada. After obtaining informed consent,
participants undergo a series of initial tests that are
repeated at intervals over subsequent years, including
clinical evaluation, neuropsychological tests, genetic

testing, lumbar puncture, and MRI and PET scans.
There are four phases of the ADNI study (ADNI1,
ADNI-GO, ADNI2, and ADNI3). Some participants
were carried forward from previous phases for contin-
ued monitoring, while new participants were added
with each phase to further investigate the progression
of AD.

In this work, we put the spotlight on the effect
of AD-related pathology on memory (MEM) decline
and executive function (EF) decline, respectively. It
is worth noting that we derived composite scores
for MEM and EF using data from the ADNI neu-
ropsychological battery using item response theory
(IRT) methods. The formation of ADNI-MEM was
complicated by the use of different word lists in the
Rey Auditory Verbal Learning Test (RAVLT) and the
ADAS-Cog, and by Logical Memory I data missing
by design [29].

For each mechanic pathway, we select subjects
from ADNI data based on the following two crite-
ria: 1) each subject should have both two modalities
and clinical outcome scores; 2) the data collection
of upstream AD biomarker should be prior to the
downstream biomarker in the mediation analysis.
For example, the amyloid-PET scan is required to
be earlier than FDG-PET scan in the A−→N path-
way, in order to characterize the mediation effect of
amyloid on the metabolism level. We show the demo-
graphic information of participants for A-N pathway,
A-T pathway, and T-N pathway in Table 1. The
diagnostic information is shown at the bottom of
Table 1, in which CN and MCI are the abbreviations
for cognitive normal and mild cognitive impairment,
respectively.

Image processing

Each subject has T1-weighted MRI, amyloid-PET,
tau-PET, and FDG-PET scans. Destrieux atlas [30]
is used to parcellate each brain into 160 regions of
interest (ROIs), which consist of 148 cortical regions
(frontal lobe, insula lobe, temporal lobe, occipital
lobe, parietal lobe, and limbic lobe) and 12 sub-
cortical regions (left and right hippocampus, caudate,
thalamus, amygdala, globus pallidum, and putamen).
The major image preprocessing steps include 1) skull
strip and tissue segmentation on T1-MRI; 2) brain
parcellation using the Destrieux atlas; 3) constructing
cortical surface using free-surfer [31]; and 4) calcu-
lating the standardized uptake value ratio (SUVR)
where the cerebellum is selected as the reference
region.

https://adni.loni.usc.edu
https://www.adni-info.org
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Table 1
Demographic characteristics of participants in A-N, A-T, and T-N pathways

Resilience models A-N pathway A-T pathway T-N pathway
(N = 669) (N = 137) (N = 25)

Age
Mean (SD) 72.8 (6.93) 71.1 (6.61) 68.9 (7.42)
Median [Min, Max] 72.8 [55.0, 90.3] 70.8 [55.0, 90.1] 68.4 [55.0, 84.8]

Biological sex
Male 358 (53.5%) 72 (52.6%) 13 (52.0%)
Female 311 (46.5%) 65 (47.4%) 12 (48.0%)

Memory composite score
Mean (SD) 0.176 (1.09) 0.558 (0.917) 0.476 (0.827)
Median [Min, Max] 0.288 [–2.86, 3.14] 0.683 [–2.56, 2.72] 0.686 [–1.35, 2.10]

EF composite score
Mean (SD) 0.128 (1.26) 0.569 (1.08) 0.797 (0.855)
Median [Min, Max] 0.240 [–3.31, 2.99] 0.648 [–2.49, 2.99] 0.872 [–1.58, 2.23]

Diagnostic information
CN/MCI/AD 193/211/265 50/47/40 0/14/11

Covariates and confounders in the statistical
inference

The initial set of covariates consists of 160
regional SUVRs from amyloid, 160 regional SUVRs
from tau, and 160 regional SUVRs from FDG-PET,
respectively. The confounders include biological sex,
education, and age. To remove the effect of those
potential confounders, we regress the value of 480
ROIs and MEM/EF score on them separately and
independently. The residuals of regional SUVRs and
MEM/EF scores are utilized as covariates and out-
comes in the downstream integrative factor regression
model to select the key regional SUVRs associated
with MEM/EF score. The selected SUVRs are used in
a further mediation analysis to construct the pathways
of how they affect the MEM/EF scores. Mediators
found in mediation analysis and the corresponding
exposures are further involved as covariates in the
Cox’s proportional hazard model [32] to study how
they affect the time to cognitive decline. APOE4 sta-
tus, sex, and age are adjusted in the Cox’s model.

Statistical approach

In general, our statistical inference consists of
three major steps. Firstly, we apply a multi-variate
variable selection method to reduce the number of
brain regions for region-to-region mediation analy-
sis. Secondly, we apply a set of mediation analyses
to all possible pathways between regional AT[N]
biomarkers. To make the analysis computation-
ally tractable, each mediation analysis consists of
one upstream regional biomarker, one downstream

regional biomarker, and clinical outcomes (shown in
Fig. 2). Thirdly, we apply survival analysis to exam-
ine the hazard ratio of identified critical brain regions
(i.e., manifesting significant direct/indirect effect on
clinical outcome in the mediation analysis) to the
cognitive decline in each pathway analysis.

Variable selection

We use the integrative factor regression model [33]
to select potentially influential variables (regional
SUVRs) to be included in the second-stage media-
tion analysis. For each modality (amyloid, tau, and
FDG-PET), we control the confounding effects on
the observed regional SURVs by regressing raw val-
ues of ROIs on the confounders. Each two of them
will be used as the exposure and mediator variables
of the outcome (MEM/EF) in the mediation analy-
sis. We first regress the outcome on every two of
the three modalities (A&F, A&T, or T&F) and select
regional SUVRs in these modalities that are asso-
ciated with the outcome. Let xm be the vector of
variables from the mth modality for m = 1, 2, and
y be the residual of regressing MEM/EF on con-
founders. We consider a linear regression model of
y = ∑2

m=1 x
′
mβ∗

m+ ∈, where β∗
m is the effects of vari-

ables from the mth modality, and ∈ is the error term.
To account for the within- and across-modality corre-
lations, the integrative factor model assumes that xm

has a decomposition of xm = �mfm + um, where fm

is the vector of latent factors in the mth modality with
their loadings as �m, and um is the idiosyncratic error.
Then, we follow [33] to use Bai and Ng’s method [34]
to estimate the number of latent factors and a princi-
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Fig. 2. Three SEMs of AT[N] pathway in this paper.

pal component analysis (PCA) method to obtain the
estimators of fm and um. After that, we utilize the
integrative factor model to regress y on the estimators
of fm and um with a SCAD (smooth clipped absolute
deviation) penalty [35] to select non-zero compo-
nents of β∗

m, which identifies the regional SUVRs in
the mth modality associated with the MEM/EF.

Mediation analysis

After variable selection, we design the following
region-to-region structural equation models (SEMs)
to elucidate the mechanistic pathways between
AT[N] biomarkers, as shown in Fig. 2.

1. SEM 1: Test whether FDG acts as a
mediator of amyloid on MEM/EF score
(A→F→MEM/EF).

2. SEM 2: Test whether tau acts as a
mediator of amyloid on MEM/EF score
(A→T→MEM/EF)

3. SEM 3: Test whether FDG acts as a mediator of
tau on MEM/EF score (T→F→MEM/EF)

The input to each SEM consists of selected regional
SUVRs and the clinical phenotype. Each SEM has
an exposure variable, a mediator, and an outcome.
To infer the causal relation, we need these three
components to be ordered by time i.e., Texposure <

Tmediator < Toutcome. In SEM 1 and SEM 2, we use
the latest FDG/tau measurement (potential media-
tor) after amyloid (exposure) measurement but prior
to MEM/EF measurement (outcome). Besides, sub-
jects without records on APOE4, education, sex, and
age are removed. This gives sample sizes of 669
and 137 in SEM 1 and SEM 2, respectively. Since
the temporal changes of regional amyloid/FDG/tau
SUVRs are slow, when performing SEM 3, we relax
the time restriction by allowing FDG measurement to
be no more than one year later than tau measurement,
instead of being strictly earlier than tau measurement.
This gives us a sample size of 41 in SEM 3.

To illustrate the mediation analysis, let’s take SEM
1 as an example. We let x be the exposure vari-
able (i.e., the selected regional amyloid SUVR), y

be the independent variable (i.e., the composite score
of memory), m be the mediator (i.e., the selected
regional FDG SUVR). Three regression models are
constructed to evaluate the mediation effect:

Model 1: y = γ1 + τ1x+ ∈1
Model 2: m = γ2 + αx+ ∈2
Model 3: y = γ3 + τ2x + βm+ ∈3
where γ1, γ2, and γ3 are the intercept terms, and ∈1,

∈2, and ∈3 are the error terms. In Model 1, τ1 mea-
sures the total exposure-outcome effect. In Model 2,
α measures the exposure-mediator effect. In Model
3, τ2 measures the direct exposure-outcome effect
after adjusting for the mediator effect and β mea-
sures mediator-outcome effect after adjusting for the
exposure effect.

In the cliché of mediation analysis, αβ = τ1 − τ2
measures the mediation/indirect effect of exposure
on the outcome and we perform the Sobel test to
assess its significance. The null hypothesis of the
non-existence of indirect effect is αβ = 0. The Sobel
test statistic is Z = α̂β̂/ŜE, where α̂ and β̂ are the
Least Squares estimators of α and β with its standard

error as ŜE =
√

α̂2σ̂2
β + β̂2σ̂2

α, σ̂2
α and σ̂2

β are the esti-

mated variances of α̂ and β̂. The Z-statistics is then
compared with the standard normal distribution to
determine p-value. These p-values are then adjusted
by the Storey’s method [29] to control the False Dis-
covery Rate (FDR). The FDR-controlled p-values are
reported in Tables 2 and 3.

Survival analysis

We further study how the exposure and mediator
variables affect the time from baseline to the time
of Mini-Mental State Examination (MMSE) score
falling below 28 using the Cox’s proportional haz-
ard model. Subjects with MMSE score lower than 28
at baseline are excluded from the analysis and sub-
jects with MMSE score greater than 28 during the
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Table 2
Mediation analysis of A−→N−→MEM

Left dPCC Left Inferior
frontal
sulcus

Right Lingual
gyrus

Right Superior
parietal
lobule

Right
Subparietal
sulcus

Left Hippo
campus

Left Inferior
temporal gyrus

M M
–7.7202
(<0.001)

–7.719
(<0.001)

M M

Right Angular
gyrus

M
–7.427
(<0.001)

–7.199
(<0.001)

–7.318
(<0.001)

M M

Left Putamen –1.371 (0.288) –1.2916
(0.288)

–1.0637
(0.288)

–1.141
(0.288)

–1.638
(0.288)

–1.363
(0.288)

Right Putamen –1.698 (0.169) –1.549
(0.169)

–1.375
(0.169)

–1.397
(0.169)

–1.982
(0.169)

–1.584
(0.169)

Right Pallidum M 0.215
(0.829)

0.423
(0.829)

0.372
(0.829)

M M

“M” standards for the mediation effect of amyloid burden (row) on memory decline is mediated by reduced metabolism level (column).
Otherwise, we display the direct effect size of the amyloid burden on memory decline, where the significant direct effect (adjusted p < 0.05)
is marked in red. dPCC, posterior-dorsal part of cingulate gyrus. All p-values are adjusted by Storey’s method to control the FDR.

Table 3
The effect sizes and FDR-controlled p-values for ten region-to-region A−→N−→MEM pathways showing a mediation effect

Indirect Effect A−→N N−→MEM

Left Inferior temporal gyrus −→ Left dPCC –5.192 –6.226 9.4069
(<0.001) (<0.001) (<0.001)

Left Inferior temporal gyrus −→ Left Inferior frontal sulcus –2.412 –2.848 4.534
(0.0238) (0.0066) (<0.001)

Left Inferior temporal gyrus −→ Right Subparietal sulcus –4.172 –5.188 7.0181
(<0.001) (<0.001) (<0.001)

Left Inferior temporal gyrus −→ Left Hippocampus –3.942 –4.399 8.8803
(<0.001) (<0.001) (<0.001)

Right Angular gyrus −→Left dPCC –5.416 –6.7039 9.189
(<0.001) (<0.001) (<0.001)

Right Angular gyrus −→ Right Subparietal sulcus –4.471 –6.00237 6.70012
(<0.001) (<0.001) (<0.001)

Right Angular gyrus −→ Left Hippocampus –4.493 –5.292 8.5027
(<0.001) (<0.001) (<0.001)

Right Pallidum −→ Left dPCC 3.4604 3.684 10.0764
(0.0016) (<0.001) (<0.001)

Right Pallidum −→ Right Subparietal sulcus 3.672 4.221 7.449
(0.0014) (<0.001) (<0.001)

Right Pallidum −→ Left Hippocampus 2.9029 3.0631 9.0966
(0.0074) (0.0044) (<0.001)

dPCC, posterior-dorsal part of cingulate gyrus.

whole study are treated as right-censored. All expo-
sure variables and significant mediators are included
in the Cox’s model. APOE4 status, sex, and age are
also adjusted in the model.

RESULTS

In the following, we present the region-to-region
A−→N−→MEM and A−→N−→EF pathway anal-
ysis. In each pathway analysis, we first examine the
brain regions that exhibit significant association with
the clinical outcome. Then, we investigate whether
the accumulation of amyloid burden at a specific brain

region exerts a direct effect on the decline of cognition
or whether such an effect is mediated by the reduced
metabolism level at the underlying or other brain
regions. Lastly, we estimate the contribution of each
identified brain region as well as non-modifiable risk
factors (such as age and APOE4) through a survival
test.

Effect of AT[N] pathways on memory decline

Variable selection
The variable selection results are shown in Fig. 3.

For amyloid SUVRs, five regions (left inferior tempo-
ral gyrus, left/right putamen, right pallidum, and right
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Fig. 3. Selected brain regions from amyloid-PET (left) and FDG-PET (right) w.r.t. memory score.

inferior angular parietal gyrus) have been identified
with significant association to the clinical outcome.
For FDG-PET images, we have identified six brain
regions after variable selection, which include the
right superior parietal gyrus, right subparietal sulcus,
right occipital temporal gyrus, left posterior cingular
gyrus, left inferior frontal lobe, and left hippocampus.
Due to the small sample size, we have not found any
brain regions showing a significant statistical asso-
ciation between tau SUVRs and outcome scores. In
this regard, we only apply SEM 1 for memory and
executive function.

A-[N]-MEM mechanistic pathway analysis
Since five brain regions in the amyloid modal-

ity and six brain regions in the FDG modality have
been identified in the region selection step, there
are 30 region-to-region A−→N−→MEM pathways.
We summarize the mediation analysis results in
Tables 2 and 3. First, 5 out of 30 possible region-
to-region pathways (highlighted in red in Table 2)
manifest a direct effect of amyloid accumulation on
the decrease of memory composite score at the sig-
nificance level of p = 0.05. Second, we have found 10
region-to-region pathways show mediated effects on
memory decline, that is, the concentration of amy-
loid deposition affects memory status through the
other brain region that shows changes of metabolism
level. In Table 3, we show the overall indirect effect
sizes (1st column) and the effect sizes (with the
adjusted p-values) on A−→N link (2nd column) and
N−→MEM link (3rd column). It is worth noting that
the effect of increased amyloid burden at the left
inferior temporal gyrus and right angular gyrus on
memory decline is mediated by reduced metabolism
levels.

We have included APOE4 status in SEM1, where
‘1’ stands for APOE4 carrier (with at least one ε4
allele) and ‘0’ otherwise. APOE4 shows a strong
effect on ten mediated pathways shown in Table 3
at a significance level p = 0.05. In Fig. 4, we show
three mediated region-to-region pathways associated
with the inferior temporal gyrus (left panel) and
another three mediated pathways associated with
angular gyrus, where the average adverse effect size
of APOE4 carriers is –3.406.

Survival analysis
As shown in Table 2, there are three regions asso-

ciated with amyloid deposits and another three brain
regions involved in metabolism level are included
in the ten mediated pathways. The survival analy-
sis results on these six brain regions are summarized
in Table 4. Specifically, only the amyloid depositions
at the right pallidum and left inferior temporal gyrus
potentially have a significant impact on the risk of
developing AD. The hazard of developing AD for a
patient with one additional unit of amyloid increment
on the left inferior temporal gyrus or right pallidum
is multiplicatively increased by 2.19 times and 0.51
times, respectively. Age and male/female differences
are not significant on the hazard of developing AD.
Regarding APOE4 status, APOE4 carrier with only
one ε4 allele does not show a significant impact on
the risk of developing AD. However, two ε4 alle-
les have a substantial contribution to dementia risk
compared with APOE4 non-carrier, as shown at the
bottom of Table 4. The likelihood ratio test is imple-
mented to compare the full model including the above
six regions and control variables (age, sex, APOE4)
and the null model that only includes control vari-
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Fig. 4. Graphic demonstration of mediated pathways in structural equation model A−→F−→MEM.

Table 4
Survival analysis of the six brain regions involved in mediated A−→N−→MEM pathways

Coefficient Hazard Ratio 95% CI p

Left Inferior temporal gyrus 0.785 2.193 1.156 4.156 0.016
Right Pallidum –0.676 0.509 0.314 0.825 0.006
Right Angular gyrus 0.133 1.143 0.664 1.967 0.631
Right Subparietal sulcus –0.609 0.544 0.157 1.881 0.336
Left dPCC –0.028 0.972 0.348 2.721 0.958
Left Hippocampus –0.659 0.518 0.107 2.503 0.413
Age 0.002 1.002 0.986 1.018 0.802
Male versus Female 0.025 1.024 0.838 1.253 0.812
One APOE ε4 allelev 0.151 1.164 0.922 1.468 0.201
Two APOE ε4 alleles 0.473 1.604 1.118 2.302 0.01

dPCC, posterior-dorsal part of cingulate gyrus.
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Fig. 5. Selected brain regions from amyloid-PET (left) and FDG-PET (right) images with respect to EF score.

ables. The full model is significantly better than the
null model (p < 0.001) in prediction.

Effect of AT[N] pathways on the decline of
executive function

Variable selection
The variable selection results with respect to EF

score are shown in Fig. 5, where we list the selected
region names for amyloid and FDT-PET in the left
and right panels of Table 5. There are 14 brain regions
showing the association between amyloid burden
and EF score. Similarly, there are 24 brain regions
showing the association between metabolism level
(measured by FDG-PET) and EF score. Again, we
have not found any brain regions showing association
in the tau∼EF relationship, due to the small sample
size. In the following, we apply mediation analysis of
SEM 1 to 14 × 24 = 336 A−→N−→EF pathways.

A-[N]-EF mechanistic pathway analysis
We summarize the mediation analysis result in

Tables 6 and 7. First, 64% region-to-region pathways
(highlighted in red in Table 6) manifest a direct effect
of amyloid accumulation on the decrease of EF com-
posite score at the significance level p = 0.05. Second,
we have found 69 (20.5%) region-to-region pathways
show mediated effects on memory decline, that is,
the concentration of amyloid deposition affects exec-
utive function performance through the other brain
region that shows changes of metabolism level. In
Table 7, we show the overall indirect effect sizes (1st
column) and the effect sizes on A−→N link (2nd
column) and N−→EF link (3rd column), where we

use color to indicate the effect sizes. The effect sizes
marked in blue are negative effects, while red ones are
positive effects. The darker the color is, the stronger
the effect. Since eight brain regions with amyloid are
involved in the 69 mediated pathways, we display
the mediated pathways in Fig. 6, where the yellow
dot represents each of these eight brain regions and
red dots represent the mediated brain regions with
significant metabolism∼EF relationship. We use ‘*’,
‘**’, and ‘***’ to denote the FDR-controlled p < 0.05,
p < 0.001, and p < 0.0001 on A−→N and N−→EF
links.

Survival analysis
The survival analysis results on these nineteen

brain regions are summarized in Table 8. Specifi-
cally, only the amyloid depositions at the left superior
occipital sulcus have a significant impact on the risk
of developing AD, where the hazard of dementia risk
for a patient with one additional unit of metabolism
level increment on the left superior occipital sulcus is
multiplicatively decreased by 0.34 times. Age and
male/female differences are not significant on the
hazard of developing AD. Regarding APOE4 status,
APOE4 carrier with only one ε4 allele does not show
a significant impact on the risk of developing AD.
However, two ε4 alleles have a substantial contribu-
tion to the decline of executive function compared
with APOE4 non-carrier, as shown at the bottom of
Table 8. The likelihood ratio test is implemented by
comparing the full model including nineteen regions
and control variables (age, sex, APOE4) with the
null model including only control variables. The full
model is significantly better than the null model
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Table 5
Selected brain regions with significant amyloid∼EF relationship (left) and significant metabolism∼EF relationship (right)

IOGS, inferior occipital gyrus and sulcus; dPCC, posterior-dorsal part of cingulate gyrus; SIPJ, sulcus intermedius primus of Jensenl
MOS&LS, middle occipital sulcus and lunatus sulcus; LIG&CSI, long insular gyrus and central sulcus of the insula; IS&TPS,
intraparietal sulcus and transverse parietal sulci; SOS&TOS, superior occipital sulcus and transverse occipital sulcus; TFGS, transverse
frontopolar gyri and sulci; pMCC, middle-posterior part of the cingulate gyrus and sulcus; PRLS, posterior ramus of the lateral sulcus;
CSI, circular sulcus of the insula; MO-TS&LS, medial occipito-temporal sulcus and lingual sulcus.

(p < 0.01) in prediction, which justifies the necessity
of including the brain regions in the survival model.

DISCUSSION

Although the root cause of AD is largely elusive,
the amyloid hypothesis has been widely used in the
AD research framework, where amyloidosis induces
or facilitates the spread of pathologic tau followed
by immediate neurodegeneration and progressive
cognitive decline. As the massive heterogeneities
manifested in the clinical symptoms, it is critical
to understand the pathophysiological mechanism of
how whole-brain AT[N] biomarkers exert a syner-
gistic effect on cognitive decline in the long period
of disease progression. To answer this important sci-
entific question, we present a novel multi-variate
statistical inference approach to uncover the causal-
like effect of AT[N] biomarkers on cognitive decline
as well as the underlying non-modifiable risk factors
through high-dimensional neuroimaging phenotypes.

Here, we specifically discuss the mechanistic roles
of identified brain regions and risk factors in the
A−→N−→MEM and A−→N−→EF pathways.

Mechanistic roles of identified brain regions

We found a majority of identified critical brain
regions exhibit a direct effect on cognitive decline.
The identified brain regions on which the amy-
loid burdens exert an indirect effect on cognitive
decline are oftentimes mediated by the reduction of
metabolism levels at other brain regions. We conduct
the same statistical analysis to the memory and exec-
utive function score separately. The absence of region
overlap between memory-specific and EF-specific
pathways that manifest the indirect effect on cognitive
decline indicates that the pathophysiological path-
ways associated with memory and EF domain might
have distinct spatial patterns. We have not identified
any T−→N and A−→T mechanistic pathways that
manifest an indirect effect on any clinical domain.
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Table 6
Mediation analysis of A−→N−→EF. The selected region names for amyloid and FDT-PET correspond to the variable selection results in Fig. 5 and are listed in Table 5

“M” stands for the mediation effect of amyloid burden (row) on EF decline is mediated by reduced metabolism level (column). Otherwise, we display the direct effect size of
the amyloid burden on EF decline, where the significant direct effect (p < 0.05) is marked in red.
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Table 7
The effect sizes for 69 region-to-region A−→N−→EF pathways showing a mediation effect

dPCC, posterior-dorsal part of cingulate gyrus; SIPJ, sulcus intermedius primus of Jensen; IS&TPS, intraparietal sulcus and transverse parietal sulci; SOS&TOS, superior
occipital sulcus and transverse occipital sulcus; MO-TS&LS, medial occipito-temporal sulcus and lingual sulcus.
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Fig. 6. Graphic presentation of all 69 mediated A−→N−→EF region-to-region pathways.

Role of non-modifiable risk factors in diverse
mechanistic pathways

As frequently reported in the literature, we found
APOE4 status plays a role not only in the indirect
effect but also in the direct effect of amyloid bur-
den on cognitive decline. The sex difference has not
been detected in all mediation analyses. We have
not discovered the contribution of lifestyle factors
(such as education level) is significant in the identified
A−→N−→MEM and A−→N−→EF pathways.

Survival analysis for cognitive decline on the
mechanistic pathways

We found that having two APOE �4 alleles sig-
nificantly increases the risk of developing AD in our
survival model, where the hazard ratio is 1.60 regard-
ing memory problems and 1.75 for the decline of
executive functions, both at the significant level of
p < 0.05.

In our main result, we only use FDG-PET as the
neurodegeneration biomarker. Since cortical thick-
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Table 8
Survival analysis of the nineteen brain regions involved in mediated A−→N−→EF pathways

Coefficient Hazard Ratio 95% CI p

Left Inferior occipital gyrus and sulcus 0.072 1.075 0.374 3.085 0.893
Left Superior occipital gyrus –0.417 0.659 0.311 1.394 0.275
Left Lateral occipito-temporal gyrus 0.656 1.927 0.763 4.866 0.165
Left Superior parietal lobule 0.273 1.313 0.588 2.932 0.505
Right Inferior occipital gyrus and sulcus 0.053 1.055 0.417 2.661 0.910
Right dPCC 0.236 1.265 0.539 2.968 0.587
Right Precuneus 0.407 1.503 0.606 3.725 0.379
Right Inferior temporal gyrus 0.211 1.234 0.473 3.222 0.666
Right Sulcus intermedius primus of Jensen –0.51 0.6 0.325 1.107 0.102
Right MOS&LS –0.742 0.476 0.2011 1.127 0.092
Left Caudate 0.233 1.262 0.704 2.264 0.434
Left dPCC –0.171 0.842 0.279 2.539 0.761
Left Middle temporal gyrus 0.109 1.115 0.382 3.247 0.841
Left IS&TPS 0.225 1.252 0.321 4.873 0.745
Left SOS&TOS –1.066 0.345 0.121 0.983 0.046
Right Sulcus intermedius primus of Jensen –0.218 0.804 0.287 2.247 0.677
Right IS&TPS 0.335 1.398 0.440 4.436 0.569
Right MO-TS&LS –0.186 0.83 0.197 3.482 0.799
Left Hippocampus –0.94 0.391 0.059 2.592 0.33
Age 0.002 1.002 0.986 1.0186 0.781
Male versus Female –0.001 0.999 0.8127 1.227 0.989
One APOE ε4 allele 0.189 1.207 0.954 1.527 0.116
Two APOE ε4 alleles 0.559 1.749 1.221 2.508 0.002

dPCC, posterior-dorsal part of cingulate gyrus; MOS&LS, middle occipital sulcus and lunatus sulcus; IS&TPS, intraparietal sulcus and
transverse parietal sulci; SOS&TOS, superior occipital sulcus and transverse occipital sulcus; MO-TS&LS, medial occipito-temporal sulcus
and lingual sulcus.

ness from structure MRI is also widely used as a
[N] biomarker in many studies, it is worthwhile to
investigate the A−→N−→MEM and A−→N−→EF
pathways between regional amyloid burden and
cortical thickness. Using the same data analysis
workflow, we first apply our multi-variate feature
selection method to screen critical brain regions. Fig-
ure 7 displays the most significant brain regions that
manifest significance in the amyloid∼MEM relation-
ship (top-left), cortical thickness∼MEM relationship
(top-right), amyloid∼EF relationship (bottom∼left),
and cortical thickness∼EF relationship (bottom
right).

Next, we examine whether the effect of amyloid
cascade on memory score is mediated by the reduced
cortical thickness. Although most brain regions in
Fig. 7 top-left exert a direct effect on the declined
memory performance, we have identified eight medi-
ated pathways at the significance level of 0.05, where
the total indirect effect sizes, effect sizes on A−→N
pathway, and effect size on N−→MEM are summa-
rized in Table 9. Regarding the mediation analysis of
region-to-region A−→N−→EF, all the brain regions
manifest a direct effect on the decline of execu-
tive function performance. Comparing the mediation
analysis between using the metabolism level and
cortical thickness, it is apparent that the causal-like

relationship between amyloid cascade and reduced
metabolism level is stronger than that between amy-
loid and reduced cortical thickness.

Our work has several clinical benefits. First,
the region-to-region mechanistic pathway between
AT[N] biomarkers allows us to advance our under-
standing of the etiology for AD. One possible
application is to stratify the heterogeneity of decline
trajectories and discover latent subtypes associated
with characteristic pathophysiological pathways.
Second, the elucidated role of risk factors in the
survival analysis provides useful information in
developing personalized intervention plans for AD
and AD-related dementias.

Related works

Understanding the causal relationship between AD
biomarkers is an important topic in the AD field.
Mediation analysis has been widely used to inves-
tigate whether these biomarkers act as mediators,
linking the pathogenic processes involved in AD
[36–39]. For example, mediation analysis has been
used in investigating whether age-related changes
in cognition are partially mediated by the presence
of neuropathology and neurodegeneration (measured
by CSF biomarker of A� and tau) [37]. Their study
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Fig. 7. Brain regions survival after the variable selection method in the context of amyloid∼MEM relationship (top-left), cortical
thickness∼MEM relationship (top-right), amyloid∼EF relationship (bottom∼left), and cortical thickness∼EF relationship (bottom right).
The color indicates the anatomical lobe parcellation.

Table 9
The effect sizes for eight region-to-region A−→N−→MEM pathways showing a mediation effect

Indirect A −→ N N −→ MEM

G temporal inf −→ S temporal sup –3.032 –3.981 4.681
G and S transv frontopol −→ sub lh hippo –3.615 –4.428 6.261
G orbital −→ sub lh hippo –3.226 –3.687 6.664
G precuneus −→ sub lh hippo –3.158 –3.611 6.511
G temporal inf −→ sub lh hippo –3.092 –3.493 6.646
G temporal middle −→ sub lh hippo –3.049 –3.432 6.639
G rectus −→ sub lh hippo –3.790 –4.773 6.237
sub lh hippo −→ sub lh hippo 3.988 5.329 6.014

found age effects on cognitive decline are fully medi-
ated by disease and neurodegeneration variables.
However, the age effect on baseline cognition man-
ifests differences between memory and executive
function domains. In this regard, we stratify our medi-
ation studies on regional imaging biomarkers for
memory and EF domains. In our result, we found
the A−→[N]−→MEM and A−→[N]−→EF exhibit
different spatial patterns region-to-region mediation
pathways, which supports previous studies that the
relationship between AD biomarkers and cognitive
decline is domain-specific.

Our hypothesis of the causal relationship between
AT[N] biomarkers is rooted in the biological synergy

between A� and tau in AD [38] and the NIA-AA
research framework [16]. Furthermore, our work is
inspired by the pioneering work on staging of A�,
tau, regional atrophy rates, and cognitive change
[40]. In their study, researchers discovered a direct
correlation between amyloid accumulation, as mea-
sured by CSF biomarkers, and regional atrophy rates
as well as memory loss in the cognitively normal
group. Interestingly, this correlation was found to
occur without any mediating factors. During the early
stage of MCI, the presence of A� was observed to
impact memory through the atrophy of the hippocam-
pus. Subsequently, A� continued to affect memory,
with the specific mediation of medial temporal atro-
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phy, and without the involvement of intermediate tau.
Our results (A−→[N]−→MEM medication path-
ways) align closely with these findings. As shown
in Table 9, we have discovered that the amyloid
burden at orbital gyrus, precuneus gyrus, temporal
gyrus, and rectus gyrus manifest indirect effect on
memory performance via hippocampus. In addition,
the effect of A� accumulation at inferior temporal
gyrus on memory decline is mediated by the atro-
phy at superior temoral sulcus. Comparing our results
with the findings in [40], our results provide a more
fine-grained brain mapping of A−→[N]−→MEM
medication pathways since our data analysis is per-
formed on regional SUVR level.

By examining the mediating role of amyloid, tau,
and neurodegeneration biomarkers, researchers can
better understand the causal pathways and identify
potential targets for intervention. However, current
work mainly uses global measurements such as
CSF biomarkers and whole-brain concentration lev-
els from PET scans. In this work, we investigate the
causal relationship at the granularity of brain region,
which provides much richer spatial information to
link brain function and network organization. To
address the new challenge of higher data dimension-
ality, we applied a multi-variate statistical approach
[33] to select the most relevant brain regions.

Our current analysis has several limitations. First,
the requirement of having complete paired imaging
biomarkers in the mediation analysis raises the issue
of a small sample size. In light of this, we have not
found the region-to-region pathway related to tau
pathology. One possible solution is to include other
public datasets, such as OASIS [41]. Second, a well-
designed structural equation model is needed to take
the gene-by-environment interactions into account,
which sets the stage for understanding the diversity
in cognitive decline and health disparities in the inci-
dence and prevalence of AD.
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