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Abstract.

Background: Sex differences impact Alzheimer’s disease (AD) neuropathology, but cell-to-network level dysfunctions in
the prodromal phase are unclear. Alterations in hippocampal excitation-inhibition balance (EIB) have recently been linked
to early AD pathology.

Objective: Examine how AD risk factors (age, APOE €4, amyloid-(3) relate to hippocampal EIB in cognitively normal males
and females using connectome-level measures.

Methods: Individuals from the OASIS-3 cohort (age 42-95) were studied (N =437), with a subset aged 65+ undergoing
neuropsychological testing (N=231).

Results: In absence of AD risk factors (APOE €4/A+), whole-brain EIB decreases with age more significantly in males than
females (p=0.021, 3 =—0.007). Regression modeling including APOE &4 allele carriers (Af—) yielded a significant positive
AGE-by-APOE interaction in the right hippocampus for females only (p =0.013, B =0.014), persisting with inclusion of AR+
individuals (p=0.012, 3 =0.014). Partial correlation analyses of neuropsychological testing showed significant associations
with EIB in females: positive correlations between right hippocampal EIB with categorical fluency and whole-brain EIB with
the Trail Making Test (p <0.05).

Conclusions: Sex differences in EIB emerge during normal aging and progresses differently with AD risk. Results sug-
gest APOE &4 disrupts hippocampal balance more than amyloid in females. Increased excitation correlates positively with
neuropsychological performance in the female group, suggesting a duality in terms of potential beneficial effects prior to
cognitive impairment. This underscores the translational relevance of APOE &4 related hyperexcitation in females, potentially
informing therapeutic targets or early interventions to mitigate AD progression in this vulnerable population.
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INTRODUCTION

With networks composed of billions of neurons
and synaptic connections, the human brain is a
highly complex dynamical system wherein neural
populations coordinate electrical activity to balance
excitatory and inhibitory neural activity across differ-
ent brain regions. Balanced excitation and inhibition
is crucial for adjusting neural input/output relation-
ships in cortical networks, regulating their dynamic
range of responses to stimuli [1], and achieving opti-
mal information capacity and transfer [2]. Moreover,
maintaining this balance is essential for healthy cere-
bral activity, homeostatic control, and potentially
contributing to lifespan longevity [3—5]. Imbalances,
however, may lead to serious neurological disorders
such as autism, characterized by a shift towards a
more excitatory state [6, 7], and Down syndrome,
linked to increased inhibition (or decreased excita-
tion) [8].

Growing evidence supports the hypothesis that
neuronal hyperexcitation, due to the susceptibility of
inhibitory GABAergic interneurons to Apolipopro-
tein (APOE) e4-mediated neurotoxicity (particularly
in the hippocampal dentate gyrus), may represent
the earliest changes indicative of Alzheimer’s disease
(AD) pathology [9-11]. Normal age-related declines
in excitatory connectivity may result from alterations
in synaptic plasticity, receptor expression, and neu-
ronal morphology, leading to changes in excitatory
and inhibitory signaling [9-11]. Here, we leverage a
recently developed framework based on a pairwise
maximum entropy model from statistical physics to
computationally infer excitation-inhibition balance
(EIB) from combined structural and functional MRI
imaging data [12]. Inspired by the Ising spin-glass
model representation of brain dynamics, self-
organized patterns of connectivity form through the
spontaneous fluctuations of random spins [13]. Spin-
glass models have been used to characterize both
complex microscale dynamics of the human brain
[14-17] and macroscale interactions [18—-23]. In fact,
unconstrained maximum entropy models have been
shown to accurately represent spatiotemporal coacti-
vations in neuronal spike trains [23-26] and patterns
of BOLD activity [26-29]. Recently, Zanoci and col-
leagues [30] demonstrated that the Ising model can
capture collective neuronal behavior during wakeful-
ness, light sleep, and deep sleep when both excitatory
(E) and inhibitory (I) neurons are modeled.

Sex differences play an important role in AD risk,
with females being more susceptible to APOE-related

pathogenic changes than males [31, 32]. Among
other genetic and epigenetic factors, this risk may be
attributed to hormonal differences, such as the pro-
tective effects of estrogen on neuronal function and
synaptic plasticity, which decline during menopause
in females, potentially increasing their susceptibility
to APOE-related pathogenic changes like hyperexci-
tation [33, 34]. However, the field of clinical AD often
treats sex as a covariate, limiting the potential for
discovering interacting effects regarding disease pro-
gression [35]. Recent studies from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) suggest that
approximately 75% of patients with AD are female
and appear to progress to AD more often than males
[36]. While the subjects of this study are unimpaired,
our hypothesis is that our metric describing EIB can
detect subtle shifts in hippocampal dynamics related
to APOE or amyloid-$ influences.

We apply our computational framework on a large
cohort (OASIS-3: Open Access Series of Imaging
Studies [37]) of individuals aged 42 to 95 years
without cognitive impairment. The first aim is to
test the hypothesis that female 4 carriers would
exhibit connectome signatures of hyperexcitation
within hippocampal regions compared to non-&4 car-
riers, which may confer a greater vulnerability to
AD neuropathology. Moreover, we hypothesize that
even females without elevated risk of developing AD
(either through APOE4 or AB+) also have diverg-
ing EIB compared to men, contributing to higher
risk of APOE or amyloid-mediated effects of hyper-
excitation. Lastly, we investigate sex differences in
EIB concerning neuropsychological testing with a
focus on hippocampal dynamics, which play distinct
roles in detecting and monitoring cognitive and func-
tional changes associated with dementia-associated
diseases [38].

While studies assessing the effects of sex and
APOEA4 or AB+ on specific MRI-based BOLD signal
changes have produced varied results, early identi-
fication and intervention are critical to improving
patient outcomes. We aim to expand on these sex
differences, providing new insights and suggesting
that a network with spatiotemporal structure may help
in better understanding AD progression and identify
subtle changes to neural dynamics before the onset
of irreversible degeneration. This can lead to more
informed therapeutic targets and early interventions
to mitigate AD progression in vulnerable popula-
tions, potentially guiding the development of tailored,
effective treatments and improving early diagnosis.
Enhanced understanding of EIB dynamics could con-



L Fortel et al. / Excitation-Inhibition Balance in AD Risk 1451

tribute to personalized medicine approaches in AD,
ultimately leading to better patient outcomes.

MATERIALS AND METHODS
Farticipants

The Open Access Series of Imaging Studies
(OASIS-3) is a retrospective compilation of over
1000+ participants with imaging data collected over
the course of 30 years across several ongoing projects
at the Charles F. and Joanne Knight Alzheimer Dis-
ease Research Center at Washington University in St.
Louis. These projects include the Memory and Aging
Project, Adult Children Study, and Healthy Aging
and Senile Dementia. In total, OASIS-3 comprises
a diverse collection of clinical, neuropsychological,
neuroimaging, and biomarker data for 1098 partici-
pants (age: 42-95 years). It is important to note that
not all participants completed the full protocol, and
only individuals aged 65 or older completed neu-
ropsychological testing [39].

Thus, in this study we analyzed a cross-
section of individuals with combined structural
MRI, functional MRI, and PET imaging sessions
(N=437), including APOE genotyping, extracted
from (https://central.xnat.org). In this study, genotype
was analyzed as a dichotomous variable defined as
APOE4 non-carriers (¢3/€3 allele combination) and
APOE4 carriers (e3/e4 or e4/g4 allele combinations)
since the €4 allele is commonly associated with an
increased AD risk [40-42]. Herein, NC will refer to
APOE4 non-carriers, and APOE4 will refer to carriers
of at least one &4 carrier.

For the purposes of this study, we included only
participants classified as cognitively normal (no
impairment) according to the Clinical Dementia
Rating (CDR) scale (CDR=0). Inclusion of only
cognitively normal participants (CDR =0) ensures
that the analysis focuses on individuals without any
impairment, providing a clearer picture of the factors
affecting healthy aging. We further excluded partic-
ipants carrying one or more APOE &2 alleles due to
the neuroprotective effect associated with this allele
against AD-related neurodegeneration [43, 44]. Con-
sequently, this group could not be considered as part
of either the control or carrier groups. Exclusion of
participants carrying one or more APOE g2 alleles
eliminates potential bias introduced by the neuro-
protective effect of this allele, resulting in a more
accurate assessment of the impact of other factors on
AD risk [45, 46].

We matched each MRI-PET session with the clos-
est clinical session. For each participant, the first
MRI-clinical-session pair with an absolute time dif-
ference of <1 year was selected as the baseline
session. In cases where duplicate data were avail-
able for subjects, we used the earliest or initial MR
imaging session. Using the earliest or initial MR
imaging session for participants with duplicate data
reduces the potential for confounding effects of dis-
ease progression or other time-dependent factors on
the analysis. The aggregated participant information
used in this study is presented in Table 1.

Cognitive assessment measures and
neuropsychological testing

In this study, three screening measures were
included to ensure that included subjects are with-
out cognitively impairment: the Mini-Mental Status
Examination (MMSE), Geriatric Depression Scale
(GDS), and the CDR. The MMSE is a screening
tool used to assess global mental status. It is com-
prised of an 11-question measure (scored from O to
30) assessing orientation, attention and concentra-
tion, registration, recall, and language. Scores below
24 have been shown to be effective in identifying indi-
viduals with possible cognitive impairment [47]. The
GDS is a 30-item measure that assesses symptoms
of depression in middle-aged and older populations.
Scores above 10 indicate possible Major Depressive
Disorder [48]. The standardized collection of OASIS-
3 was developed at the Alzheimer’s Disease Centers
(ADC) program of the National Institute on Aging
(NTA) as a central component of the Uniform Data
Set (UDS) [49, 50]. Here, the clinical labeling of
dementia severity was determined based on the CDR.
The CDR is a semi-structured interview intended to
provide a global dementia severity rating, which is
commonly employed for staging and tracking decline
in AD [51, 52]. The score here represents multiple
levels of functional impairment (0 =no impairment;
0.5 =questionable or very mild impairment; 1 =mild
impairment; 2 = moderate impairment) and summa-
rizes the estimate of dementia severity [53, 54]. As
mentioned in the previous section, this study com-
prises only of individuals with a CDR equal to zero
(signifying no impairment).

Further, the protocol used in the OAISIS-3 for neu-
ropsychological testing consists of a battery based
on the Uniform Data Set (UDSNB), which was
developed in ADC to establish a standardized data
collection system [55]. Participants aged 65 and
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Table 1
Demographics and screening measures of participants from OASIS-3 [39] used in this study.
All subjects are cognitively normal with CDR=0

Females Males P
(N=269) (N=168)
Age (y) 67.6 (9.3) 68.3 (8.9) 1.0
APOE Alleles
£3/e3 170 (27 AB+) 104 (19 AB+)
g3/e4 82 (29 AB+) 58 (27 AB+)
e4/e4 17 (11 AB+) 6 (3 Ap+)
Total APOE &4 99 64 1.0
Total AR+ 67 49 1.0
Education (y) 15.5(2.5) 16.7 (2.6) <0.001
MMSE (total) 29.2(1.1) 29.0 (1.3) 1.0
GDS (total) 1.3 (1.7) 1.2 (1.6) 1.0
1rs-SC Quality (S,,) 0.95(0.01) 0.95(0.01) 1.0
rs-SC Quality (max f,) 0.88 (0.02) 0.88 (0.02) 1.0
EIB — Whole Brain 1.26 (0.08) 1.27 (0.08) 1.0
EIB - Right Hippocampus 1.35(0.35) 1.37 (0.31) 1.0
EIB - Left Hippocampus 1.35(0.32) 1.32 (0.31) 1.0

Mean values (SD), Holm-corrected p-values; EIB, excitation-inhibition balance; rs-SC, hybrid
resting-state structural connectome; MMSE, Mini-Mental State Exam; GDS, Geriatric depres-

sion scale.

older completed a battery of neuropsychological
tests at the ADRC to evaluate several tests measur-
ing attention, working memory, executive function,
processing speed, language, and episodic memory.
Logical Memory - Story A, a subtest of the Wechsler
Memory Scale-Revised, measures episodic memory.
Participants recall as many details as they can from
a short story containing 25 bits of information after
it is read aloud by the examiner (LM-I) and again
after a 30-minute delay (LM-II, with scores ranging
from O (no recall) to 25 (complete recall). Seman-
tic memory and language were measured using the
Category Fluency test, requiring participants to name
as many words belonging to a category, animal and
vegetable, in 60 seconds, and the Boston Naming
Test, in which participants name drawings of com-
mon objects. Psychomotor speed was measured using
the WAIS-R Digit Symbol test and the Trail Making
Test Part A. The WAIS-R Digit Symbol test is scored
on the number of digit symbol pairs completed in
90 seconds. Executive function was measured using
the Trail Making Test Part B. In the Trail Making
Test participants were asked to make a trail by con-
necting a series of numbers (1-26) for part A and
connecting a series of alternating numbers and let-
ters (1-A-2-B) for part B. The outcome measure used
in this manuscript is the total time to complete in
seconds with a max of 150s for Trails A and 300s
for Trails B. A complete description of cognitive
assessment measure and neuropsychological testing
completed for the OASIS-3 dataset can be found

in the data dictionary (https://www.oasis-brains.
org/).

MRI and PET imaging

MRI and PET imaging used in this study from the
OASIS-3: Longitudinal Neuroimaging, Clinical, and
Cognitive dataset for Normal Aging and Alzheimer’s
disease [37] was collected in a 16-channel head
coil of a Siemens TIM Trio 3T scanner. In this
study, only cognitively normal individuals with struc-
tural (Diffusion-weighted imaging and T1-weighted
imaging), resting-state functional (fMRI) and PET
imaging were included. Processing of the MRI imag-
ing is described in the Supplementary Material
detailing the processing of structural and functional
networks, as well as the procedure for construct-
ing a hybrid resting-state structural connectome. In
short, our team recently combined MRI-derived mul-
timodal connectome data (resting-state functional
and structural) with statistical physics to obtain a
macroscopic account of inhibitory and excitatory
long-range connections [12, 56]. Here, we employed
the Ising model, a well-known spin-glass model from
statistical physics in which the states, also referred to
as “spin configurations”, of interacting units — in our
case brain regions connected by white matter edges —
are constrained to be either 1 (“active”) or —1 (“inac-
tive””). As described previously [12, 56], we construct
a function-by-structure embedding (FSE) using a
constrained pseudolikelihood estimation technique
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wherein pairwise interaction coefficients are inferred
from the observed data (BOLD time series) and
underlying structural connectome, resulting in a spa-
tiotemporal network describing both structure and
function (called the hybrid resting-state structural
connectome, or 1s-SC).

Note that although our framework for construct-
ing the rs-SC does not explicitly model brain activity
at a neuronal level, several seminal studies have used
the Ising model to investigate neuronal firing patterns
with success, showing that ensemble level activities
can be well explained by pairwise Ising interactions
[24, 57]. To be clear, from a connectomics perspec-
tive, if several brain regions are identified to have an
increase in positive edges in the rs-SC, collectively,
that would suggest a wider-spread pattern of cou-
pling (i.e., more likely to exhibit a pattern of global
coupling) that may subserve hyperexcitation. It is
in this context that we conceptualize the Excitation-
Inhibition (E-I) ratio, a global (whole-brain) or local
(ROI-level) estimation of EIB, computed as the sum
of positive edges divided by the sum of negative
edges. For example, if a brain region in the network
has 45 positive interactions (edges) and 34 negative
interactions with other brain regions, then the E/I
ratio=45/34, or 1.32 (a value of 1 indicates perfect
EIB).

PET imaging included both [11C]-Pittsburgh com-
pound B, as well as Florbetapir ([18F]-AV45). The
PET image processing steps can be found in the data
dictionary (https://www.oasis-brains.org/). For this
study, we utilized the partial volume corrected mean
cortical Standard Uptake Value Ratio (SUVR) with
regional spread function (SUVR rsf) provided in the
dataset database (https://central.xnat.org). To assess
global amyloid burden based on the PET imaging,
the mean cortical SVUR was defined as the arith-
metic mean of SUVRs from the precuneus, prefrontal
cortex, gyrus rectus, and lateral temporal regions
(include citations). A positive amyloid- PET scan
(AB+) was defined as having a mean cortical SUVR
rsf>1.42 for ['!C]-Pittsburgh compound B PET or
SUVR rsf>1.19 for Florbetapir PET [39, 58]. For
simplicity with two different PET tracers utilized in
this dataset, in the ensuing analyses we treat Af3 as a
dichotomous variable wherein an individual may be
either AB— or AB+.

Statistical analysis

Demographic, screening and clinical measures
for males and females were compared using the

Wilcoxon rank-sum tests for continuous variables and
Fisher’s exact test for categorical variables. These
non-parametric tests were chosen due to their robust-
ness to non-normality and applicability to small or
unbalanced sample sizes. The statistical tests were
initially used to identify differences in demographic,
screening, or clinical measures between males and
females. However, the decision to include these vari-
ables as covariates in the regression models was
also based on their potential impact on the outcome
variables as informed by existing literature. This
consideration led to the addition to the AD risk fac-
tors being evaluated (g4 carriers (APOE)/non-carriers
(NC), sex, age, and amyloid-3 positivity (AR+/
AB-).

Whole-brain and hippocampal EIB were evalu-
ated using linear regression models, which allowed
us to estimate the relationships between the predic-
tors and the outcome variables, as well as assess
potential interaction effects. Three separate regres-
sion models were tested (with sex = 1 for females and
sex =0 for males): The first regression model exam-
ined EIB as a function of age and sex interactions for
cognitively normal males and females without any
known predispositions to AD neuropathology (i.e.,
individuals with CDR=0, AB—, and APOE &3/e3
allele combinations). This model aimed to iden-
tify and evaluate the progression of EIB between
sexes under normal-aging conditions (N =228, 143
Female) without any known genetic risk factors for
AD. The second regression model assessed EIB as
a function of age and APOE interactions for indi-
viduals that are AB- to evaluate the influence of
the APOE4 allele on EIB in healthy aging (N =321,
202 Female). APOE is a dichotomous variable indi-
cating individuals with at least one APOE4 allele
or none (&3/e3). The third regression model exam-
ined EIB as a function of the interactions between
age, APOE, and amyloid (allowing for up to 4-way
interactions between predictors), as well as two-way
interactions of APOE — amyloid when controlling
for other confounds (N=437, 269 Female). Amy-
loid positivity is a dichotomous variable (AB+/AB-)
based on thresholding of SUVR data from PET imag-
ing, as described in the methods section. This model
was analyzed separately for each sex to investigate
the effect of €4 and amyloid on EIB specific to males
and females.

Lastly, we tested for relationships between cog-
nitive measures, neuropsychological tests, and EIB
for each sex using partial correlation analysis to
control for age, APOE, and amyloid as confounds.
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Partial correlation analysis was chosen as it allows
for the evaluation of the association between two
variables while controlling for the effects of other
variables. We further performed correlation analysis
to test for associations between EIB and screening
measures (MMSE, GDS, Education). p-values were
adjusted for multiple comparisons using the Holm
correction to control the family-wise error rate and
reduce the likelihood of false positives. A p-value
<0.05 was considered statistically significant, and
p<0.1 was considered marginally significant. Anal-
yses were conducted in MATLAB R2021b.

RESULTS

Computationally inferring excitation-inhibition
balance from MRI imaging data

We compute excitation-inhibition balance (EIB)
for the whole-brain as well as for left and right
hippocampal regions as determined by the Harvard-
Oxford Atlas used in the processing of the MRI
imaging. Here we follow the three-stage process for
obtaining an optimized hybrid resting-state struc-
tural connectome (rs-SC) via a function-by-structure
(FSE) embedding. To evaluate the quality of the
generated rs-SC, we compute the similarity metric
and evaluate the quality of reconstructing observed
FC. As described in the Supplementary Material,
the similarity metric Sy, evaluates the constraint and
is computed as the correlation between the magni-
tude of rs-SC and the structural connectome. The
max f, metric measures the quality of reconstruct-
ing observed FC using Monte Carlo simulations of
the Ising model with our rs-SC being used to define
the interaction network. The value for structural simi-
larity (Sy,) in this dataset is 0.9, the max is 0.98, with
a mean of 0.95 and variance of 0.0001. The min-
imum correlation between observed and simulated
FC (max f.) in this dataset is 0.82, the maximum
is 0.93, the mean is 0.88 with variance of 0.0004.
This suggests that the FSE framework works well in
constructing the hybrid connectome with low inter-
subject variability. From the rs-SC, we compute E-I
by summing the positive edges in the network (excita-
tory interactions) divided by the negative edges in the
network (inhibitory interactions). This is computed
for the whole brain (105 ROIs) as well as isolating
the bilateral hemispheres of the hippocampus (left
and right) for further analyses.

Excitation-inhibition balance of cognitively
normal individuals without APOE4 or significant
amyloid

With EIB computed for each subject at the whole
brain and hippocampal levels, we first evaluate sex
differences in EIB for cognitively normal individ-
uals without known risks of developing AD (e.g.,
APOE €3/¢3 and AB-). A subset of subjects from
Table 1, we note only a statistically significant differ-
ence in male (N =85) and female (N = 143) education
(in years) with Holm-corrected p <0.001, noting that
on average the females in this group have less edu-
cation (15.5 years) as compared to males (16.7). As
a result, we account for education in our regression
models due to significant group difference between
males and females. In Fig. 1, we present the pro-
gression of global EIB and hippocampal EIB (left
and right). Here, linear regression analysis evaluat-
ing whole-brain EIB with interaction effects of age
x sex result in p=0.021 (=-0.002, SE=0.001),
suggesting that males may have a greater increase
in global inhibitory tone than females (or decrease
in excitatory interactions). No difference is found
for this subset of the OASIS-3 cohort in terms of
hippocampal EIB. The result presented in the fig-
ure suggests that females maintain EIB from middle
age to old age better than men, potentially a result of
some compensatory mechanisms to a decline in exci-
tatory tone. Regression results including estimates,
p-values and standard error for all main and inter-
action effects are shared in Supplementary Table 1.
Sensitivity analysis was performed using Cook’s Dis-
tance for outlier detection in our model. Exclusion
of this outlier resulted in only marginal changes in
our regression analysis without significant changes
to results or overall conclusion, suggesting that the
influence of this single data point on the estimated
regression line is minimal. Therefore, the inclusion or
exclusion of this outlier did not significantly impact
the overall results, lending further credibility to our
conclusion that men may have a greater increase in
global inhibitory tone than women (or decrease in
excitatory interactions) in the absence of AD risk
factors.

Influence of APOE €4 on excitation-inhibition
balance

Additionally in this study we aimed to evaluate
on a larger scale, findings from our previous inves-
tigations of sex differences in EIB with respect to
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Fig. 1. Progression of EIB in cognitively normal males and females without AD risk factors (APOE &3/e3, and AB-). Progression of
global EIB suggests that males may have a greater increase in inhibitory tone than females with age (or decrease in excitatory interactions).
Linear mixed effects regression analysis evaluating the interaction effects of age x sex resultin p=0.021 (3 =—0.002, SE=0.001). No group
differences were identified in the right or left hippocampus. Results suggest that EIB is more stable in females than males with increasing
age (in absence of AD risk factors), perhaps due to some underlying compensatory mechanisms.

the APOE4 allele [12, 59], namely that cognitively
unimpaired females with at least one APOE4 allele
exhibit shifts in excitatory interactions which may
confer greater vulnerability to AD neuropathology.
Specifically, here we evaluate the progression of EIB
with respect to age for whole-brain and hippocampal
regions for males and females separately to elucidate
the impact of the APOE genotype. Presented in Fig. 2
is a comparison of hippocampal EIB progression
for cognitively normal males (N=119) and females
(N'=202) that are AB—. While our data is not age or
sex-matched as in our previous work, Fig. 2 includes
whole-brain comparisons for male and female APOE
carriers and non-carriers (NC) based on linear regres-
sion analysis. While there is a group difference in
whole-brain EIB between female APOE carriers and
non-carriers, the difference can be partially explained
by age differences in this cross-section, resulting in
a p-value of p=0.061 (3=0.02, SE=0.01) for the
main effect of APOE status. Visually, only the right
hippocampus diverges for female APOE4 carriers as

compared to non-carriers. Linear regression analysis
evaluating the interaction effects of age x APOE for
females results in p=0.013 (3 =0.014, SE=0.005).
No significant group difference was identified in
whole-brain dynamics for either sex, the left hip-
pocampus for women, or for either side of the
hippocampus for men. This result suggests that cog-
nitively normal females that are APOE4 carriers and
amyloid negative exhibit an increasing effect with age
in the EIB of the right hippocampus as compared to
non-carriers in the absence of significant amyloid.
Regression results including estimates, p-values, and
standard error for all main and interaction effects are
shared in Supplementary Table 2.

Excitation-inhibition balance in the presence of
APOE4 and AB

With the inclusion of individuals with significant
A deposits for both APOE4 carriers and non-carriers
as described in Table 1, we aim to determine results
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Fig. 2. Progression of EIB in cognitively normal males and females, comparing APOE4 and non-carrier (NC) groups that are AB—. Top
panel: whole-brain comparisons for male and female APOE4 carriers and non-carriers (NC) based on linear regression analysis. While there
is a group difference in whole-brain EIB between female APOE4 carriers and non-carriers, the difference can be partially explained by age
differences in this cross-section, resulting in a p-value of 0.06 for the main effect of APOE4 status. Middle and Bottom Panels: Here, only
the right hippocampus for females demonstrates divergence for APOE4 carriers as compared to non-carriers. Linear regression modeling to
evaluate the interaction of age x APOFE4 results in p=0.013 (3 =0.014, SE =0.005). Results suggest that females APOE4 carriers exhibit an
increasing effect in EIB in the right hippocampus as compared to non-carriers in the absence of significant amyloid deposits. No significant
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group differences were identified in the left hippocampus for females or for either side of the hippocampus for men.
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for three cases in the linear modeling of sex differ-
ence in whole brain and hippocampal EIB. First, we
evaluate age x APOE interaction, second, we evalu-
ate age x Amyloid interactions, and third we evaluate
APOE x Amyloid interactions (noting here that both
APOE and amyloid are dichotomous variables). In
Fig. 3, we present a comparison of hippocampal EIB
progression for cognitively normal males and females
that are AB+. The right hippocampus appears to be
significant for both males and females with diverging
progression between APOE carriers and non-carriers;
however, linear regression analysis evaluating inter-
action effects of age x APOE results in p=0.012
(B=0.014, S.E.=0.012) for the right hippocampus
of females only. Regression results are insignifi-
cant for males (p>0.1). Further, linear regression
modeling identified a marginally significant interac-
tion effect of age and amyloid status with p=0.07
(B=-0.02, S.E.=0.012) for the left hippocampus in
females only. No other interaction effects have any
significance. Regression results including estimates,
p-values, and standard error for all main and inter-
action effects are shared in Supplementary Table 3.
This suggests that the association of EIB with age for
both men and women may be affected by amyloid
plaques, with more significant differences in female
APOEA4 carriers.

Relationship between excitation-inhibition
balance and neuropsychological tests

To evaluate the relationship between EIB for
whole-brain dynamics as well as for the hippocam-
pal regions, we perform partial correlation analysis
between the neuropsychological test completed in
this cohort and EIB of the whole-brain, as well as the
left and right hippocampus (for each sex separately).
Here we are controlling for primary co-factors of age,
APOE4, amyloid status (with the latter two being
dichotomous variables), and education due to signif-
icant group differences between males and females
(shown in Table 1). The screening measures of sub-
jects are presented in Table 2, noting that they are a
subset of the overall 437 used in this study. Further, as
presented in Table 2, we note significant differences
between males and females for learning memory task
I (LM-I), learning memory task IT (LM-II), category
fluency for vegetables, and the Boston naming test
(p<0.05).

Partial correlation analysis of EIB for the whole-
brain, as well as left and right hippocampus with
neuropsychological measures are presented in Fig. 4.

Statistically significant correlations are indicated
with a star (Holm-corrected p < 0.05), with all results
presented in Table 3. The plot in Fig. 4 highlights
differences in both whole-brain and hippocam-
pal relationships with neuropsychological tests in
females when controlling for well-known covari-
ates in this dataset related to susceptibility of AD
neuropathology. Here, the partial correlation of EIB
of the right hippocampus with categorical fluency
(ANIMALS) is significant (p <0.05) and marginally
significant with logical memory tests (p <0.1). Fur-
ther, the partial correlation of EIB of the whole-brain
with trail making test B is significant (p <0.05)
and marginally significant with Trail Making test A
(p <0.1). We note that the performance in Trail Mak-
ing tests is measured in seconds to completion, hence
shorter times imply better performance. Both sets of
results are specific to the female group. Partial cor-
relations of EIB with neuropsychological tests are
insignificant for the male group when controlling for
co-factors of age, APOE, and amyloid status. Fur-
ther, there is a more right hemispherical dominance
in terms of hippocampal EIB for females compared to
left hemispherical dominance for males in most tasks,
however males do not have any statistically signifi-
cant correlations between EIB of the hippocampus
or whole-brain with these neuropsychological tests
when controlling for co-factors of age, APOE, and
amyloid status, and education. This, in contrast to
females that do have more significant relationships
with the right hippocampus. We note here the pat-
tern of Trail Making tests having more influence
from whole-brain dynamics than either hippocam-
pal region for both males and females (albeit more
significantly for the latter).

DISCUSSION

The present study was conducted to determine
how EIB in cognitively normal individuals may be
associated or influenced by AD risk factors such
as age, sex, APOE genotype, and AB. Using a
framework based on statistical physics, we compu-
tationally inferred EIB to macroscopically evaluate
whole brain and hippocampal signatures of hyperex-
citation. The novelty of this model lies in integrating
microscale principles at a connectome level to bridge
the gap between cell-to-network level degeneration.
We previously demonstrated age- and sex-dependent
hyper-excitation within regions of the default mode
network in a cohort of AB— cognitively normal female



1458

L Fortel et al. / Excitation-Inhibition Balance in AD Risk

PROGRESSION OF HIPPOCAMPAL

E-I BALANCE

Females
@)

A « Right - Left = Right - Left
35 35
a 3 8 3
A Z2s = Z 25 o 2
|3 IR P = 2 @)
-~ - T . Pt CRN « ~
O 815 ek Bie o @15 _;
Zla a1 - 19 ﬁ:ﬁ @1
0.5 . [s% ! 0.5
40 60 80 40 60 80
AGE AGE
35 35
B .
T = & i 2
| P25 . | $2s %
S é 2 . S 2 BT o
= | S1s ...._gsfln“h 215 *"ih:-ié" =
3 gppedkd [T he
of=" s |3 B (2
: 05 05 b
40 60 80 40 60 80
AGE AGE
35 35
= 5.
25 25
+ | % Z 2
% 'é‘ 2 - . i 2 . O
e =% g ™ & T ~
| =15 S - 15 "P‘-zl'i' >
% = 1 O h:ﬁa = 1 A i}“‘.é- .$
0.5 - 05
40 60 80 40 60 80
AGE AGE
35 35
D
= 3 = 3
L | F2s Sas %
<| 3 L =
= i 2 w|-"' i 2 A-.. . g
* | = == L P -] At
w15 = S g - 15 = e 'y
AE =328 | I z24=¥ | &
1 G L I 1 T _g
% 0.5 05 +
40 60 80 40 60 80
AGE AGE

SO[RTAl

Fig. 3. Hippocampal EIB progression for cognitively normal males and females that are AB—/AB+ (with and without APOE4). Panels from
top to bottom (A-D): first is a comparison of hippocampal EIB progression in the absence of known AD risk factors (APOE4 and AB+),
then hippocampal EIB progression for amyloid negative (AB-) individuals with at least one APOE4 allele, followed by hippocampal EIB
progression of amyloid positive (AB+) that are non-carriers (NC) of APOE4, and last is hippocampal EIB progression for individuals that are
APOE4 carriers and also AB+. These plots suggest that in the presence of significant amyloid (AB+), divergence between APOE carriers and
non-carriers is significant in the right hippocampus for males and females, however regression modeling to evaluate the interaction effects
of age x APOEA4 results in p=0.012 (3=0.014, S.E.=0.012) for females only. Further, linear regression modeling identified a marginally
significant interaction effect of age and amyloid status with p=0.071 (8 =-0.02, S.E.=0.012) in the left hippocampus for females as well.
Regression results are insignificant in the hippocampus (right and left) for males (p >0.1). Results suggest that features of hyperexcitation
(increasing EIB) in hippocampal regions may be driven by APOE4 rather than amyloid for cognitively normal individuals, with more

significant impact on females.
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Table 2
Demographics, and screening measures of participants from OASIS-3 [39] used in secondary
analyses involving neuropsychological testing (a subset of those presented in Table 1). All
individuals are cognitively normal (CDR =0) with completed neuropsychological testing

Females Males p
(N=138) (N=93)

Age (y) 72.3(6.2) 72.1(6.1) 1.0
APOE Alleles 1.0

&3/e3 89 (19 AB+) 57 (16 AB+)

£3/e4 42 (19 AB+) 33 (18 AB+)

ed/ed 7(5 AB+) 3(2AB+)
Total APOE &4 49 36 1.0
Total AR+ 43 36 1.0
Education (y) 15.1 (2.5) 16.7 (2.6) 0.011
MMSE (total) 29 (1.2) 28.9 (1.3) 1.0
GDS (total) 1.3(1.8) 1.2 (1.6) 1.0
LM-I 14.6 (3.9) 13.1 (3.9) <0.001
LM-II 13.9 (4.4) 12.5 (4.1) 0.052
ANIMALS 20.8 (5.7) 21.3(.5.1) 1.0
VEGETABLES 16.1 (3.9) 13.2 (3.3) <0.001
TRAIL-A 33.8 (12.3) 34.3(14.5) 1.0
TRAIL-B 90.1 (49.3) 80.9 (27.9) 1.0
WAIS-R 57.1 (13.2) 53.9(10.2) 0.322
BOSTON 27.4(2.5) 28.3 (1.9) 0.031

Mean values (SD), Holm-corrected p-values; MMSE, Mini-Mental State Exam; GDS, Geriatric
depression scale; Scored neuropsychological tests (higher scores imply better performance): LM-1,
Logical Memory task; LM-II, delayed Logical Memory; WAIS-R, Wechsler Adult Intelligence
Scale; BOSTON, Boston naming test; ANIMALS and VEGETABLES, category and letter fluency
test; timed neuropsychological tests (lower scores imply better performance): TRAIL-A and TRAIL-
B (Trail Making Tests).

Partial correlation analysis of E-I balance and neuropsychological testing
for females (controlling for age, APOE4, amyloid status, and education)
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Fig. 4. Partial correlation analysis of EIB (whole-brain, left and right hippocampus) and neuropsychological testing for females, controlling
for co-variates of age, APOE4, and amyloid status. Presented here are partial correlation analysis of EIB for the whole-brain, as well as left
and right hippocampus with neuropsychological measures. Statistically significant correlations are indicated with two stars (Holm-corrected
p<0.05) and partially significant correlations are indicated with a single star (Holm-corrected p <0.1). There are no statistically significant
(or marginally significant) results for males, and therefore are not included in this figure (all results for both sexes included in Table 3).
The plot here highlights differences in both whole-brain and hippocampal relationships with neuropsychological tests when controlling
for well-known covariates in this cognitively normal cross-section in terms of susceptibility to AD neuropathology. Here, performance in
category fluency tests (ANIMALS) demonstrates a significant positive correlation of the right hippocampus, while performance in trail
making test B is significantly correlated with the EIB of the whole-brain. We further note that logical memory tests (I, II) have marginally
significant positive partial correlations with right hippocampus EIB as well, while trail making test A is also marginally significant with
whole-brain EIB. We note that for trail-making tests, performance is determined by the shortest time to completion, so negative correlations
indicate a positive association with performance. Further, visually we see a hemispherical dominance in terms of right hippocampal EIB
with neuropsychological test performance. We note here the pattern of Trail making tests having more influence from whole-brain dynamics
than either hippocampal region for both males and females (albeit more significantly for the latter). In sum, results suggest that increasing
EIB of the hippocampus seen in females, particularly those at increased risk of developing AD, correlated with improved performance in
neuropsychological tests for females.
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Partial correlation analyses of EIB and neuropsychological testing, controlling for the effects of age, sex, APOE4, and amyloid status

Whole-Brain Hippocampus (right) Hippocampus (left)
Females Males Females Males Females Males

LM -1 0.011 (0.9) —-0.084 (1.0) 0.22 (0.078*) -0.043 (1.0) —-0.004 (0.965) -0.261 (0.1)
LM -1I 0.041 (1.0) —-0.047 (0.66) 0.21 (0.097*) —-0.063 (1.0) -0.013 (1.0) -0.21 (0.213)
ANIMALS 0.048 (1.0) -0.082 (1.0) 0.23 (0.048**) -0.029 (1.0) 0.027 (1.0) -0.161 (0.517)
VEGETABLES -0.026 (1.0) 0.133 (1.0) 0.072 (0.413) 0.112 (1.0) 0.019 (1.0) 0.243 (0.152)
TRAIL - A —-0.21 (0.098*) —-0.184 (0.652) -0.1(0.75) -0.112 (1.0) -0.051 (1.0) 0.062 (1.0)
TRAIL - B —0.252 (0.034**) -0.113 (1.0) -0.1(0.951) -0.112 (1.0) —-0.144 (0.855) -0.016 (0.886)
WAIS-R 0.133 (0.731) 0.061 (1.0) 0.142 (0.49) 0.025 (0.821) -0.009 (1.0) 0.1 (1.0)
BOSTON 0.067 (1.0) 0.182 (0.721) 0.082 (0.662) 0.133 (1.0) 0.041 (1.0) 0.252 (0.148)

Linear partial correlation coefficient  (Holm-corrected p-values), scored neuropsychological tests (higher scores imply better performance):
LM-1, Logical Memory task; LM-II, delayed Logical Memory test; WAIS-R, Wechsler Adult Intelligence Scale; BOSTON, Boston naming
test; ANIMALS and VEGETABLES, category and letter fluency test; timed neuropsychological tests (lower scores imply better performance):
TRAIL-A and TRAIL-B (Trail Making tests). *Adjusted p <0.1; **Adjusted p <0.05.

carriers of APOE4 allele [12, 59] where traditional
measures of functional connectivity were unable
to detect the subtle differences in brain dynamics
between female carriers and non-carriers in middle
age [60, 61]. Several studies have investigated EIB
as an effect of the normal aging and neurodevelop-
mental process [3, 62-64]; however few incorporate
known sex-differences in brain activity and develop-
ment [65].

The results presented herein demonstrated that in
the absence of AD risk factors (APOE e4/AB+),
whole-brain EIB progresses differently between
males and females with age, with males decreas-
ing more significantly as they get older. Further,
performing regression modeling with the inclusion
of individuals having at least one APOE &4 allele
(AB-) produced a significant age-by-APOE inter-
action in the right hippocampus for females only.
The effect remained unchanged with inclusion of
AR+ individuals. Last, we performed partial corre-
lation analyses between EIB and neuropsychological
testing, revealing positive associations between hip-
pocampal and whole-brain EIB with test performance
(for females only). Significant relationships between
EIB in the right hippocampus with categorical fluency
and whole-brain EIB with a trail-making test were
identified. Each of these results will be discussed
below.

The investigation in the context of normal aging
is based on N=228 (143 Female) individuals that
have the APOFE £3/e3 combination and classified as
AB-. We note as mentioned in the methods section,
the exclusion of individuals with the APOE €2 allele.
Deciding whether to include or exclude subjects with
additional allele combinations including APOE &2
merits further discussion. In this study, we aimed
to expand on our previous work in a larger cohort

evaluating EIB as a potential MRI-based biomarker
demonstrating pathophysiological differences in
males and females that may confer latter greater
vulnerability to AD neuropathology. By including
individuals with additional allele combinations, we
would then have to include an additional variable in
our analysis, namely allele pair combinations. While
it may provide additional insight into an EIB spec-
trum among different allele combinations, it would
also decrease the statistical power of our results as
some allele combinations would have significantly
fewer subjects than others for each sex (even more so
when breaking down by amyloid positivity as well).
Our future work will aim to drill down further, beyond
simple £3-g4 comparisons to better understand the
relationship between the allele combinations and
EIB. Here, our study demonstrates that alterations
in the EIB are complex mechanisms that are asso-
ciated with aging, sex, and the APOE4 genotype
before cognitive impairment occurs. Interestingly, we
observed a reduction in EIB with age in males, pre-
sented in Fig. 1, which may be protective against
hyperexcitability. It has been reported that alterations
of tonic inhibition lead to hyperexcitability, which
could contribute to the development of neurodegen-
erative diseases [66]. Thus, the reduction of excitation
with aging in males might serve as a protective mech-
anism against neurodegeneration. Further research
is needed to determine the underlying mechanisms
of this phenomenon and its implications for disease
progression. We acknowledge that it is difficult to
interpret whether females have increased excitatory
tone or males have increased inhibitory tone with
respect to healthy aging and what other factors may
be involved (genetic, hormonal, physiological, etc.).

These sex differences are highlighted further with
the inclusion of individuals with APOE &4 and pro-
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vide additional support to our previous findings in that
females with at least one APOE4 allele are at higher
risk of AD neuropathology due to a hyperexcitation
of critical brain regions. Specifically, we found that
EIB diverges significantly in the right hippocampus
for female carriers, with no change in either side of
the hippocampus for males. Shown in Fig. 2, these
findings are biologically significant in the following
two important ways:

1) They are consistent with the recently proposed
theory of a hyper-excitable state in the earli-
est AD pathology, due to the susceptibility of
inhibitory GABAergic interneurons to ApoE4
fragment-mediated neurotoxicity (in the den-
tate gyrus of hippocampus).

2) They may help explain sex differences in
AD (females are at a substantially greater
risk of developing AD) by linking the ear-
liest pre-clinical changes of AD pathology,
i.e., hyper-excitability in the hippocampus,
to reported sex-differences in functional con-
nectivity developed in early adulthood and
sustained across the life span. Indeed, fMRI
studies have shown that females exhibit higher
resting-state functional connectivity in the tem-
poral lobe, and thus likely a differentially
higher excitation relative to inhibition). Given
the complexity multifactorial nature of AD,
network-level neuroimaging metrics may be
more sensitive to subtle structural and func-
tional disruptions than traditional analyses [67,
68].

In fact, our results suggest that APOE, but not amy-
loid, may be the driver for increased EIB deviations
as demonstrated by the interaction effect of APOE
and age, having no change in statistical significance
with the inclusion of AR+ individuals. However, in
this cohort (OASIS-3), the cognitively normal group
is heavily skewed in terms of A{3- individuals, which
may result in low statistical power for differentiating
between APOE and amyloid-mediated effects in this
cross-section. In our analysis, we recognize several
limitations that may impact the interpretation of our
findings. An age-matched cohort was not included in
our comparisons, an aspect which may have influ-
enced our results and interpretation. Inclusion of an
age-matched cohort in the future may allow for a
more robust comparison and analysis of an APOE4
effect. Further, our study lacks information regarding
tau load, preventing the study of EIB with relation
to the triad of AD risk (APOE4, amyloid, and tau)

in terms of healthy aging and AD risk. Some stud-
ies have found that the interaction effect between
APOE4 and amyloid-f3, rather than the sum of their
independent effects, was related to increased tau load
in AD-vulnerable regions [69, 70]. This may help
to explain the lack of interaction between APOE4
and AB. The interaction between one APOE4 allele
and AP is hypothesized to be related to increased
tau load, while the interaction between A3 and two
APOE4 alleles was related to a more widespread pat-
tern of tau aggregation [69, 71]. With AB-mediated
hyper-excitation emerging as a promising candidate
mechanism of AD pathogenesis: inhibitory GABAer-
gic dysfunction is predictive of increased neuronal
activity, while the increased damage of dendrites may
be associated with a silencing effect of neuronal cir-
cuits (the yin and the yang of AD degeneration).
However, recent evidence however, points to hyper-
excitability of neuronal circuits as a precursor to the
formation of amyloid plaques [70, 72, 73], and a
major driver of the cascading effect of tau pathology,
propagating from the entorhinal cortex to the hip-
pocampus and beyond to other cortical regions [74].
In fact, one study has even demonstrated differential
effects of sex by APOE interaction on tau accumu-
lation, in that only one APOE &4 allele is sufficient
to increase tau accumulation in females, while two
APOE &4 alleles are needed to cause a similar effect
in males [75]. In future studies, we aim to identify
EIB changes which may be related to APOE, ApB,
and tau in healthy aging as well as in individuals that
are cognitively impaired and/or have AD to identify a
more complete picture of EIB progression in relation
to neurodegeneration and these risk factors. The com-
plex, multifactorial nature of AD makes it essential
that we continue to develop techniques to meaning-
fully integrate multiple neuroimaging modalities to
increase the sensitivity to detect very early network
aberrations associated with risk for this disease.
Last, we found an association between EIB and
neuropsychological testing, specifically in females
when controlling for age, education, APOE, and amy-
loid positivity. We note that while it is true that
amyloid presence is a defining feature of AD pathol-
ogy, itis also arisk factor that may precede the clinical
manifestations of the disease. Controlling for amy-
loid status allows us to account for the influence of
preclinical AD pathology on the observed associa-
tions between EIB and neuropsychological variables.
Further, including both APOE and amyloid in the
study of hyperexcitation differences in cognitively
normal individuals allows us to account for potential
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genetic and pathological influences on neural activity,
as both factors have been implicated in the develop-
ment and progression of AD.

As shown in Fig. 4, partial correlation anal-
yses revealed positive associations between EIB
and neuropsychological testing for females, having
significant relationships between EIB in the right hip-
pocampus with categorical fluency and whole-brain
EIB with a trail-making test. Performance in category
fluency tests (ANIMALS) is significantly correlated
with EIB of the right hippocampus for women, while
performance in trail making test B is significantly cor-
related with the EIB of the whole-brain. We further
note that logical memory tests (I, II) have marginally
significant partial correlations with EIB of the right
hippocampus as well, while trail making test A is
also marginally significant with whole-brain EIB.
We should clarify that the partial correlations we’ve
presented highlight the unique contribution of EIB
to neuropsychological performance, independent of
the influence of covariates such as age, education,
APOE, and amyloid status. For example, a lower
partial correlation between left hippocampal EIB
and verbal memory tasks does not necessarily sig-
nify a negligible overall association. The traditionally
acknowledged association between left hippocampus
and verbal memory could indeed be a downstream
consequence of factors such as APOE and amyloid.

Further, there is also a more hemispherical domi-
nance in terms of hippocampal EIB however males
have no significant correlations in the EIB as
compared to females that have more significant rela-
tionships with the right hippocampus. The observed
association between right hippocampal EIB and
verbal memory tasks, as opposed to left hippocam-
pal (left) EIB, might appear surprising given the
traditional view of left hippocampus being more
involved in verbal memory processing. However,
recent research has suggested that the lateralization
of memory functions is more complex than initially
thought, with some studies showing the involvement
of both sides of the hippocampus in verbal mem-
ory tasks [76, 77]. To that end, these results shed
light on a pattern of hemispheric dominance in the
hippocampus, with women demonstrating a stronger
correlation with the right hippocampal EIB. This
finding might suggest sex-specific patterns of hip-
pocampal involvement within the context of AD risk,
a potentially important consideration when assess-
ing the cognitive status and potential AD risk of
female patients. Further research is needed to confirm
this hypothesis and better understand the underly-

ing mechanisms. We note here the pattern of Trail
Making tests having more influence from whole-
brain dynamics than either hippocampal region for
both males and females (albeit more significantly for
the latter). The pattern of Trail Making tests hav-
ing more influence from whole-brain dynamics than
hippocampal regions for both males and females sug-
gests that these tests might be more sensitive to global
cognitive changes associated with AD risk, rather
than being specific to hippocampal function [78].
This further highlights the importance of considering
sex-specific differences when evaluating the relation-
ship between EIB and cognitive performance in the
context of AD risk. Further, while our analysis does
control for factors like APOE and amyloid status, it
is crucial to note that our intention is not to dismiss
the role of AD risk factors. Instead, we aim to delve
deeper into the independent role of EIB in cognitive
performance, beyond these known risk factors.
These results suggest that increasing EIB is
correlated with improved performance in neuropsy-
chological tests for females and related two ongoing
hypothesis; the first being that increased excitation
(a positive shift in EIB) is associated with better per-
formance in neuropsychiatric testing (as others have
demonstrated with transcranial magnetic stimulation
and transcranial direct current stimulation [79, 80]),
and second being that potential hyperexcitation due
to APOE &4 both precedes and may even influence
increased spread of amyloid plaques before cognitive
impairment is identified [81]. It is also possible that
the APOE €4 genotype may be protective against a
subtle deficit associated with A3 pathology, and con-
sistent with the antagonistic pleiotropy hypothesis;
whereby a gene controls both beneficial and detri-
mental traits, and provides novel evidence that these
effects persist into older age, even among individuals
who cognitively unimpaired (but may have additional
AD risk factors) [82-84]. Despite strong evidence
of the clinical utility of neuropsychological tests;
however, it is unclear what neurobiological informa-
tion the test scores provide. While the progression of
the pathophysiological process of dementia strongly
affects neuropsychological function [85, 86], a large
amount of variance is left unexplained even with mul-
timodal biomarker information [87—-89]. Moreover, it
is hard to predict whether the presence of pathophys-
iological markers directly leads to neural dysfunction
within the behaviorally relevant regions [90].
Further, the cross-sectional design of our study
precludes us from making causal inferences about
the relationship between EIB and AD neuropathol-
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ogy. Longitudinal analysis would be necessary to
investigate EIB as a predictor of individuals who sub-
sequently develop AD neuropathology. In addition,
neuropsychological test data was only available for
individuals aged 65 or older, which may limit the
generalizability of our findings to younger popula-
tions. Last, we recognize that hormonal differences
between males and females could be a confounding
factor in our study, as they may influence EIB and
susceptibility to AD. Future research should con-
sider hormonal information when investigating sex
differences in EIB and its relation to neurodegener-
ative diseases (in particular, evaluating female EIB
progression separated by pre- and post-menopause).

Last, our findings contribute to the understand-
ing of how EIB is involved in neurodevelopmental
disorders and neurodegenerative diseases (such as
autism spectrum disorder, schizophrenia, attention
deficit/hyperactivity disorder, and AD) and how sex
differences in EIB may be leveraged to inform ther-
apeutic intervention and clinical endpoints. As a
therapeutic target, transcranial direct current stimu-
lation (tDCS) has emerged as a promising therapy for
rehabilitating neurodevelopmental disorders such as
autism, schizophrenia, attention deficit/hyperactivity
disorder, and even epilepsy [80, 91-93]. The mech-
anism behind tDCS’s effects is the modulation of
excitatory and inhibitory activity, making it a valu-
able tool for restoring excitation-inhibition balance.
Clinical studies have demonstrated that tDCS ther-
apy is well-tolerated by patients and appears to
improve behavior and cognitive functions. Further,
AD patients present an increased prevalence of
epilepsy, with neural hypersynchrony and aberrant
oscillatory activity contributing to cognitive dete-
rioration [94-96]. Levetiracetam (LEV) has shown
effectiveness in reducing epileptiform activity in AD
patients, correlating with improved cognitive perfor-
mance [97, 98]. Ongoing clinical trials are assessing
LEV’s effectiveness in AD patients without epilepsy,
indicating potential future clinical applications of our
hybrid connectome and EIB in the context of epilepsy
and AD [99].

Our results, along with the growing body of evi-
dence conceptualizing AD neuropathology in terms
of an imbalance of excitation and inhibition suggests
that females early in the disease progression (par-
ticularly those with the APOE &4 genotype) may be
more responsive to tDCS or low doses of anticon-
vulsants. The hybrid connectome (rs-SC) framework
used to infer excitation-inhibition balance at an indi-
vidual level, may be a step towards an MRI-based

biomarker to identify hyperexcitation-induced neu-
rodegeneration before traditional indicators of AD
arise and potentially evaluate therapeutic interven-
tions and clinical endpoints.
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