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Advanced age is the most important risk factor for Alzheimer’s disease (AD), and carrier-status of the Apoli-
poprotein E4 (APOE4) allele is the strongest known genetic risk factor. Many studies have consistently shown a
link between APOE4 and synaptic dysfunction, possibly reflecting pathologically accelerated biological aging in
persons at risk for AD.

To test the hypothesis that distinct functional connectivity patterns characterize APOE4 carriers across the
clinical spectrum of AD, we investigated 128 resting state functional Magnetic Resonance Imaging (fMRI)
datasets from the Alzheimer’s Disease Neuroimaging Initiative database (ADNI), representing all disease stages
from cognitive normal to clinical dementia. Brain region centralities within functional networks, computed as
eigenvector centrality, were tested for multivariate associations with chronological age, APOE4 carrier status and
clinical stage (as well as their interactions) by partial least square analysis (PLSC).

By PLSC analysis two distinct brain activity patterns could be identified, which reflected interactive effects of
age, APOE4 and clinical disease stage. A first component including sensorimotor regions and parietal regions
correlated with age and AD clinical stage (p < 0.001). A second component focused on medial-frontal regions
and was specifically related to the interaction between age and APOE4 (p = 0.032).

Our findings are consistent with earlier reports on altered network connectivity in APOE4 carriers. Results of
our study highlight promise of graph-theory based network centrality to identify brain connectivity linked to
genetic risk, clinical stage and age. Our data suggest the existence of brain network activity patterns that
characterize APOE4 carriers across clinical stages of AD.

1. Introduction structural and functional changes to be associated with aging (Kolb

et al., 2003), allowing for a biological diagnosis of AD based on bio-

Sporadic Alzheimer’s disease (AD) is the most common cause for
dementia at old age (Scheltens et al., 2021). AD includes a continuum of
clinical disease stages, with multiple clinical phenotypes converging to a
final common endpoint of severe cognitive disorder (Aisen et al., 2017;
Devi et al., 2018). A plethora of studies have documented both brain
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markers linked to pathogenesis (Knopman et al., 2018; Jack Jr et al.,
2016). Synaptic dysfunction plays a central role in progression of AD,
and consistent patterns of network dysfunction have been reported for
all disease stages (Franzmeier et al., 2024; Wang et al., 2024; Buckner
et al., 2009). In the presence of AD, pathological brain changes are

1 The data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the
investigators within the ADNI contributed to the design and implementation 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.
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characterized by the accumulation of neurotoxic waste products of
neural activation; i.e., the proteins Amyloid-beta and tau (Craig-Scha-
piro et al., 2009). This occurs with a gradual deterioration of cognitive
skills, often accompanied by emotional disorder, eventually leading to
dementia. An altered organization of brain functional networks is a very
early finding in AD, typically preceding structural loss of brain tissue
(Joo et al., 2015).

Functional magnetic resonance imaging (fMRI) has proven to be a
valid tool for assessing the disruption of functional brain networks in a
context of AD related neuropathology (Dennis et al., 2014; Zhang et al.,
2022; Quevenco et al., 2017; Quevenco et al., 2019; Kagerer et al.,
2020). This technique measures blood-oxygen-level dependent (BOLD)
signals that indirectly reflect in vivo neuronal activity (Ogawa S et al.,
1990). A synchronous fluctuation of BOLD signals in different brain
areas, generally computed by Pearson’s correlation, is commonly
referred to as functional connectivity (Friston et al., 1993). The
computation of FC in resting-state acquisitions allowed to highlight the
so-called resting-state networks, including the default mode network
(DMN), which represents a signature of the resting-state condition, in
opposition to task-positive networks. Alterations of the DMN have been
proven both in healthy aging (Wen et al., 2020) and in different stages of
AD (Greicius et al., 2004). Different methods have been developed to
characterize functional connectivity and the properties of the obtained
brain networks, for example by means of graph-based metrics, one of
them is the eigenvector centrality, that reveals how central a region is
within a network (Lohmann et al., 2010). These metrics have previously
proven useful in unveiling alterations of functional connectivity in
presence of subjective cognitive decline, mild cognitive impairment and
AD (Binnewijzend et al., 2014; Sanz-Arigita et al., 2010; Qiu et al., 2016;
Dai et al., 2019; Deng et al., 2021).

The presence of Apolipoprotein E4 (APOE4) allele, in contrast to the
other two polymorphic alleles E2 and E3, has been shown to accelerate
aging effects at the brain level (Deary et al., 2002) and increase the risk
of developing AD (Wadhwani et al., 2019; James and Bennett, 2019;
Serrano-Pozo et al., 2021). Moreover, the E4 isoform of the ApoE protein
exhibits diminished efficiency in clearing Ap in comparison to E2 and E3
variants, leading to accelerated aggregation of plaques (Wink et al.,
2018; Yu et al., 2014; Risacher et al., 2015). Researchers reported
functional brain alterations in young, healthy carriers of the APOE4
allele, implying that these variant influences neuronal activity before
disease manifestation (Filippini et al., 2009; Su et al., 2017; Zheng et al.,
2018). In older E4 carriers, decreased activity was observed in the
frontal and temporal lobes, the cerebellum, and subcortical brain re-
gions (Filippini et al., 2011; Ma et al., 2017; Sheline et al., 2010;
Machulda et al., 2011; Cai et al., 2017; Luo et al., 2017). Despite this,
there remains limited understanding of the distinct impacts of the APOE
genotype on brain aging. This line of work represents a critical domain
for enhancing our comprehension of Alzheimer’s disease pathology and
its detection.

A series of studies have focused on the progression of clinical
symptoms and cognitive decline in MCI and AD, suggesting a spectrum
with shared neuropathology characterized by impaired resting-state
brain network connectivity, with accelerated progression in APOE4
carriers (Sperling et al., 2010; Kanai et al., 1999; Wang et al., 2017;
Karcher et al., 2020; Sanabria-Diaz et al., 2021a; Sanabria-Diaz et al.,
2021b). The aim of our study was to use graph- theory based network
centrality analysis to identify APOE4 associated brain activity patterns
across the clinical spectrum of AD, as represented by different disease
stages.

2. Methods
2.1. Participants

All our data came from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). For our study, we
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included 128 subjects, 76 non-symptomatic (39 Cognitive Normal (CN),
37 Subjective Memory Complaint (SMC)) and 52 symptomatic in-
dividuals (39 Mild Cognitive Impairment (MCI), 13 AD) (demographics
reported in Table 1). We computed non-parametric testing to evaluate
potential differences between groups regarding age, MMSE and educa-
tion. The Kruskal-Wallis test results indicated no significant differences
across these variables (p > 0.05). Additionally, there were also no sig-
nificant differences in functional connectivity in females and males
subjects, in both groups (APOE4 vs APOE4 non-carriers, p > 0.05). In-
clusion criteria were availability of fMRI and T1 weighted images with
acquisitions made with the same acquisition protocol on the same
scanner as well as availability of clinical assessment, demographic data
and APOE genotyping. Within our sample, 54 individuals are APOE4
carriers (genotypes E4/E4, E4/E3 and E4/E2) and 74 individuals are
APOE4 non-carriers (genotypes E3/E3 and E3/E2). The genotype was
analyzed from DNA samples of each participant with an APOE geno-
typing kit. Demographic information of our sample can be found in the
results section (Table 1). The study was approved by the Institutional
Review Boards of all the participating institutions of ADNI, and
informed written consent was obtained from all participants.

N: number of subjects; std: standard deviation; F: Female; M: Male;
MMSE: Mini-Mental State Examination; There were no significant dif-
ferences between APOE4 vs non-APOE4 carriers in any of these de-
mographic variables.

2.2. Clinical assessments

All clinical phenotyping, including diagnosis, was performed as re-
ported in the ADNI protocol (https://adni.loni.usc.edu/wp-content/th
emes/freshnews-dev-v2/documents/clinical /ADNI3_Protocol.pdf). The
cognitive controls were individuals without significant impairment in
cognitive functions or activities of daily living and without any signs of
depression. SMC subjects reported problems with memory without
objective cognitive impairments and without any signs of depression.
MClI individuals presented clear evidence of cognitive impairment, small
or no functional impairment in daily living activities and with cognitive
concern reported by the patient and/or family. Finally, AD individuals
were established as MCI but with impairment in daily life activities.

The exclusion criteria were any significant neurologic disease, such
as Parkinson’s disease, multi-infarct dementia, Huntington’s disease,
brain tumor, epileptic seizure disorder, normal pressure hydrocephalus,
progressive supranuclear palsy, subdural hematoma, multiple sclerosis,
or history of significant head trauma followed by persistent neurologic
deficits or known structural brain abnormalities.

2.3. Data acquisition

All study participants received neuroimaging on 3 Tesla MRI in-
struments, using standardized sequences according to the ADNI MR
neuroimaging protocol (https://adni.loni.usc.edu/methods/document
s/mri-protocols/). The resting-state fMRI images were acquired using
an echo-planar imaging (EPI) sequence (repetition time (TR) = 3000 ms,
echo time (TE) = 30 ms, flip angle = 90°, number of slices = 197, voxel
size = 3.4 mm x 3.4 mm x 3.4 mm, slice thickness = 3.4 mm, and voxel
matrix = 448 x 448, scan duration = 10 min). The anatomical images
were acquired with an MPRAGE sequence (repetition time (TR) = 2300
ms, echo time (TE) = 3 ms, flip angle = 9°, voxel size =1 mm x 1 mm X
1 mm, slice thickness = 1 mm).

2.4. Imaging preprocessing

Both anatomical and functional images were pre-processed with a
standardized in-house-developed preprocessing pipeline (Richiardi
et al., 2012) implemented in MATLAB (MATLAB 2021a version 9.10;
MathWorks Inc., Natick, MA, USA) and using functions from SPM8 and
SPM12 (https://www.fil.io-n.ucl.ac.uk/spm/). Briefly, this included
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Table 1
Demographics of our study population.
Demographics
APOEA4 carriers APOE4 non-carriers All Subjects
Symptomatic Non-Symptomatic Symptomatic Non-Symptomatic N =128
N =27 N =27 N =25 N =49
Age Mean = 72.28 Mean = 71.69 Mean = 74.26 std = 7.4 Mean = 73.29 std = 7.5 Mean = 73.42 std = 7.59
std = 7.76 std = 7.46
Sex F/M = 13/14 F/M =17/10 F/M = 13/12 F/M = 28/21 F/M = 71/57
MMSE Mean = 27.85 std = 2.72 Mean = 27.84 std = 2.77 Mean = 28.26 std = 2.48 Mean = 28.28 std = 2.6 Mean = 28.09
std = 2.58
Education Mean = 15.16 std = 2.3 Mean = 16.86 std = 2.25 Mean = 16.03 std = 2.64 Mean = 16.7 Mean = 16.3 std = 2.39
std = 2.16

volume realignment and spatial smoothing (FWHM = 5 mm), as well as
nuisance signal removal (six motion parameters, linear and quadratic
trends, average white matter, and cerebrospinal fluid signals).

After registration of anatomical images to the functional individual
space, functional brain images were parcellated using an atlas contain-
ing 379 brain regions, including 360 cortical (Glasser et al., 2016) and
19 subcortical ones (Fischl et al., 2002). Individual gray matter (GM)
maps were extracted for each subject, and intersected with the regis-
tered atlas parcellation, to extract regional BOLD time series, computed
by averaging the signal over all GM voxels in each atlas region. These
were band-pass filtered with a cut-off of 0.01-0.15 Hz to focus on typical
resting-state fluctuations.

2.5. Functional connectivity computation

To compute FC for each subject, we calculated pairwise Pearson’s
correlations between pre-processed regional time series, yielding a 379
x 379 symmetric matrix per individual.

We then computed eigenvector centrality, a graph metric that
quantifies the connectivity of brain regions within a network. This
metric weighs each brain region based on its centrality in the overall
network (Lohmann et al., 2010). It therefore assigns higher centrality
values to regions that are connected to other regions that are themselves
highly connected (hubs). This metric allows to identify key brain regions
that serve as major hubs in the network and therefore play crucial roles
in brain function. It is computed as the first eigenvector of the FC matrix,
which corresponds to the largest eigenvalue. It therefore represents a
lower rank (rank-1) approximation of the FC. As a result, we obtained
379 variables, each representing the eigenvector centrality of a distinct
brain region, for each subject. These variables were then used for further
statistical analysis.

2.6. Statistical analysis

Statistical analysis was performed in MATLAB (2021a version 9.10)
by using in-house code and functions from the Statistics and Machine
Learning toolbox. We investigated the relationship between eigenvector
centrality, age and the presence of APOE4 with Partial Least Square
Correlation (PLSC) analysis (Krishnan et al., 2011), specifically designed
to explore multivariate relationships between a brain and a behavioral
set of variables. In our case, the brain data matrix x included regional
eigenvector centrality values (379 values) for each subject, and the
behavioral matrix Y included the following six variables: (1) age of each
subject; (2) presence of APOE4 (0/1); (3) presence of objective cognitive
symptoms, coded as 1 for symptomatic (AD and MCI); and O for non-
symptomatic individuals (controls and individuals with subjective
memory complaints); (4) interaction between age and the presence of
APOE4; (5) interaction between age and cognitive symptoms; (6)
interaction between presence of APOE4 and cognitive symptoms. The
three behavioral variables (1-3) were z-scored across the population
(Krishnan et al., 2011), while interactions (4-6) were computed as a

multiplication between z-scored variables. By singular value decompo-
sition (SVD) of the covariance matrix between X and Y, PLSC extrapo-
lates sets of variables (left and right singular vectors of the SVD) that
maximize the correlation between brain and behavior; i.e. the brain
saliences V and behavioral saliences U. As in the original PLCS formu-
lation (Krishnan et al., 2011), SVD components are tested for signifi-
cance by permutation testing on singular values (1000 permutations).
Brain and behavioral saliences include patterns of either brain regions,
or behavioral variables that maximize covariance between the brain and
behavioral dataset, expressed by singular values (Krishnan et al., 2011).
Stable elements in brain and behavioral saliences are assessed via
bootstrapping (1000 samples), performed to compute standard errors
for these metrics. The corresponding bootstrap ratios were thresholded
at an absolute value greater than 2, which corresponds to a 95 % con-
fidence interval and implies a stable contribution of the variables to the
correlation (Baracchini et al., 2023). Brain and behavioral scores, also
referred to as PLS latent variables, are then computed as linear combi-
nations of the original data weighted by PLS saliences; that is, Lx = XV
and Ly = YU, respectively. These scores allow to visualize how subjects
are projected in the PLS space optimized for brain-behavior covariance.

In addition, an aging score Ly®8¢ = Y?8¢ * U*¢® is introduced here, with
Y28¢ and U?€ defined as subsets of the original Y and U matrices con-
taining only the age-related behavioral variables and saliences (that is,
age, interaction age-E4 and interaction age-symptoms). This can be seen
therefore as a behavioral score specific to age-related variables; i.e., a
linear combination of age, APOE4-age interaction and symptoms-age
interaction weighted by their behavioral saliences. This score,
computed for each subject, allows us to evaluate how each individual is
affected by age effects on brain connectivity, and if this contribution is
different with respect to the presence of APOE4 or cognitive symptoms.

3. Results

3.1. Age and AD symptoms correlate with decreased centrality in
somatomotor regions

PLSC analysis yielded two significant latent components. By looking
at pairs of brain and behavioral saliences of each component (for
example shown for the first component in Figs. 1 and 2, respectively), we
can highlight which brain regions and behavioral variables contribute
the most to the multivariate correlation. The brain-behavior scores
trajectories can be visualized in Supplementary Fig. 7 for the first
component and in Supplementary Fig. 8 for the second component.
When interpreting behavioral saliences, the ones whose confidence in-
tervals do not cross the zero are retained to significantly contribute to
the multivariate correlation (Krishnan et al., 2011).

The first component (p-val < 0.001) highlights a significant rela-
tionship between decreased centrality in dorsal sensorimotor and
ventral attention networks (Fig. 1, dark blue areas), and the three
behavioral variables (age, the presence of APOE4 and cognitive symp-
toms), as well as the interaction between age and symptoms (Fig. 2).
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Fig. 1. Brain plot representing the first PLS brain salience pattern of correlation driven by age, the presence of APOE4 and cognitive symptoms. We can observe a
decreased centrality in the somatomotor and ventral attention networks (blue) and an increased centrality in the left inferior parietal area (orange) correlated with
age, the presence of APOE4 and cognitive symptoms. The values are bootstrap ratios thresholded at the absolute value of 2, corresponding to a 95% confidence
interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Bar plot representing the behavioral saliences of the first PLS component, indicating significant contribution of age, the presence of APOE4 and cognitive
symptoms, as well as the interaction between age and symptoms, to the brain-behavior correlation. The bars correspond to the confidence interval 95%.

Indeed, age and symptoms appear to dominate this component, with
stronger influence on the correlation pattern (higher behavioral sa-
liences for the behavioral variables (1), (3) and (5)). This observation is
further supported by Supplementary Fig. 7, where it is apparent that
individuals exhibiting cognitive symptoms predominantly contribute to
the observed brain pattern, as shown by their scores diverging drasti-
cally from zero compared to other subjects. We also found opposite
correlation behavior in a small region within the left inferior parietal
region (orange), where increased centrality is linked with the same
behavioral variables (age, the presence of APOE4, cognitive symptoms
and the interaction between age and symptoms).

3.2. Age with APOE4 affects brain centrality in a specific orbitofrontal-
parietal pattern independently of the presence of cognitive symptoms

The second PLS component (p-val = 0.032) appears particularly
interesting for us, as it highlights, in a totally data-driven way, a distinct

correlation pattern, specific to only age and APOE4, and not to the
presence of cognitive symptoms. These highlighted brain regions
belonging to default mode and frontoparietal networks. In particular,
increased centrality in extended regions of the medial frontal area
(Fig. 3, light orange) and decreased centrality in a small focused areas in
the left posterior opercular as well as the right insular and frontal
opercular (light blue), is associated with the interaction between age
and the presence of the APOE4, independently of the cognitive symp-
toms. We can see in fact from Fig. 4 that only the age-APOE4 interaction
(behavioral variable (4)), and in a minor proportion APOE4 (behavioral
variable (2)), contribute to the significant brain-behavior correlation.
This observation is further illustrated in Supplementary Fig. 8 where the
brain-behavior correlation appears more prominently driven by APOE4
carriers.
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Fig. 3. Brain plot representing the second PLS brain salience pattern of correlation driven by APOE4 and its interaction with age. We can observe an increased
centrality in the frontal lobes (light orange) and a decreased centrality in the left posterior opercular as well as the right insular and frontal opercular (light blue) that
is correlated with age and the presence of APOE4. The values are z-scored and thresholded at a bootstrap ratio of 2. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Bar plot representing the PLS behavioral salience, capturing multivariate correlation between APOE4, age-APOE4 interaction and the eigenvector centrality
in the brain salience pattern shown in Fig. 3. The bars correspond to the confidence interval 95 %.

3.3. Age effects on the brain are different in presence of APOE4 or
cognitive symptoms

To better interpret each subject’s contribution in the brain-age cor-
relation patterns and how it differs in the presence of APOE4 and
cognitive symptoms, we plotted the computed aging score projected on
the chronological age of subjects (Figs. 5A and B for the two PLS com-
ponents, respectively). For both components, subjects group in linear
patterns with distinct slopes depending on the presence of symptoms
and/or APOE4 genetic risk factor. In other words, subjects are differ-
ently affected in terms of brain age effects, depending on if they are
APOE4 carriers or not, and if they present AD-related cognitive symp-
toms or not. However, for the first component (Fig. 5A), the difference in
the distribution is more pronounced between presence or absence of
cognitive symptoms, confirming the fact that age effects on somato-
motor and ventral attention circuits (highlighted by the first brain
salience) are mainly driven by the presence of cognitive symptoms.

For the second component (Fig. 5B), instead, the major effect is given
by the presence or absence of APOE4, as shown by a clear opposition

between subjects with or without the genetic risk factor for Alzheimer’s
disease. This further confirms that age-related effects on centralities in
frontal regions (as depicted by the second brain salience pattern in
Fig. 3) are specific to APOE4 carriers.

4. Discussion

The presence of FC alterations in aging is largely explored in litera-
ture with a plethora of different methods (Cassady et al., 2019; Dennis
et al., 2014; Vij et al., 2018; Wen et al., 2020). In this study, we used
graph theory to characterize FC in AD, as reported earlier (Yu et al.,
2021; Brier et al., 2014; Sanz-Arigita et al., 2010). Our approach
included a graph-based metric called eigenvector centrality (Lohmann
et al., 2010; Wink et al., 2018). To our knowledge, our results are the
first published evidence on the presence of functional connectivity (FC)
patterns linked to the interaction between APOE4 and aging, which
remains stable across the clinical spectrum of Alzheimer’s disease
stages.

We found a first signature brain pattern associated with age, the
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Fig. 5. Aging score for the first PLS component projected on chronological age and colored by APOE4 carrier status and cognitive symptoms index. We observed an
effect of both the presence of cognitive symptoms and APOE4, more pronounced for the presence of cognitive symptoms. B) Aging score for the second PLS
component projected on chronological age and colored by APOE4 carrier status and by cognitive symptoms index. We observed an effect of both the presence of
cognitive symptoms and APOE4, but much more pronounced for the presence of APOE4, in fact there is a clear opposition between having or not the genetic risk

factor for Alzheimer’s disease.

presence of cognitive symptoms as well as the presence of APOE4,
corroborating the evidence of neurodegenerative brain alterations.
Brain regions involved showed decreased centrality as an effect attrib-
utable to age, cognitive symptoms and APOE4, and were part of both
somatomotor and ventral attention networks, which is consistent with
earlier fMRI data on aging and Alzheimer’s disease (Li et al., 2011). In
particular, several studies have documented altered functional connec-
tivity patterns within the somatomotor network in AD. Specifically,
reduced centrality and disrupted connectivity have been observed,
indicating compromised motor function and sensorimotor integration
(Dennis et al., 2014; Wang et al., 2015; Devanand et al., 2008; Verghese
et al., 2007). These alterations may contribute to the motor symptoms
commonly observed in AD patients such as slowed movement and
decreased spontaneous activity (Cerejeira et al., 2012; Tosto et al.,
2015). Furthermore, previous studies have shown increased tau and
amyloid deposition associated with APOE4 status in brain regions within
both the somatomotor and ventral attention networks (Drzezga et al.,
2009; Ossenkoppele et al., 2016). Prior studies also indicate how
attentional systems are affected (Li et al., 2011; Malhotra, 2019), besides
the usual memory alteration manifested by AD individuals.

The aging score computed in our study was meant to better grasp the
age contribution in the identified brain patterns and how this contri-
bution differs with the presence of APOE4 or cognitive symptoms. We
found that, for the first component, only the presence of cognitive
symptoms seems to have an effect along with age.

In addition to this, we found a brain pattern indicating an opposition
between frontal regions and insular areas to be specifically related to the
effects of age in presence of APOE4, which was present in all clinical
stages of AD. Presence of both activation and suppression of brain ac-
tivity may reflect synaptic dysfunction and dysregulation associated
with AD brain pathology, as suggested recently (Schreiner et al., 2024).

This observed brain pattern exhibits an increased centrality in frontal
regions, alongside a decreased centrality in insular areas, associated
with the interaction between age and the presence of APOE4. While
previous studies have reported a reduced centrality in occipital regions
among healthy APOE4 carriers (Wink et al., 2018), individuals with
mild cognitive impairment (MCI) (Meinzer et al., 2012) and in AD
populations (Binnewijzend et al., 2014; Sanz-Arigita et al., 2010;
Rombouts et al., 2009), our findings diverge from this pattern. However,
the increased centrality in the left anterior cingulate gyrus, correlated

with the interaction between age and the presence of APOE4, aligns with
prior research (Binnewijzend et al., 2014). Moreover, earlier research on
structural connectivity has demonstrated increased local efficiency, a
graph metric that reflects the efficiency of information flow among
nearby brain regions, in the anterior cingulate gyrus of individuals with
MCI and AD (Lin et al., 2019) as well as in subjective cognitive decline
individuals (Xu et al., 2022). This underlines the novelty of our study,
which employs eigenvector centrality as a sensitive tool to assess AD-
related genetic risk, and specifically captures the interaction of this
risk factor with aging. In fact, adopting a multivariate analysis frame-
work allows us to consider all variables at the same time and successfully
disentangle the effects of AD pathology and presence of APOE4. The
distinction elucidates the specific influence of the APOE4 allele on brain
connectivity patterns, irrespective of cognitive impairment severity. In
essence, our findings delineate distinct brain patterns associated with
APOE4 presence, regardless of cognitive symptomatology, thus offering
valuable insights into the neurobiological mechanisms underlying AD-
related genetic risk.

Increased BOLD signal observed in APOE4 carriers has been inter-
preted as a potential compensatory mechanism aimed at maintaining
normal cognitive performance (Bondi et al., 2005; Dickerson et al.,
2004; Han et al.,, 2007; Burggren and Brown, 2014). Conversely,
reduced BOLD signal in E4 carriers has been linked to early pathological
effects in individuals at genetic risk of developing AD (Borghesani et al.,
2008; Adamson et al., 2011; Haglin et al., 2023). In light of these find-
ings, we can postulate a similar scenario in our study, where the
increased centrality associated with aging in APOE4 presence (red
pattern in Fig. 3) may serve as a compensatory mechanism to preserve
normal cognitive function despite presence of AD brain pathology, while
decreased centrality in the right insular and frontal opercular brain re-
gions could reflect local distress of affected neuronal populations. As
such, the here characterized brain pattern might be used to develop
response markers for disease modifying therapeutic intervention, with
particular relevance for persons at increased risk for AD, as conferred by
APOEA4.

While repetitive transcranial magnetic stimulation (rTMS) and
transcranial alternating current stimulation (tACS) represent promising
approaches for patients with mild to moderate AD (Koch et al., 2022;
Benussi et al., 2022), such novel therapeutic interventions might be
targeted on network-dysregulation within regions of the pattern
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characterized in our present study.

Our sample includes three individuals with E4/E2 carrier-status.
Excluding these subjects to have a homogeneous sample did not alter
the current results. In a future study, which should include more subject
for each genetic profile, ideally in a longitudinal setting, it would be
interesting to see if specific brain connectivity modifications are present
in individuals with APOE2, possibly protective for AD (Farrer et al.,
1997), and investigate differences from APOE4 related brain patterns
regarding implicated brain regions, but also for predictive, individual
risk profiling.

5. Conclusion

Early detection and dynamic staging remain a crucial challenge in
order to manage efficacious therapeutic intervention in AD. In this work,
we explored the relationship between age on brain functional connec-
tivity in AD and the potential mediation of this effect conferred by
APOE4, as indicated by graph-theory based network centrality. We
found a signature brain pattern associated with age and the presence of
APOE4, corroborating evidence of synaptic dysfunction as a core
neuropathological finding across Alzheimer’s disease stages. Future
longitudinal studies are needed to validate our findings in a context of
disease progression and possible use as response-markers in disease
modulating therapeutic intervention.
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