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a b s t r a c t 

Background: Imaging studies showed early atrophy of the cholinergic basal forebrain in prodromal sporadic 
Alzheimer’s disease and reduced posterior basal forebrain functional connectivity in amyloid positive individuals 
with subjective cognitive decline. Similar investigations in familial cases of Alzheimer’s disease are still lacking. 
Objectives: To test whether presenilin-1 E280A mutation carriers have reduced basal forebrain functional con- 
nectivity and whether this is linked to amyloid pathology. 
Design: This is a cross-sectional study that analyzes baseline functional imaging data. 
Setting: We obtained data from the Colombia cohort Alzheimer’s Prevention Initiative Autosomal-Dominant 
Alzheimer’s Disease Trial. 
Participants: We analyzed data from 215 asymptomatic subjects carrying the presenilin-1 E280A mutation [64% 

female; 147 carriers ( M = 35 years), 68 noncarriers ( M = 40 years)]. 
Measurements: We extracted functional magnetic resonance imaging data using seed-based connectivity analysis 
to examine the anterior and posterior subdivisions of the basal forebrain. Subsequently, we performed a Bayesian 
Analysis of Covariance to assess the impact of carrier status on functional connectivity in relation to amyloid 
positivity. For comparison, we also investigated hippocampus connectivity. 
Results: We found no effect of carrier status on anterior (Bayesian Factor10 = 1.167) and posterior basal forebrain 
connectivity (Bayesian Factor10 = 0.033). In carriers, we found no association of amyloid positivity with basal 
forebrain connectivity. 
Conclusions: We falsified the hypothesis of basal forebrain connectivity reduction in preclinical mutation carriers 
with amyloid pathology. If replicated, these findings may not only confirm a discrepancy between familial and 
sporadic Alzheimer’s disease, but also suggest new potential targets for future treatments. 
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. Introduction 

The basal forebrain is the central site of cholinergic projections to the
erebral cortex and limbic system, and it is considered a key player in the
europathology of early Alzheimer’s Disease (AD) [ 1 , 2 ]. Imaging studies
ave shown that this brain region is severely atrophied in sporadic AD
ementia and may even precede medial temporal lobe degeneration in
he prodromal phase of AD [ 3 , 4 ]. Recently, resting-state functional con-
ectivity studies facilitated the functional distinction of basal forebrain
ubdivisions [ 5 , 6 ]. Specifically, an anterior-medial subdivision charac-
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erized by connectivity with the hippocampus and nodes of the medial
ortical memory network, and a posterior-lateral subdivision connected
ith nodes of the Salience Network (e.g., anterior insula, dorsal anterior

ingulate) [ 5 ]. Subsequently, one study showed that connectivity alter-
tions of the posterior basal forebrain subdivision occurred in individu-
ls with subjective cognitive complaints and in association with amyloid
athology [7] . The same study found that resting-state functional con-
ectivity in the posterior basal forebrain was significantly negatively
orrelated with amyloid uptake, while no significant correlations were
ound for the anterior basal forebrain subdivision [ 7 ]. This suggests that
ostock, Gehlsheimer Str. 20, 18147 Rostock, Germany. 
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myloid-related connectivity reductions may be more pronounced in the
osterior subdivision of the basal forebrain, leading us to hypothesize
 similar pattern in presenilin-1 ( PSEN1 ) E280A carriers [ 7 ]. However,
imilar analyses in familial cases of AD are still lacking. 

Autosomal-Dominant Alzheimer’s Disease (ADAD) accounts for 1–2
 of all AD cases and has a dramatically early onset [ 8 ]. Therefore,

tudying this population represents a unique opportunity to gain more
nsights into early-onset familial AD. This disease is primarily caused by
enetically inherited mutations of the PSEN1 , presenilin2 ( PSEN2 ), and
myloid precursor protein (APP) [ 8 ]. Although ADAD and AD arise from
ifferent genetic and biological processes, they share neuropathological
nd clinical features [ 8 ]. The first case of early-onset ADAD with a single
SEN1 mutation at codon 280 (E280A), which likely originated from a
ingle founder, was described in 1987 in Colombia [ 9 ]. Since then, many
ther Colombian families with the same mutation have been identified
nd screened. Alzheimer’s Disease due to PSEN1 E280A mutation typi-
ally presents with gradual memory loss, followed by changes in behav-
or and language impairment [ 10 ]. The patterns of amyloid 𝛽 deposition
n PSEN1 E280A cases are very similar to those of sporadic AD [ 11 ]. In
SEN1 E280A mutations, amyloid deposition supposedly starts at age
8 [ 12 ], while clinical manifestations occur at a median age of 44 years
or mild cognitive impairment (MCI) and at a median age of 49 years
or dementia [ 10 , 12 , 13 ]. Carriers of PSEN1 E280A typically die at a me-
ian age of 59 years [ 10 ]. Studies investigating resting-state networks in
DAD yielded complex and divergent results [ 14 ], with some reporting
educed functional connectivity in nodes of the Default Mode Network
DMN) [ 15 , 16 ], and others reporting patterns of increased functional
onnectivity in the DMN and frontostriatal circuits [ 17 ]. 

Our study aim was twofold. Firstly, we wanted to investigate cholin-
rgic basal forebrain functional connectivity in asymptomatic PSEN1

utation carriers compared to noncarriers. Secondly, we wanted to
tudy the association of basal forebrain connectivity with amyloid
athology in asymptomatic PSEN1 mutation carriers based on amyloid
ET data. To complement our analysis, we included the hippocampus
s a comparison region, given its well-established involvement in early
lzheimer’s disease pathology and its known vulnerability to amyloid
eposition and connectivity changes [ 3 , 18 , 19 ]. By including the hip-
ocampus, we aimed to assess whether changes in basal forebrain con-
ectivity would parallel or differ from those observed in this key region
f memory processing. Our primary hypothesis was that basal forebrain
nd hippocampal functional connectivity would be significantly reduced
n carriers compared to noncarriers, with posterior-lateral basal fore-
rain connectivity being more reduced than anterior-medial basal fore-
rain connectivity. This was based on findings from the abovementioned
reclinical sporadic AD study showing that amyloid-related reductions
ere more pronounced in the posterior subdivision [ 7 ]. As a secondary
ypothesis, we expected to find reduced basal forebrain and hippocam-
al functional connectivity in mutation carriers with increased levels of
myloid. 

. Methods 

We requested the publicly available baseline data from the
lzheimer’s Prevention Initiative (API) Autosomal-Dominant
lzheimer’s Disease Colombia Trial (NCT01998841, date of regis-

ration: November 22, 2013) [ 20 ] approved by the Colombian Health
uthority (Instituto Nacional de Vigilancia de Medicamento). This is
 prospective, randomized, double-blind, placebo-controlled study of
he efficacy of crenezumab versus placebo in asymptomatic PSEN1

280A mutation carriers from the same family kindred with ADAD
n Colombia. The rationale and design of this study are described in
etail elsewhere [ 11 , 20 ]. Informed consent was acquired from all study
articipants and study partners. All consent procedures were conducted
n compliance with the requirements of international and local ethics
ommittees and after the ethics committees’ approval [ 11 ]. 
2

.1. Participants 

The study recruited individuals carrying the PSEN1 E280A

utosomal-dominant mutation [ 21 ] between the age of 30–60 years. Of
he initial 252 enrolled participants, 10 participants’ data had to be ex-
luded from the baseline dataset for confidentiality reasons [ 22 ]. Non-
arriers’ controls included individuals of the same kindred matched for
ge and sex. All participants needed to be cognitively unimpaired or
symptomatic to be included in the study. Details about inclusion and
xclusion criteria are published in the study protocol [ 11 ]. 

.2. Brain imaging acquisition 

Participants were scanned using a Siemens 1.5T Avanto scanner at
he Hospital Pablo Tobón Uribe (Medellín, Colombia) after cognitive
creening but before PET amyloid imaging. All participants were in-
tructed to keep their eyes open and stay awake for the whole duration
f the scan (10:08 min). High-resolution anatomical images were ac-
uired using a 3D T1-weighted Magnetization-Prepared Rapid Acquisi-
ion Gradient Echo (MP-RAGE) sequence in the sagittal plane according
o the following sequence parameters: repetition time = 1800 ms; echo
ime = 2.5 ms; inversion time = 900 ms; flip angle = 10°; 172 sagittal
lices with matrix size = 192 × 192; field of view (FOV) = 240 mm;
lice thickness = 1.2 mm; in-plane spatial resolution (voxel size):
.25 mm × 1.25 mm. The structural images were used for co-registration
ith the functional MRI (fMRI) data for the subsequent analyses.
esting-state fMRI sequences were angulated parallel to anterior and
osterior commissure (AC-PC) line, then tilted 15° toward the top of
he head, and acquired according to the following parameters: 39 ax-
al slices with a matrix size = 70 × 70, in-plane spatial resolution
voxel size) = 3 mm × 3 mm, slices thickness = 4 mm, repetition time
TR) = 3000 ms, echo time (TE) = 30 ms, flip angle = 80°, field of
iew (FOV) = 210 mm. PET scans were acquired on a Siemens Biograph
ET/CT, using an intravenous (IV) bolus injection of ∼11 mCi (9.3–14.7
Ci) of florbetapir (AV45), a CT scan for correction of radiation attenu-

tion, a 50-minute radiotracer uptake-period, and a 20-minute dynamic
mission scan in four frames (4 × 300 s). Then, PET images were recon-
tructed using an OSEM algorithm and attenuation-corrected, frames
ere evaluated for adequate count statistics and absence of head mo-

ion [12] . 

.3. Imaging data pre-processing 

We pre-processed resting-state fMRI data with the toolbox Data
rocessing Assistant for resting-state fMRI (DPARSF; Advanced Edi-
ion, version 5.2) implemented in MATLAB R2020a (MathWorks,
atick, MA) in conjunction with the statistical parametric map-
ing software (SPM12, Welcome Trust Center for Neuroimaging,
ttps://www.fil.ion.ucl.ac.uk/spm/ ). We excluded the first 10 time
oints to allow magnetic signal stabilization and participants’ adapta-
ion to the scanning noise. We performed slice-timing correction and
ealignment to remove timing differences and head movement artifacts.
e first co-registered anatomical T1-weighted images with the mean of

he functional images. The T1-weighted images were subsequently seg-
ented into gray matter (GM), white matter (WM), and cerebrospinal
uid (CSF) and spatially normalized to Montreal Neurological Institute
MNI) space using Diffeomorphic Anatomical Registration Through Ex-
onentiated Lie Algebra (DARTEL; Ashburner, 2007). For the functional
ata, we replicated the design of two previous studies investigating basal
orebrain functional connectivity [ 5 , 7 ]. Consequently, we regressed out
ean WM, CSF, global signal (GSR), and 24 head motion parameters

 23 ] as nuisance variables. We opted for GSR as denoising method over
ther principal components-based methods (e.g., aCompCor) due to its
ffectiveness in reducing global noise across voxels, which is advanta-
eous in seed-based analyses, particularly for enhancing sensitivity to
eural activity in our regions of interest. Moreover, we wanted to stay

https://www.fil.ion.ucl.ac.uk/spm/
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Fig. 1. Basal forebrain parcellation and functional connectivity . A ) Coronal slices showing anterior-medial (blue) and posterior-lateral (green) clusters of 
basal forebrain. Slice positions follow the Montreal Neurological Institute (MNI) y-coordinates. B ) Corresponding functional connectivity networks of anterior basal 
forebrain and posterior basal forebrain seeds (p (FWE) < 0.05) are depicted on lateral, medial and ventral brain surfaces as well as on representative coronal sections 
at MNI coordinates: y = − 15, y = 9, y = 30. 
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onsistent with our previous pipelines, in which we assessed the basal
orebrain functional connectivity profiles within the Alzheimer’s disease
ontinuum [ 5 , 6 ], to facilitate comparability between cohorts. Also, we
ound GSR to be very effective in reducing motion effects, especially
n clinical populations. A recent study comparing denoising methods
emonstrated that the Independent Component Analysis for Automatic
emoval of Motion Artifacts (ICA -AROMA) and GSR were the most
ffective in removing physiological noise, followed by CompCor [ 24 ].
nother study indicated that the use of CompCor resulted in the intro-
uction of high-frequency noise [ 25 ]. Nonetheless, considering that GSR
an induce negative correlations and spurious effects [ 26 , 27 ], or even
emove information relevant to brain functional connectivity [ 27 ], we
onducted a sensitivity analysis including the global signal (see Supple-
entary materials). 

Subsequently to denoising, we filtered the images using a band-pass
lter (0.1–0.01 Hz) to remove the effects of high-frequency noise and
ignal drift. Then, the fMRI data were projected to MNI space by ap-
lying the respective deformation fields of the T1-weighted images and
esampled to 3 × 3 × 3 mm voxels. Finally, the functional data was
moothed with a 4 mm Gaussian kernel. We manually checked for resid-
als of head motion artifacts, and excluded subjects using the mean
f frame-wise displacement (FD) [ 28 ] and considering values above
.2 mm as above the norm for healthy adults [ 29 ]. 

.4. Regions of interest, global functional connectivity and regional 

omogeneity analysis 

We selected anterior-medial and posterior-lateral basal forebrain, as
ell as left/right hippocampus as seed regions of interest (ROIs) to test
ur a priori hypothesis. The basal forebrain subdivisions were based on
revious studies [ 5 , 6 ] that identified differential patterns of functional
onnectivity of the cholinergic basal forebrain based on its anterior and
osterior subdivisions ( Fig. 1 A). A detailed description of the basal fore-
rain connectivity-based parcellation methodology can be found else-
here [ 5 ]. We defined right and left hippocampus ROIs in MNI space
3

ased on the Harvard-Oxford atlas, which was masked to include only
he GM. We then resampled these masks to a final voxel size of 3 mm
sotropic to match the voxel size of the resting-state-fMRI images. For
he anterior-medial and posterior-lateral basal forebrain ROIs as well as
he right/left hippocampus ROIs, we generated resting-state functional
onnectivity (RSFC) maps by correlating the ROIs’ mean signal time
ourse with all other GM voxels of the brain ( Fig. 1 B). RSFC maps were
hen Fisher z-transformed. In order to restrict the analysis to specific
SFC networks, we first estimated the basal forebrain and hippocam-
us network masks over all subjects. This was done using a one-sample
 -test over all subjects (covariates: age, sex, CDR score, APOE 𝜀 4 status
nd years of education) applying a p-value threshold = 0.05 corrected
or family-wise error (FWE), an extent threshold of 10 and a minimum
luster-size of 20. The resulting network outlines ( Fig. 1 B) were bina-
ized and added as masks for the subsequent second-level analysis. To
orroborate the robustness of our analysis, we conducted a sensitivity
nalysis wherein we constructed the basal forebrain networks from the
ata of healthy subjects and then applied them to the data of carriers
nd non-carriers, which demonstrated no discernible differences (Addi-
ional File 1). 

The second-level analysis included two separate full factorial mod-
ls performing multiple regressions to assess the effect of mutation sta-
us and amyloid burden on the RSFC maps. The first model included
SEN1 E280A mutation status as a predictor variable and age, sex, CDR
cores, APOE 𝜀 4 status and years of education as covariates. The second
odel carried out in the carriers group only, included amyloid status

s a predictor variable and age, sex, CDR scores, APOE 𝜀 4 status and
ears of education as covariates. Contrasts were defined as follows: con-
rast 1: carriers > noncarriers; contrast 2: carriers < noncarriers; con-
rast 3: amyloid positive < amyloid negative. To visualize our results,
e used the toolbox bspmview implemented in SPM and applied the

ollowing parameters for visualization: p-value = 0.01, uncorrected for
ultiple comparisons, and extend threshold = 10. Since the RSFC maps

esulting from the factorial models did not survive multiple comparisons
orrection (FWE, FDR), we additionally computed seed-based global
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unctional connectivity (GFC) [ 30 ] of posterior/anterior basal forebrain
nd left/right hippocampus to test our hypothesis with the Bayesian
ethodology. GFC, as a measure of functional connectivity strength, is
 correlation-based connectivity approach that has been proposed as an
maging marker for several psychiatric disorders [ 30 ]. GFC was calcu-
ated in MATLAB using the script of Franzmeier et al. [ 31 ], which first
pplies a threshold of 0.3 and then averages all positive Fisher z-scores of
ur RSFC maps from the first-level analysis. Note that we followed Cole’s
pproach and included only positive correlation coefficients for com-
uting the GFC, as positive and negative correlations may cancel each
ther out when averaging the correlation coefficients [ 31 , 32 ]. Finally,
o obtain data-driven results, we calculated the Regional Homogeneity
ReHo) in DPARSFA by selecting 27 neighboring voxels both with and
ithout the global signal. ReHo is a voxel-based measure of brain ac-

ivity, which evaluates the similarity or synchronization between the
ime series of a given voxel and the nearest neighbors [ 33 ]. The ReHo
ethod, as opposed to other data-driven methods, such as ICA, which

re well-suited for examining large-scale networks, has been chosen as it
oes not assume spatial independence of the identified maps and it is not
ensitive to region-to-region variability of the hemodynamic response
 34 ]. This has a particular advantage for our study, as it provides an ef-
cient way to assess local synchronization of neural activity, thus offer-

ng insights into localized functional connectivity disruptions, which we
ypothesize may be impacted in presenilin-1 E280A mutation carriers
ased on previous findings in the sporadic Alzheimer’s disease contin-
um [ 35–37 ]. Indeed, previous studies have suggested that alterations
n brain function in Alzheimer’s disease, especially in the early stages,
ay manifest at the local level rather than across widespread, large-

cale networks [ 7 , 38 ]. By using ReHo, we maximize the likelihood of
etecting these local disruptions, which can complement future studies
tilizing techniques like ICA to explore how these initial local changes
ay eventually contribute to large-scale network dysfunction. 

.5. Amyloid PET analysis 

Amyloid PET images were preprocessed using SPM12. Initially, each
ubject’s averaged PET frames were co-registered to their correspond-
ng T1-weighted MRI scan. Then, the co-registered PET images were
patially normalized to the MNI reference template using the deforma-
ion parameters derived from the normalization of their corresponding
RI scans. 

To extract the florbetapir standard uptake value we used the Cen-
iloid cortical mask and normalized the PET signal to the whole cere-
ellum Centiloid mask. To define clusters of amyloid positivity, we used
he K-means clustering approach [ 39 ] implemented in R (R Core Team
021, version 4.1.0). K-means clustering distinguishes amyloid PET pos-
tive from amyloid PET negative by grouping data points based on their
imilarity in PET scan features. This resulted in two clusters, with a
hreshold of approximately > 1.12 for amyloid positivity. To visualize
he distribution of AV45-PET signal please see Fig. S1. 

.6. Bayesian statistical analysis 

We chose Bayesian analysis over a frequentist approach to address
he limitations of interpreting p-values, particularly the binary classifi-
ation of ’significant’ versus ’non-significant’ results. In frequentist anal-
sis, p-values on opposite sides of 0.05 are often seen as conflicting ev-
dence, which restricts scientific discourse and can lead to erroneous
onclusions. The Bayesian framework, in contrast, conceptualizes ev-
dence as a continuum, allowing for direct estimation of support for
oth the null and alternative hypotheses [ 40 ]. This approach provides
 nuanced interpretation of our data, avoiding the misconception that
tudies with p-values near 0.05 inherently conflict and offering a more
obust understanding of the evidence. Before starting the analysis, we
onducted a Levene’s test to determine equality of variances between
4

arriers and non-carriers ( p = 0.250), thereby justifying the use of para-
etric testing instead of non-parametric methods (Additional file 2).

or GFC and ReHo-based analysis, we used Bayesian Analysis of Co-
ariance (ANCOVA) with Bayes factor (BF) hypothesis testing to com-
are the null hypothesis against the alternative hypothesis (i.e., the as-
umption that there is an effect of carrier status, H1) as implemented
n Jeffreys’s Amazing Statistics Program (JASP, Version 0.16.4), avail-
ble at jasp-stats.org. We report the BF10 quantifying evidence in favor
f the alternative hypotheses. Three conclusions are possible within the
ayesian framework: 1) support for the null hypothesis (BF10 < 0.33);
) support for the alternative hypothesis (BF10 > 3); or 3) inconclusive
r “anecdotal ” evidence (BF10 = 0.33 – 3) [ 41 ]. Additionally, for the
upport for the alternative hypothesis, we can differentiate distinct lev-
ls of evidence: BF10 > 3 provides “substantial evidence ”, a BF10 above
0 provides “strong evidence ”, a BF10 above 30 provides “very strong
vidence ” and a BF10 above 100 provides “compelling evidence ” against
he null model. Since the initial ANCOVA analysis produced only incon-
lusive evidence, we decided to perform post-hoc Bayesian independent
nformed t -tests which allowed us to include our assumptions into the
athematical models. Because t -tests do not allow for covariates, we re-

ressed out the covariates’ effects using linear regressions and saved the
esiduals from these regressions [ 42 ]. These residuals then served as de-
endent variables in our post-hoc t -tests. These t -tests specifically tested
he one-sided hypothesis that mutation carriers would have lower func-
ional connectivity in the basal forebrain and hippocampus compared to
oncarriers, so mutation status served as the independent variable. To
est the hypothesis that carriers have lower connectivity, we truncated
he prior distribution at zero, specifying that we expect the posterior
istribution to assume exclusively negative values. As we expected the
egative effect to be of medium size, we chose a prior Cauchy distri-
ution with a location of − 0.707 and a scale of 0.707 [ 43 ]. Similarly,
e also used Bayesian independent informed t -tests to test the hypoth-

sis of lower basal forebrain connectivity in amyloid positive compared
o amyloid negative subjects, as well as of reduced ReHo in carriers
ompared to noncarriers. A more specific description of our statistical
odels is available in Additional file 2. 

. Results 

.1. Demographics 

From the 242 participants of the API ADAD Colombia Trial who
nderwent resting-state fMRI, we excluded 27 participants due to ex-
essive head motion (FD mean > 0.2) resulting in a final sample size
f N = 215. Demographic characteristics, cognitive performance and
myloid burden are shown in Table 1 . The sample included 147 mu-
ation carriers (mean age: 35 years) and 68 noncarriers (mean age: 40
ears). The average years of education was 9. We found compelling ev-
dence in favor of an age difference between groups (BF10 = 5.9 × 106 ),
ith noncarriers being older, but inconclusive evidence for group dif-

erences concerning sex, MMSE, CDR scores and education level. We
ound compelling evidence in favor of a difference in the proportion of
myloid positivity, with only carriers having amyloid positive results
BF10 = 3.581 ×1017 )(see Table 1 for details). For more details concern-
ng cognitive measures please refer to Supplementary Materials (Table
1). 

.2. Basal forebrain seed-based functional connectivity in carriers and 

oncarriers 

The group-level one sample t -test showed connectivity with the an-
erior and posterior basal forebrain in carriers and noncarriers ( Fig. 2
–D). Regions having connectivity with the anterior basal forebrain
ere mainly located in the cerebellum, precuneus and posterior medial

rontal gyrus bilaterally, as well as in the left middle temporal gyrus and
aracentral lobule in carriers ( n = 147) ( Fig. 2 A, Table 2 ). In noncarriers
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Fig. 2. Functional maps of significant resting-state functional connectivity in basal forebrain . One-sample t -tests show the spatial patterns of seed-to-voxel 
connectivity measures of anterior and posterior basal forebrain subdivisions in A ), C ) carriers ( n = 147) and B ), D ) noncarriers ( n = 68), respectively. T positive values 
are expressed on a red color scale from 1 to 60 (p value = 0.05 corrected for familywise error at voxel and cluster level). Multiple regressions showing significant 
differences among groups (contrast 1: carriers > noncarriers, contrast 2: carriers < noncarriers) are represented in figures E ), F ). T positive values are expressed on 
a red color scale from 0 to 4 (p value = 0.01, uncorrected for multiple comparisons). Anterior and posterior basal forebrain seed regions were excluded. Co-variates: 
age, sex, CDR scores, APOE 𝜀 4 and education. Functional images do not include the global signal. 

Table 1 

Demographic characteristics . Number of subjects, APOE 𝜀 4 status, gender, 
age, education, global cognitive performance, amyloid burden (threshold ≥ 
1.12 for amyloid positivity based on AV45 uptake) and memory scores are 
shown in table. Note: absolute numbers are reported in fractions among the 
total sample, brackets indicate percentage proportions, otherwise data are pro- 
vided as means and standard deviations ( ± ). BF = Bayesian Factor, CDR = Clin- 
ical Dementia Rating scale, MMSE = Mini-Mental State Examination. 

Characteristic Overall PSEN1 E280A Carriers Noncarriers 

N. of participants 215 147/215 (68%) 68/215 (32%) 
APOE 𝜀 4 carriers 50/215 (23%) 34/147 (23%) 16/68 (23%) 
N. of women ∗ 137/215 (64%) 91/147 (62%) 46/68 (68%) 
Age (y) † 36.5 ± 6.0 34.8 ± 5.2 40.22 ± 6.2 
Education (y) ‡ 8.8 ± 4.2 8.9 ± 4.1 8.60 ± 4.5 
MMSE § 28.9 ± 1.2 28.9 ± 1.3 29.2 ± 0.9 
CDR global score ¶ 0.04 ± 0.1 0.05 ± 0.1 0.04 ± 0.1 
Amyloid burden # 85/215 (39%) 85/147 (58%) 0/68 (0%) 

∗ Bayesian contingency table: Bayes factor shows moderate evidence in favor 
of no difference in proportion of sex between groups (BF10 = 0.251). 

† Bayesian contingency table: Bayes factor Poisson shows compelling evi- 
dence in favor of a difference in proportion of age-groups between carriers 
and noncarriers (BF10 = 5.9 × 106 ), with higher age in the noncarriers (50–54 
years). 

‡ Bayesian contingency table: Bayes factor shows anecdotal evidence in 
favor of no difference in proportion of years of education between groups 
(BF10 = 0.377). 

§ Bayesian contingency table: Bayes factor shows moderate evidence in 
favor of no difference in proportion of CDR global scores between groups 
(BF10 = 0.197). 

¶ Bayesian Informed t -test: Bayes factor shows anecdotal evidence for a dif- 
ference in CDR score means between groups (BF10 = 1.557). 

# Bayesian t -test: Bayes factor shows compelling evidence in favor of a differ- 
ence between groups (BF10 = 3.581 ×1017 ), with noncarriers having no amyloid 
depositions. 
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 n = 68), the anterior basal forebrain was connected with the anterior
ingulate cortex (ACC) and medial temporal pole bilaterally, and with
he left olfactory cortex, putamen, superior temporal gyrus and temporal
ole ( Fig. 2 B, Table 2 ). The posterior basal forebrain showed connec-
ions with areas of the cerebellum and middle frontal gyrus bilaterally;
ith the left putamen, middle frontal gyrus, supramarginal gyrus, post-

entral gyrus; and with the right superior-inferior frontal gyri, precentral
yrus and superior medial gyrus in carriers ( n = 147) ( Fig. 2 C, Table 2 ).
n noncarriers ( n = 68) the posterior basal forebrain showed functional
onnectivity with the ACC, cerebellum and medial temporal pole bilat-
rally; with the right insula, putamen, supramarginal gyrus and rolandic
perculum ( Fig. 2 D, Table 2 ). Results of the sensitivity analysis includ-
ng the global signal are reported in the Supplementary Materials (Table
2). 

.3. Effect of carrier status on basal forebrain and hippocampus seed-based

unctional connectivity and amyloid burden 

In the multiple regression model looking at group differences and
pecifically at carriers with lower connectivity than noncarriers (con-
rast 2: carriers < noncarriers) and carriers with greater connectivity
han noncarriers (contrast 1: carriers > noncarriers), we found a group
ifference only in the posterior basal forebrain functional connectivity
 Table 2 ). The posterior basal forebrain showed reduced connectivity
ith the left inferior frontal gyrus, right superior temporal gyrus and

ight Heschls gyrus, but greater connectivity in the medial temporal
ole in carriers compared to noncarriers ( Table 2 ). However, when cor-
ecting for multiple comparisons, no supra-threshold clusters survived.
or a more complete overview of the locations of functional connectiv-
ty including the global signal for the basal forebrain and hippocam-
us, please refer to Tables S3 and S4 of the Supplementary Materi-
ls. In the second multiple regression model with amyloid status as a
redictor (contrast: amyloid positive < amyloid negative) within the
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Table 2 

Location and local functional connectivity for the cholinergic basal forebrain . Upper table reports the results of the one sample t -test in carriers ( n = 147) 
and noncarriers ( n = 68) separately ( p = 0.05, FWE, covariates: age, sex, education, CDR score, and APOE 𝜀 4). The lower table reports only the significant group 
differences found for the posterior basal forebrain functional connectivity (p-values < 0.01 uncorrected for multiple comparisons, covariates: age, sex, education, 
CDR score, APOE 𝜀 4) between carriers and noncarriers ( n = 215). Labels were assigned using the automated anatomical labeling atlas toolbox implemented in SPM12 
( http://www.gin.cnrs.fr/AAL ). The minimum cluster-size was of 10 voxels. Functional data were regressed for global signal and included basal forebrain network 
masks. Contrast 1: carriers > noncarriers, contrast 2: carriers < noncarriers, FWE = Family-wise error correction for multiple comparisons. 

MNI coordinate Significance level 

Region label Cluster-size (voxels) Region Side T x y z 

Anterior basal forebrain network 
Carriers p = 0.05 (FWE) 

468 Cerebellum (Crus 2) R 7.244 12 − 90 − 30 p < 0.001 (FWE) 
10 Cerebellum (Crus 1) L 5.511 − 51 − 63 − 24 p < 0.001 (FWE) 
21 Middle temporal gyrus L 6.232 − 54 − 6 − 15 p < 0.001 (FWE) 
38 Precuneus R 6.219 6 − 51 21 p < 0.001 (FWE) 
25 Precuneus L 5.868 − 3 − 45 78 p < 0.001 (FWE) 
25 Paracentral lobule L 5.906 − 3 − 39 78 p < 0.001 (FWE) 
16 Posterior-medial frontal L 5.782 0 − 6 78 p < 0.001 (FWE) 
16 Posterior-medial frontal R 5.444 3 − 18 78 p < 0.001 (FWE) 

Noncarriers 
1045 Olfactory cortex L 31.729 − 21 3 − 9 p < 0.001 (FWE) 
1045 Putamen L 28.446 − 21 12 − 3 p < 0.001 (FWE) 
117 Anterior cingulate cortex L 8.739 0 30 21 p < 0.001 (FWE) 
117 Anterior cingulate cortex R 8.643 3 36 6 p < 0.001 (FWE) 
15 Superior temporal gyrus L 6.999 − 42 − 18 3 p < 0.001 (FWE) 
30 Medial temporal pole R 6.958 36 21 − 30 p < 0.001 (FWE) 
21 Medial temporal pole L 6.646 − 39 15 − 30 p < 0.001 (FWE) 
13 Temporal pole L 5.956 − 45 12 − 12 p < 0.001 (FWE) 

Posterior basal forebrain network 
Carriers 

8404 Putamen L 32.120 − 24 6 6 p < 0.001 (FWE) 
74 Cerebellum (VI) R 8.237 33 − 51 − 27 p < 0.001 (FWE) 
75 Cerebellar Vermis (9) 8.128 0 − 51 − 33 p < 0.001 (FWE) 
75 Cerebellum L 6.504 − 9 − 51 − 33 p < 0.001 (FWE) 
75 Cerebellum (IX) R 6.072 12 − 54 − 33 p < 0.001 (FWE) 
95 Cerebellum (VI) L 6.689 − 21 − 60 − 21 p < 0.001 (FWE) 
10 Cerebellum (VIII) L 6.051 − 27 − 57 − 48 p < 0.001 (FWE) 
13 Precentral gyrus R 7.879 54 3 48 p < 0.001 (FWE) 
72 Inferior frontal gyrus R 8.267 48 42 3 p < 0.001 (FWE) 
72 Middle frontal gyrus R 6.151 48 51 9 p < 0.001 (FWE) 
105 Middle frontal gyrus L 6.689 − 21 − 60 − 21 p < 0.001 (FWE) 
44 Middle frontal gyrus R 5.640 30 48 21 p < 0.001 (FWE) 
65 Postcentral gyrus L 6.903 − 60 − 24 27 p < 0.001 (FWE) 
65 Supramarginal gyrus L 5.738 − 54 − 33 30 p < 0.001 (FWE) 
44 Superior frontal gyrus R 6.264 33 57 24 p < 0.001 (FWE) 
20 Superior medial gyrus R 5.911 15 60 36 p < 0.001 (FWE) 

Noncarriers 
4098 Putamen R 25.947 21 9 − 3 p < 0.001 (FWE) 
435 Anterior cingulate cortex R 9.191 3 27 24 p < 0.001 (FWE) 
435 Anterior cingulate cortex L 9.032 − 9 18 36 p < 0.001 (FWE) 
22 Insula lobe R 7.955 42 − 21 9 p < 0.001 (FWE) 
21 Supramarginal gyrus R 5.646 63 − 33 33 p < 0.001 (FWE) 
10 Rolandic operculum R 5.536 54 0 12 p < 0.001 (FWE) 
67 Cerebellum (VI) L 7.695 − 30 − 57 − 27 p < 0.001 (FWE) 
63 Cerebellum (VI) R 6.927 33 − 54 − 27 p < 0.001 (FWE) 
10 Cerebellar Vermis (4/5) 6.555 0 − 54 3 p < 0.001 (FWE) 
20 Medial temporal lobe L 6.648 − 39 15 − 30 p < 0.001 (FWE) 
33 Medial temporal lobe R 6.959 36 21 − 30 p < 0.001 (FWE) 

Posterior basal forebrain network 
Contrast 1: carriers 
> noncarriers 

p = 0.01 (uncorr.) 

18 Medial temporal pole R 3.617 30 12 − 33 p < 0.01 (uncorr.) 
Contrast 2: carriers < noncarriers 

12 Inferior frontal gyrus L 3.325 − 51 0 12 p < 0.01 (uncorr.) 
11 Superior temporal gyrus R 3.217 48 − 27 15 p < 0.01 (uncorr.) 
11 Heschls gyrus R 3.117 42 − 27 15 p < 0.01 (uncorr.) 
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arriers group only ( n = 147), we found reduced connectivity of ante-
ior basal forebrain with the right inferior frontal gyrus, fusiform gyrus,
arahippocampal gyrus, left inferior temporal gyrus, lingual gyrus. We
lso found reduced connectivity of the posterior basal forebrain with
he parahippocampal gyrus, middle temporal gyrus, hippocampus and
eft fusiform gyrus ( p < 0.01, uncorrected). Yet, none of these clusters
urvived multiple comparison corrections (Fig. S2). 
6

The ANCOVA revealed inconclusive to moderate evidence against an
ffect of mutation status on the seed-based global functional connectiv-
ty of basal forebrain and hippocampus (GFC anterior basal forebrain:
F10 = 0.97; GFC posterior basal forebrain: BF10 = 0.487; GFC left hip-
ocampus: BF10 = 0.187; GFC right hippocampus: BF10 = 0.157). Sub-
equently, the post-hoc Bayesian independent informed t -tests yielded
necdotal to strong evidence against an effect of carrier status on an-

http://www.gin.cnrs.fr/AAL
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Fig. 3. Effect of mutation status on basal forebrain and hippocampus functional connectivity . A ) depicts raincloud plots of Bayesian independent informed 
t -tests results testing the one-sided alternative hypothesis that the population mean of the group carrier is smaller than the population mean of the noncarriers group. 
X-axis depicts the mean of basal forebrain global functional connectivity. Residuals of age, sex, education, APOE 𝜀 4 and CDR were regressed out on basal forebrain 
global functional connectivity measures. BF = Bayes Factor (BF = 0.33 – 3 is considered inconclusive or anecdotal evidence, BF > 3 is considered moderate evidence, 
BF > 10 is considered strong evidence). Global functional connectivity values do not include the global signal. B ) shows Bayesian independent informed one-tailed 
t -tests with subjective priors and posteriors. Plots show the mismatch between our prior expectation (alternative hypothesis) and the posterior observation (outcome 
variable). The probability wheel on top visualizes the evidence that the data provide for the two rival hypotheses. The posterior distribution is much more peaked 
than the prior distribution, indicating that our data have been highly informative, so that these analyses provide a high degree of certainty that in these data, the 
effect size is centered on zero, and has aggregated there over all sampling. Note: for all tests, the alternative hypothesis specifies that the location of group “carriers ”
is smaller than the location of group “noncarriers ” (one-direction hypothesis). The two gray dots indicate the prior and posterior density at the test value. The median 
and the 95 % central credible interval of the posterior distribution are shown in the top right corner. BF = Bayes Factor. Global functional connectivity values do not 
include the global signal. 
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erior basal forebrain (BF10 = 1.167), posterior basal forebrain (BF10 =
.033), as well as moderate to strong evidence against an effect of car-
ier status on right hippocampus (BF10 = 0.085) and left hippocampus
BF10 = 0.037) global positive functional connectivity ( Fig. 3 A). These
esults indicate that we ought to reject the hypotheses under consider-
tion. To observe the mismatch between the priori hypothesis and the
ull model please refer to Fig. 3 B. Similarly, Bayesian independent in-
ormed t -tests testing the one-sided hypothesis that the population mean
f the carrier group is smaller than the population mean of the noncar-
iers group, showed very strong to strong evidence that amyloid status
as no effect on anterior (BF10 = 0.040) or posterior (BF10 = 0.025)
asal forebrain and moderate evidence that amyloid status’s effect is
lso absent in the hippocampus (left hippocampus: BF10 = 0.037; right
ippocampus: BF10 = 0.036) global functional connectivity. For the sen-
itivity analysis, Table S5 shows the effects of carrier status on the basal
orebrain and hippocampus. 

.4. Data-driven results 

ReHo analysis showed reduced signal in the cerebellar vermis (t-
alue = 3.226; p < 0–0.01 uncorrected), left cerebellum (t-value = 3.109;
 < 0–0.01 uncorrected) and postcentral gyrus (t-value = 2.891; p < 0–
.01 uncorrected), as well as right inferior frontal gyrus (t-value = 3.223;
 < 0.01 uncorrected) in mutation carriers compared to noncarriers.
n contrast, carriers showed increased ReHo signal in the left middle
emporal gyrus (t-value = 3.943; p < 0.01 uncorrected), cerebellum (bi-
ateral) (t-values = 2.548–3.471; p < 0.01 uncorrected), left rectal gyrus
t-value = 3.097; p < 0.01 uncorrected), left superior orbital gyrus (t-
alue = 2.756; p < 0.01 uncorrected). For ReHo analysis including the
lobal signal, please see Table S6. Bayesian ANCOVA results revealed
ompelling evidence of reduced functional connectivity in carriers com-
ared to noncarriers in the clusters identified using the ReHo method
cluster 1 Cerebellum: BF10 = 276; cluster 2 left postcentral gyrus: BF10 
 199; cluster 3 right inferior frontal gyrus: BF10 = 259.718). Similarly,
ayesian ANCOVA showed compelling evidence of increased functional
onnectivity in carriers compared to noncarriers in the clusters iden-
ified by ReHo (cluster 1 right Cerebellum (crus1): BF10 = 1831.245;
7

luster 2 left Cerebellum (crus2): BF10 = 289.698; cluster 3 left rectal
yrus and superior orbital gyrus: BF10 = 586.939; cluster 4 left mid-
le temporal gyrus: BF10 = 292.255; cluster 5 right Cerebellum (crus
): BF10 = 121; cluster 6 left Cerebellum (crus 1): BF10 = 194.369) (Ta-
le S7). However, post-hoc Bayesian independent informed t -tests found
ompelling evidence only in favor of reduced cerebellar connectivity
BF10 = 96.67, 𝛿 = 0.5, 95% CI: [0.211 – 0.796]), as well as in favor
f reduced connectivity of the right inferior frontal gyrus (BF10 = 145,
= 0.521, 95% CI: [0.228–0.815]) and of the left post-central gyrus

BF10 = 158, 𝛿 = 0.525, 95 % CI: [0.2[– 0.819]) in carriers compared
o noncarriers. For the sensitivity analysis, Table S5 shows also results
rom Bayesian independent informed t -tests. 

. Discussion 

The current study aimed at assessing basal forebrain functional con-
ectivity and its association with amyloid load in the baseline data of
symptomatic PSEN1 E280A mutation carriers compared with noncarri-
rs from the API ADAD Trial [ 20 ]. Contrary to our primary hypothesis,
e found evidence against a reduction of basal forebrain and hippocam-
al functional connectivity in carriers compared to noncarriers. These
esults disagree with results in sporadic prodromal and preclinical AD
ases [ 7 ]. Moreover, in the Alzheimer’s Disease Neuroimaging Initia-
ive (ADNI) cohort, lower basal forebrain functional connectivity has
een found in MCI/AD individuals with abnormal versus normal CSF in
he nucleus basalis of Meynert [ 44 ]. In contrast with our second hypoth-
sis, we found moderate to very strong evidence against an association
f basal forebrain and hippocampus functional connectivity with amy-
oid pathology in mutation carriers. This differs from a study on sporadic
D that found reduced basal forebrain connectivity in association with
myloid positivity in people with subjective cognitive complaints [ 6 ].
his is also in contrast with a study showing functional alterations of
he hippocampus during encoding of novel face-name pairs in twenty
symptomatic Colombian PSEN1 mutation carriers compared to nine-
een noncarriers of the same kindred [ 19 ]. The lack of a reduction in
asal forebrain connectivity may be explained by evidence from trans-
enic mouse models. Abnormal sprouting or redistribution of choliner-
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ic processes may occur in response to amyloid deposition. In PSEN1

r APP transgenic mice, amyloid pathology enhances the cholinergic
henotype, including abnormal sprouting and redistribution of cholin-
rgic processes in the cortex. This may also occur in humans, obscuring
xpected reductions in connectivity [ 45 ]. 

Nonetheless, our results are partly in line with a study from the Dom-
nantly Inherited Alzheimer Network (DIAN) cohort showing that brain
lobal functional connectivity was reduced in mutation carriers with
DR scores greater than 0 (impaired), but not in mutation carriers with
DR scores equal to 0 (cognitively normal) compared to noncarriers
 46 ]. Also, previous studies showed that basal forebrain volume is re-
uced in preclinical and prodromal AD individuals with tau pathology,
ut not in individuals with A 𝛽 pathology [ 47 ] and that, higher concen-
rations of plasma t-tau are associated with higher rates of atrophy in the
asal forebrain [ 48 ]. Likewise, Strain and colleagues found no reliable
bnormalities in both brain covariance and correlation functional con-
ectivity at CDR < 1 in the two cohorts of ADAD and sporadic Late-Onset
lzheimer’s Disease (LOAD) [ 49 ]. The basal forebrain has not been stud-

ed before in familial AD and not by using neuroimaging markers like
esting-state functional connectivity. Preclinical studies on changes in
he cholinergic system presented controversial results [ 50 , 51 ]. A study
sing PS1/A246E transgenic mice as a model of ADAD found hyperme-
abolic activity in the basal forebrain, which was thought to represent a
ompensatory response to mitochondrial abnormalities [ 51 ]. A review
eported that studies using human stem cells found a reduction in neu-
onal excitability in cholinergic basal forebrain neurons, but for another
ind of mutation ( PSEN2 N141I) [ 50 ]. 

Our findings generate the new hypothesis that, in resting-state condi-
ions, the cholinergic basal forebrain is functionally preserved in asymp-
omatic PSEN1 E280A mutation carriers. A previous study from the same
ample [ 52 ] found no evidence of basal forebrain and hippocampus at-
ophy and no association with amyloid load, but rather a relative preser-
ation of basal forebrain metabolism in mutation carriers. Together,
hese data provide new evidence for familial versus sporadic forms of
lzheimer’s disease. A possible explanation for the assumption of global
asal forebrain preservation in mutation carriers may be connected to
ge as a factor of brain resilience. Indeed, the carriers’ mean age was
5 years, five years lower than in noncarriers (40 years). Previous stud-
es on this population showed that the median age of onset is 44 years.
herefore, our analysis captured cases of mutation carriers presumably
n average nine years before the emergence of clinical symptoms [ 10 ],
ven though we found no association between basal forebrain global
onnectivity and age within this group. A study on resting-state fMRI
n familial AD has demonstrated that brain global functional connectiv-
ty varies non-linearly concerning estimated years of symptoms onset
EYO), with an initial increase early in the disease time course (EYO =
7 years) followed by a period of stabilization until further decreasing
lose to the estimated time of disease manifestation (EYO = 0.5 years)
 46 ]. This may be an indication that the subjects in our sample are in a
hase of either a relative increase in functional connectivity or a plateau.
urely, the interaction between demographic, genetic, neurofunctional,
ognitive reserve and occupational factors in this population needs to be
urther investigated [ 22 ], especially in light of recently reported single
ases of extreme resilience to ADAD [ 53 ]. In that report, two siblings
arrying the RELN–COLBOS and PSEN1 E280A genes showed a delayed
isease manifestation relative to their estimated age of disease onset.
owever, the female sibling exhibited faster decline and more severe
isease progression than her brother, likely due to depression and other
omorbidities [ 53 ]. To this extent, future studies should investigate the
elationship between indices of cholinergic functional connectivity and
D biomarkers, as well as psychiatric conditions especially depression
 22 , 53 ], which is common in this population. 

Our data-driven results revealed a notable discrepancy in the ReHo
ignal, with opposing trends observed in different brain regions. How-
ver, only the cerebellum exhibited a statistically significant reduction
n the ReHo signal between carriers and non-carriers. In general, the
8

eHo results indicating increased connectivity in asymptomatic PSEN1
utation carriers compared to non-carriers may be indicative of com-
ensatory mechanisms, whereas decreased connectivity could suggest
berrant connectivity [ 38 ]. These findings are consistent with those of
 study on sporadic AD that correlated ReHo patterns in the temporal,
arietal, and frontal regions with cognitive testing outcomes in individ-
als with SCD and MCI compared to healthy controls [ 38 ]. This study
emonstrated a correlation between decreased ReHo and poorer perfor-
ance on cognitive testing, as well as a correlation between increased
eHo and better performance on cognitive testing [ 38 ]. Nonetheless,

ittle research has been conducted on the connectivity of the cerebel-
um in sporadic AD and ADAD [ 54 ]. A recent study in sporadic AD pa-
ients has shown that decreased connectivity between the cerebellum
nd thalamus may disrupt the cerebellum’s connectivity with other cog-
itive networks like the Default Mode Network, resulting in cognitive
mpairment [ 54 ]. Similarly, one PET study conducted in the API ADAD
olombia Trial and Colombia-Boston cohorts showed greater evidence
f cerebellar amyloid plaque deposition in carriers, already 10 years
efore the estimated age of MCI onset [ 55 ]. Lastly, a case report com-
aring an advanced-stage APP Osaka mutation patient with early-onset
poradic AD patients and healthy subjects revealed high tau accumula-
ion but subtle A 𝛽 burden in the cerebral cortex, most pronounced in the
erebellum, suggesting that tau accumulation may be a potential marker
or the distinction of familial from sporadic AD [ 56 ]. 

This study has some limitations. Firstly, these are baseline cross-
ectional data. Secondly, based on the data we received, we could not
alculate the exact EYO in mutation carriers [ 22 ]. Additionally, besides
ducation, no data on occupational attainment were collected at base-
ine to measure variables such as cognitive reserve that could explain
rotective or neuroplasticity mechanisms [ 22 ]. Also, no data on neu-
opsychiatric scales measuring depression or other comorbidities were
ccessible to us. Future studies should replicate our results in different
DAD cohorts. It would be important to determine if and how choliner-
ic functional connectivity changes over time, as well as its relationship
ith other cognitive indices, age of disease onset and AD biomarkers. 

To conclude, our study showing the functional preservation of the
holinergic basal forebrain and hippocampus but the disruption of ReHo
erebellar signal in asymptomatic mutation carriers, despite falsifying
ur original hypothesis, enriches the evidence on the neuropathological
rocesses of ADAD. Nonetheless, the insensitivity of the ReHo method
o shape differences between clusters is a common drawback; there-
ore, results obtained from data-driven analysis should be interpreted
autiously, especially considering the type, spatial distribution, and dis-
ance of the anatomical regions involved. Replication of such findings
sing other data-driven methods (e.g., ICA) will be considered in future
tudies to complement our findings. Finally, these findings may have
mportant implications, suggesting potential new avenues for pharma-
eutical interventions. If these results are replicated, other brain regions
r proteins, such as the cerebellum and tau, may offer novel treatment
argets for familial AD. This is particularly relevant, as recent clinical
rials in this population targeting amyloid accumulation have failed to
emonstrate significant benefits [ 57 , 58 ]. 
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