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Abstract

Background/Objectives: Studies have shown that higher polygenic risk scores (PRSs) for
Alzheimer’s disease (AD) are associated with smaller volumes in temporal brain regions
typically affected by this disease. These effects have also been found in cognitively unim-
paired (CU) older adults. This study aimed to investigate the relationship between PRSs
and brain volumes in specific areas associated with early AD. Methods: 342 participants
were selected from the Alzheimer’s Disease Neuroimaging Initiative and stratified into
three groups: 114 amyloid-positive atrophic (A+N+), 114 amyloid-negative non-atrophic
(A—N—), and 114 amyloid-positive non-atrophic (A+N—) people. Linear regressions were
performed within each group to investigate associations between PRSs and regional grey
matter volumes. Analyses were also repeated after stratifying groups by APOE status and
clinical diagnosis. Two sensitivity analyses were run to investigate the impact of APOE and
amyloid status and concordance across biomarkers. Multiplicity was controlled for using
the Benjamini—-Hochberg false discovery rate (FDR) approach. Results: Negative associa-
tions were observed between PRSs and volumes of the left amygdala and hippocampus in
A+N+, right hippocampus in A+N—, and right posterior cingulate cortex in A—N— partici-
pants. Associations were found especially in A—N— participants, both ¢4 allele carriers
and non-carriers, and mostly confirmed in sensitivity analyses. Associations emerged only
in CU and AD participants, but not in people with MCI. None of these findings survived
correction for FDR. Conclusions: These findings highlight the potential of PRSs as novel
biological indicators for a deeper characterisation of AD-related neural alterations.

Keywords: Alzheimer’s disease; polygenic risk score; APOE ¢4 allele; atrophy; 3-amyloid

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease, affecting
about 5% to 7% of the population over 60 years of age, and represents one of the biggest
global health challenges, significantly impacting quality of life of patients and their fami-
lies [1]. AD is characterised by progressive neurocognitive decline, manifested by cognitive
and memory deterioration, impairment in daily activities, and a variety of neuropsychiatric
symptoms [2].

Diagnostic criteria for AD have evolved considerably over the years. Recent ad-
vancements in biomarker research have enabled the inclusion of neuroimaging, plasma,
and cerebrospinal fluid (CSF) biomarkers into the diagnostic workup of AD. A variety of

Genes 2025, 16, 1128

https://doi.org/10.3390/genes16101128


https://doi.org/10.3390/genes16101128
https://doi.org/10.3390/genes16101128
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://doi.org/10.3390/genes16101128
https://www.mdpi.com/article/10.3390/genes16101128?type=check_update&version=1

Genes 2025, 16, 1128

20f 16

biomarkers for amyloid-beta (A{3) plaques, tau tangles, and neurodegeneration have been
proposed [3].

The most common sporadic form of late-onset AD (LOAD) is influenced by a combi-
nation of genetic and environmental factors with many genes contributing to determine
AD risk [4]. The &4 allele of the apolipoprotein E (APOE) gene is the strongest genetic
risk factor for LOAD [5]. However, recent genome-wide association studies (GWAS) have
identified additional risk loci, contributing to a more comprehensive understanding of the
multifaceted genetics of AD [6] and, thus, providing new insights into possible biological
mechanisms underlying this neurodegenerative process [7].

The individual contribution of most genetic variants strongly associated with AD,
with the exception of the APOE ¢4 allelic variant, to increasing an individual’s risk of
developing AD appears to be only marginal (1% to 8%) [8]. Polygenic risk scores (PRSs)
are calculated by adding the effects of multiple loci across the genome and are used to
assess an individual’s genetic predisposition to AD [9,10]. By integrating the cumulative
effect of commonly occurring alleles, PRSs may better capture the variance explained by
genetic factors [11]. These scores facilitate the identification of individuals at high risk of
developing AD, as PRSs are derived from the most recent GWASs [12]. Therefore, PRSs
have the potential to enable targeted preventive measures and personalised interventions.

Studies have shown that higher PRSs in cognitively healthy adults are associated with
greater cognitive decline [13] and smaller regional brain volumes (e.g., in hippocampus
and precuneus) [14,15], especially hippocampal volume, but also that of other brain regions
involved in memory and cognitive functions [16]. This has been found in multiple cohort
studies in relation to different combinations of single nucleotide polymorphisms (SNPs),
usually including the APOE &4 allele among the pool of genes of interest [17-19]. Therefore,
it is clear that the statistical association between APOE SNPs and AD risk is stronger than
that of any other non-APOE SNPs and AD. Hence, investigating the presence of possible
associations between PRSs and atrophy in specific areas associated with AD in APOE &4
carriers, but especially in non-carriers, could provide insights into the effectiveness of these
scores in predicting early atrophy in high-risk individuals and into the utility of PRS as a
biological indicator and as a tool for early detection of the disease.

For these reasons, this study aimed to investigate the association between PRSs for
AD and grey matter (GM) volumes of AD-relevant regions of interest in older adults
with and without cognitive impairment stratified by A3 positivity and neurodegeneration
status. The first hypothesis was that PRS values would differ significantly between groups,
with higher scores observed in the group exhibiting greater global atrophy. It was further
hypothesised that higher PRS values would be negatively associated with GM volumes in
brain regions characteristically vulnerable to AD pathology burden (e.g., hippocampus,
posterior cingulate cortex, parahippocampal gyrus, middle temporal gyrus) and that these
associations would be stronger in groups showing evidence of neurodegeneration and
among APOE e4 carriers. The second hypothesis was that PRSs could serve as potential
predictors of GM variations in the specific brain areas under investigation across the entire
sample. Finally, the last hypothesis was that higher PRS values would be associated
with smaller brain volumes, particularly in individuals diagnosed with AD dementia and
carriers of the APOE ¢4 allele.

2. Materials and Methods
2.1. Participants

Data used in this study were obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 as a public—
private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary
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goal of ADNI has been to test whether serial MRI, positron emission tomography, other
biological markers, and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment (MCI) and early AD. All ADNI
participants provided written informed consent, and study protocols were approved by
each participating site’s institutional review board. For research governance and com-
pliance with ethical standards and informed consent, please consult the ADNI website
at www.adni-info.org and associated material. No additional local ethical approval was
required, as the ADNI database contains only anonymized, publicly accessible data.

Participants were included based on the availability of genetic, MRI, cognitive, and Af3
data. The lack of any of the above-mentioned assessments represented exclusion criteria
for this study.

From an initial sample of 747 participants with available genetic data to calculate PRSs,
individuals were categorised into three groups based on Af3 positivity (either A+ or A—)
and evidence of neurodegeneration (either N+ or N—), matching the resulting subgroups
as closely as possible for sex, age, and education. Participants were classified as A+ if
they had either a cerebrospinal fluid A{31-42 level equal to or below 977 pg/mL [20] or an
amyloid-PET standardised uptake value ratio equal or above 1.11 [21]. Neurodegeneration
status was determined based on GM fraction (GMF; see Section 2.4 “MRI data and pre-
processing” section for details): participants with GMF values < 1.5 standard deviations
from the mean of the cognitively unimpaired group were classified N+. Three groups of
114 participants each were formed by stratifying the sample for Ap and neurodegeneration
and matching participants for age, education and sex using the matchit function from the
Matchlt (version 4.5.0) R package:

The A+N+ group consisted of 33 females and 81 males; 6 participants were cognitively
unimpaired, 48 had MCI, and 60 had a diagnosis of AD dementia.

The A+N— group consisted of 30 females and 84 males; 25 participants were cogni-
tively unimpaired, 70 had MCI, and 19 had a diagnosis of AD dementia.

The A—N-— group consisted of 32 females and 82 males; 53 participants were cogni-
tively unimpaired, 55 had MCI, and 6 had a diagnosis of AD dementia.

There were no participants with evidence of neurodegeneration who were A3 negative.

Because there were a total of 114 participants with an A+N+ profile, equally sized
samples with A—N— and A+N— profiles were created by selecting individuals from the
larger pool of ADNI participants with available genetic data, following a close matching
procedure for age, sex, and education (without replacement). Participants in the A—N—
(n =123) and the A+N— (n = 253) subgroups not selected by the matching procedure were
excluded from the analytical sample (see Figure 1). T1-weighted MRI images of a participant
typical of each group (based on median GMF values) are included in Supplementary
Figure S1.

2.2. APOE Genotype

Apolipoprotein E (APOE) genotype status for all participants was available in the
ADNI database. For this study, only the condition of being a carrier or non-carrier of
the APOE &4 allele was considered. In the overall dataset, there were 199 participants
who were €4 non-carriers, and 143 who were €4 carriers. In the three subgroups, in the
atrophic-positive subgroup there were 45 ¢4 non-carriers and 69 &4 carriers, among the
normal-positive there were 54 €4 non-carriers and 60 €4 carriers and in the normal-negative
group, 100 were &4 non-carriers and 14 &4 carriers.
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Figure 1. Schematic representation of group selection and matching procedures.

2.3. PRS Calculation

Genotyping was carried out by ADNI using an Illumina OmniExpress array [22].
Genotype data were curated to extract common high-quality autosomal markers using
PLINKv2.0 [23]. Quality control parameters were a 90% call rate, 5% minor allele frequency
and Hardy-Weinberg equilibrium mid-p value of 10~°. A total of 1.3 million SNPs passed
quality control. From the quality-controlled genotype data, 5 genetic principal components
(PCs) were generated using PC-AiR [24] to be used as covariates in the analyses.

A PRS for AD was calculated using a training set and GWAS summary statistics [25].
Only SNPs with imputation information content scores greater than 0.9 were used and
duplicate SNPs were removed. To our knowledge, participants in ADNI were not included
in any of the discovery GWAS used to calculate PRSs for AD.

PRSs were generated with a Bayesian approach using continuous shrinkage priors
(parameters: a =1, b = 0.5, phi learnt from the dataset) [26] in line with a previous publi-
cation [27]. After merging the data with a linkage disequilibrium reference based on the
1000 Genome EUR samples (reference panel: 1dblk_1kg eur), 455,027 SNPs were retained.
From each of those SNPs a Bayesian posterior effect size was calculated. Finally, posterior
effect sizes were used to calculate PRS values in PRSice v2 [28] without pruning, using
two p-value thresholds: 0.0001 (PRS1) and 0.001 (PRS2). PRS values were standardised by
centering on the overall sample mean and dividing by one standard deviation for use in
the analysis. Scripts used are included in the Supplementary Materials.

2.4. MRI Data and Pre-Processing

All MRI data were acquired as specified in the ADNI MRI protocol [29], using either
1.5 T or 3 T scanners. Pooling of MRI data acquired at different magnetic field (MF) strengths
has previously been shown to be a valid approach, with minimal effects on regional volume
quantification [30-32]. The steps of the most up-to-date standard voxel-based morphometry
(VBM) protocol [33] were carried out using Matlab (Mathworks Inc., Cambridge, UK) and
Statistical Parametric Mapping (SPM) 12 (Wellcome Centre Human Neuroimaging, London,
UK): (1) images were reoriented to the bi-commissural axis; (2) reoriented images were
segmented to separate 3 tissue classes, i.e., GM, white matter and cerebrospinal fluid; (3) GM
maps underwent affine non-linear registration to the standard International Consortium of
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Brain Mapping (ICBM) template (European Brains) in the MNI space and subsequently
modulated; and finally, (4) normalised images were smoothed with an 8 mm full-width at
half-maximum Gaussian kernel [34]. Global volume for each tissue map was quantified
using SPM12 and, finally, total intracranial volume (TIV) was calculated for each participant
by summing the values of all 3 extracted tissue maps. GMF was calculated by dividing
each individual GM volume by their relative TIV. Only GM maps were used to answer the
research question of this study.

GM volumes were extracted from 16 regions of interest (ROls), 8 in the left hemisphere
and 8 in the right hemisphere, using the Automated Anatomical Labelling (AAL) atlas
2 [35]. Bilateral ROIs were selected based on the commonly reported neural alterations
associated with AD: amygdala, hippocampus, parahippocampal gyrus, middle temporal
gyrus, superior temporal gyrus, fusiform gyrus, posterior cingulate cortex, and medial
prefrontal cortex. The decision to focus on these regions was based on prior evidence
indicating that the influence of a polygenic hazard score for AD was strongest in these
areas [36], along with extensive evidence showing that the effect of AD pathology is strong
in these regions from an early stage.

2.5. Clinical and Cognitive Data

Global cognitive status was assessed with the Mini Mental State Examination
(MMSE) [37]. This test consists of simple questions assessing seven different cognitive
areas: orientation to time, orientation to space, short-term and long-term memory, attention
and calculation, language, and constructive abilities. The total score ranges between a
minimum of 0 and a maximum of 30 points.

2.6. Data Analysis

All the analyses were carried out using R www.r-project.org (accessed on 2 May 2025).

Demographic, clinical, and genetic data were compared across groups. To compare age,
and education, between groups, Kruskal-Wallis and Dunn post hoc tests with Bonferroni
correction were used. To compare sex and APOE load between groups, x? tests were used.
And finally, to compare diagnosis between groups, x2, and post hoc z-test with Bonferroni
correction were used.

PRSs were compared between the groups using the Kruskal-Wallis test and Dunn’s
post hoc test with Bonferroni corrections. Subsequently, within each group, the association
between PRSs and regional GM volumes was investigated (controlling for PCs, education,
age, sex, TIV and MF) with robust linear regressions. The regressions were repeated
following stratification by APOE &4 carrier /non-carrier status.

Subsequently, considering the whole sample, possible predictors of volumetric vari-
ations in the specific brain areas under consideration were tested with a robust linear
model (rlm function of the MASS package in R) including PRSs, 5 PCs, education, seX,
and age as predictors (p-values were calculated from t-values using Student’s distribution).
Additionally, robust linear regression models were applied to investigate the association
between PRSs and regional brain volumes, following participant stratification by clinical
diagnosis and APOE carrier status, and controlling for age, education, sex, TIV and MF.
To ascertain further the impact of APOE relative to other SNPs, a sensitivity analysis was
run by using two additional PRSs calculated by excluding the APOE region using the
hg19 coordinates chr19 from 44,400,000 to 46,500,000 [38,39]: PSR1,0ap0E (p = 0.0001) and
PRSZnoAPOE (p = 0.001).

Finally, a second sensitivity analysis was carried out by re-running all models in a
sub-sample of participants with amyloid status concordant across CSF- and PET-derived
biomarkers (1 = 218). This analysis was carried out because, in this study, amyloid status
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was determined using either CSF or PET data depending on availability, but agreement
between these biomarkers is not consistently observed across all individuals undergo-
ing testing.

Multiple comparisons were statistically controlled for by applying the Benjamini—
Hochberg false discovery rate (FDR) correction jointly across all ROI-level tests, groups
and both PRSs (m = 96).

R scripts used for data analysis are included in the Supplementary Materials.

3. Results

The demographic, clinical, and genetic characteristics of the groups are summarised
in Table 1.

Table 1. Demographic, clinical, cognitive, and genetic characteristics of the three groups.

Variable A+N+ (n=114) A+N— (n=114) A-N- (n=114) X2 p

Age (years) 782 +6.8 77.6 + 6.3 76.5+6.2 4.58 0.101
Education (years) 16.3 £2.9 162 £2.7 163 £2.7 0.26 0.878
Sex (m/f) 81/33 84/30 82/32 0.20 0.903
Diagnosis ab a

(CU/MCI/AD) 64/48/60 53/55/6 25/70/19 100.38 <0.001
APOE 69/452 60/54 2 14/100 62.76 <0.001

(carrier /non-carrier)

CU: cognitively unimpaired; MCI: mild cognitive impairment; AD: Alzheimer’s disease dementia; APOE:
Apolipoprotein E. 2 Significantly different from the A—N— group. b Significantly different from the A+N— group.

3.1. PRSs Across Groups

PRS values (at both thresholds, i.e., p = 0.0001 (PRS1) and 0.001 (PRS2)) were signifi-
cantly different across groups (PRS1: H =44.79, df =2, p < 0.001; PRS2: H = 44.06, df =2,
p <0.001). Post hoc tests revealed that the A+N+ group had higher PRSs than the A—N—
group (PRS1: p < 0.001; PRS2: p < 0.001), as did the A+N— group (PRS1: p < 0.001; PRS2:
p <0.001).

3.2. Associations Between PRSs and Regional GM Volume Within Individual Groups

In the A+N+ group, higher PRS1 and PRS2 scores were significantly associated with
smaller volumes in the left amygdala and parahippocampal gyrus (Table 2). In the A-N—
group, both PRSs were negatively associated with right posterior cingulate cortical vol-
umes, while in the A+N— group both PRSs were negatively associated with the right
hippocampal volume.

Table 2. Significant associations between PRSs and regional GM volumes within individual groups.

PRS1 PRS2
B SE P B SE p

A+N+

Left amygdala —0.025 0.010 0.016 —0.025 0.010 0.017
Left parahippocampal gyrus —0.067 0.031 0.031 —0.068 0.031 0.028
A—N-—

Right posterior cingulate cortex —0.045 0.015 0.003 —0.046 0.014 0.002
A+N—

Right hippocampus —0.061 0.029 0.039 —0.058 0.029 0.047

SE: Standard error.
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3.3. Associations Between PRSs and Regional GM Volumes Within Groups Stratified by
APOE Genotype

In the A+N+ and A+N— non-carrier groups, PRSs were negatively associated with
the left amygdala volume (Table 3). In the A—N— group, among non-carriers, significant
relationships were found between both PRSs and the volumes of bilateral superior temporal
gyri, and the right posterior cingulate cortex. In carriers, both PRSs were negatively
associated with the volume of all ROls.

Table 3. Significant associations between PRSs and regional GM volumes within groups stratified by

APOE genotype.
PRS1 PRS2
B SE p B SE p
A+N+ non-carriers
Left amygdala n.s. n.s. n.s —0.040 0.020 0.048
A —N— non-carriers
Left superior temporal gyrus —0.274 0.127 0.030 —0.281 0.125 0.025
Right superior temporal gyrus —-0.322 0.153 0.036 —0.325 0.149 0.029
Right posterior cingulate cortex —0.107 0.048 0.025 n.s. n.s. n.s.
A—N— carriers
Left amygdala 0.030 0.000 <0.001 0.032 0.000 <0.001
Right amygdala —0.002 0.000 <0.001 —0.003 0.000 <0.001
Left hippocampus 0.108 0.000 <0.001 0.121 0.000 <0.001
Right hippocampus 0.177 0.000 <0.001 0.202 0.000 <0.001
Left parahippocampal gyrus 0.136 0.000 <0.001 0.155 0.000 <0.001
Right parahippocampal gyrus 0.249 0.000 <0.001 0.284 0.000 <0.001
Left middle temporal gyrus 0.631 0.005 <0.001 0.714 0.003 <0.001
Right middle temporal gyrus 0.204 0.003 <0.001 0.231 0.002 <0.001
Left superior temporal gyrus 0.556 0.001 <0.001 0.627 0.001 <0.001
Right superior temporal gyrus 0.368 0.001 <0.001 0.417 0.001 <0.001
Left fusiform gyrus 0.364 0.000 <0.001 0.403 0.000 <0.001
Right fusiform gyrus 0.026 0.000 <0.001 0.028 0.000 <0.001
Left medial prefrontal cortex 0.032 0.000 <0.001 0.036 0.000 <0.001
Right medial prefrontal cortex 0.111 0.000 <0.001 0.124 0.000 <0.001
Left posterior cingulate cortex —0.118 0.000 <0.001 —0.132 0.000 <0.001
Right posterior cingulate cortex 0.020 0.000 <0.001 0.023 0.000 <0.001
A+N— non-carriers
Left amygdala —0.040 0.017 0.020 n.s. n.s n.s.

n.s.: Not significant, SE: Standard error.

3.4. Associations Between PRSs and Regional GM Volumes in the Whole Sample

In the whole sample, both PRSs showed significant associations with all regional GM
volumes (Tables S1 and S2). For all brain regions, age emerged as a highly significant
predictor. Sex was negatively associated with the volume of several brain areas, with males
having larger regional GM volumes than females. While MF had an impact on some brain
regions, education was not associated with any of the GM regional volumes.

3.5. Associations Between PRSs and Regional GM Volumes Stratified by Diagnosis and APOE
Carrier Status

No significant associations between either PRSs and regional brain volumes were
detected in the CU and MCI groups. In the AD non-carrier group, significant associations
were observed between both PRSs and the volumes of the left amygdala only. No significant
associations were detected in AD patients who were APOE ¢4 carriers (Table 4).
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Table 4. Significant associations between PRSs and brain regional volumes in the AD non-
carrier group.

PRS1 PRS2

B SE P B SE p

Left amygdala

—0.048 0.022 0.025 —0.050 0.022 0.025

SE: Standard error.

3.6. ROI-Wise Associations Between AD PRS and Regional Grey Matter Volume with Joint FDR
Across ROIs, Groups, and PRSs

After applying FDR correction, no association reached significance level. Full g-values
are reported in Supplementary Table S3.

3.7. Sensitivity Analysis—PRSs Without APOE

After excluding the APOE region, the PRS1,,,4poE Was negatively associated with the
left amygdala volume in the A+N+ group, while both PRSs were negatively associated
with lateral temporal, prefrontal and posterior cingulate volumes in the A—N— group
(Supplementary Table S4).

After stratification by APOE genotype, higher PRSs were associated with smaller
volumes in lateral temporal and prefrontal cortices, in A—N— non-carriers, while associ-
ations were widespread across all ROIs in A—N— carriers (Supplementary Table S5). In
A+N— carriers, both PRSs were negatively associated with the volume of the fusiform
gyrus bilaterally.

In the whole sample, PRSs without APOE were negatively associated with volumes of
both medio-temporal and lateral temporal ROIs (Supplementary Tables S6 and S7).

After stratification by diagnosis and APOE genotype, PRSs were negatively associated
with superior temporal volumes, in CU non-carriers, and across most ROIs apart from the
hippocampi, in CU carriers (Supplementary Table S8).

None of these associations survived FDR correction (Supplementary Table S9).

3.8. Sensitivity Analysis—Ap Positivity

In total 218 participants had amyloid status (either AR+ or Af—) concordant
across CSF and PET examinations: 88 (77.2%) A—N-—, 56 (49.1%) A+N- and 74 (64.9%)
A+N+ participants.

Higher PRS values (both with and without APOE) were generally associated with
smaller volumes in medio-temporal ROIs in the A+N+ and A+N— groups, and in the
posterior cingulate in the A—N— group (Supplementary Table S10). Similar results were
found when groups were stratified by APOE genotype, with the most consistent negative
associations found between PRSs without APOE and temporal ROIs in the A+N+ group
and in the A—N— non-carrier group (Supplementary Table S11).

In the whole group, negative associations were found between PRSs with APOE and
all volumes of all ROIs and between PRS without APOE and temporal ROIs, as in the main
analysis (Supplementary Tables 512-515).

After stratification by diagnosis and APOE genotype, negative associations were found
between PRSs without APOE and volumes in various temporal ROIs in CU and AD groups,
both in carriers and non-carriers (Supplementary Table S16), but not in people with MCIL.

None of these associations survived FDR correction (Supplementary Table 517).

4. Discussion

The results of this study showed that both the A+N+ and A+N— groups had sig-
nificantly higher PRSs compared with A—N— participants. This aligns with our initial
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hypothesis and is consistent with the literature reporting negative associations between
PRSs for AD and CSF Ap levels (e.g., [40,41]) and brain atrophy (e.g., [16,42]). More specifi-
cally, these findings suggest that a PRS for AD is predictive of A+ status irrespectively of
disease severity.

All PRS-volume findings were also evaluated applying a joint Benjamini-Hochberg
FDR correction across ROIs, groups, and PRSs. Under this conservative statistical approach,
no association met q < 0.05, so the effects described below are interpretable as directional
trends (see Supplementary Tables S3, S9 and S17). This joint FDR correction prioritises
specificity at the cost of power, potentially attenuating detectable effects.

Regression analyses carried out within individual groups found negative associations
between PRSs inclusive of APOE and the volume of medio-temporal regions, where the
strongest effects of AD pathology are typically detected [43—46], in the left hemisphere for
A+N+ participants, and in the right hemisphere for the A+N— group. In the A—N— group,
relationships were found between PRSs and the volume of the right posterior cingulate
cortex, i.e., the brain region that first shows signs of dysfunction in the earliest stages of
AD [47]. Similar results were found for PRSs without APOE, although negative associations
were widespread in the left posterior cingulate and lateral temporal and medial prefrontal
areas, bilaterally, for the A—N— group. In the A sensitivity analysis, fewer associations
were detected in general, yet findings were confirmed in left medio-temporal regions
(amygdala and hippocampus) in the A+N+ and A+N— groups, and in right superior
temporal and posterior cingulate cortices in the A—N— group.

Unexpected results emerged when replicating these analyses after stratifying the
three groups by APOE genotype (¢4 carriers vs. non-carriers). For both the A+N+ group
and A+N—, only weak associations between PRSs with APOE and the left amygdala
volume were found following stratification. In the A—N— group, negative associations
were observed between both PRSs and the volume of all brain areas in carriers, and in
bilateral superior temporal and right posterior cingulate regions in non-carriers. Very
similar findings emerged for PRSs without APOE: negative associations with bilateral
fusiform gyrus volumes in the A+N— group, widespread impact on most brain regions in
the A—N— carriers, and negative associations with bilateral superior temporal and medial
prefrontal areas in the A—N— non-carriers. In the A} sensitivity analysis, associations
were also found in primarily left-lateralised temporal regions in the A+N+ and A+N—
groups. This may have been the result of a reduction in statistical power, and fewer
A+ than A— participants were retained in the sensitivity analysis. However, across all
analyses, AD polygenic risk appears to be primarily associated with smaller volumes in
bilateral medio-temporal and superior temporal regions, with more consistent effects in the
left hemisphere.

Although this contradicted the initial prediction that PRS-GM volume associations
would emerge primarily in participants with evidence of neurodegeneration and in ¢4
carriers, these results suggest that the influence of AD polygenic risk on brain structure
may be more readily detectable in the absence of substantial neuropathological burden.
In A—N- individuals brain morphometry is likely shaped predominantly by genetic and
developmental factors, allowing for a cleaner expression of polygenic effects. In contrast, in
A+N— and A+N+ individuals, disease-related mechanisms (i.e., brain pathological protein
accumulation) may be the strongest determinants of structural neural damage, thereby
masking or confounding the possible effects of genetic predisposition. Furthermore, it is
possible that non-carriers may exhibit brain alterations due to either non-APOE-related
genetic or environmental factors (e.g., [48-51]). In this group, aside from associations
in the right posterior cingulate cortex that resembled those observed in carriers, PRSs
were negatively associated with the volumes of the bilateral superior temporal gyri, brain
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regions where AD-related pathological changes typically accumulate at later stages in
most patients. However, although Braak and Braak staging [52] indicates that tau spreads
into the neocortex after A accumulation, some studies have shown that tau can begin
to accumulate widely in neocortical areas even in cognitively healthy, amyloid-negative
individuals [53], particularly as part of the ageing process. Subthreshold levels of A can
favour tau accumulation [54] and, consequently, brain atrophy, and patterns of cerebral tau
pathology also predict the topography and severity of neurodegeneration [55]. Therefore,
it is possible that the PRS influence leading to smaller GM volume in the temporal regions
of the A—N— non-carrier group might be driven primarily by tau pathology [56].

The negative trends between PRSs and volumes of lateral temporal regions are not
surprising. Atrophy in the middle temporal gyrus, for instance, has been highlighted as a
predictor of decline from normal cognition to AD dementia [57]. The left superior temporal
gyrus, on the other hand, is a region affected by AD and plays a key role in language [58], a
cognitive function used as a diagnostic tool in the early stages of the disease [59,60].

Additionally, a negative association between PRSs and the volume of the posterior
cingulate cortex appears to be particularly interesting considering the early involvement of
this area in the pathophysiological process of AD [43,61,62]. In A—N— APOE ¢4 carriers, a
significant association between PRSs and the volume of both hippocampi can be explained
based on available evidence that hippocampal atrophy has also been observed in the
absence of amyloid positivity [63], and the suggestion that it could be due to different
pathogenetic processes [64]. Moreover, the observed significance in the parahippocampal
gyrus may be explained by the fact that atrophy in this region is considered an early
biomarker of AD [65], similarly to what is observed in the fusiform gyrus, where being a
carrier also results in an accelerated rate of atrophy [66].

In the whole sample, negative associations were found between the PRSs with APOE
and all regional brain volumes. When the APOE region was excluded, associations with
volumes of the posterior cingulate and the fusiform gyrus, bilaterally, and of the right
medial prefrontal cortex were no longer significant. All these results were largely replicated
in the A{ sensitivity analysis. Overall, this pattern of findings further suggests that AD
polygenic risk, even independently of APOE, may influence the dimensions of a wide range
of brain regions usually affected by this disease.

When the sample was stratified by clinical diagnosis, PRSs inclusive of APOE were
negatively associated with the left amygdala volume in non-carrier individuals with AD
dementia only. PRSs without APOE were negatively associated with regional GM volumes
in the CU groups: in the bilateral superior temporal gyrus only, in non-carriers; and in bilat-
eral amygdala, posterior cingulate, lateral temporal and medial prefrontal areas, in carriers.
Similar associations were detected in the sensitivity analysis, with some weak associations
also emerging between PRSs inclusive of APOE and the volumes of medial and lateral
temporal structures in CU and AD carriers. Overall, these findings are consistent with the
known trajectory of neurodegeneration in AD, where the medio-temporal lobe structures
are among the regions that are most strongly affected by pathological changes [52,67]. This
pattern suggests that cumulative genetic risk may worsen GM loss even after clinical onset.
In preclinical stages, non-APOE genetic risk may contribute to smaller GM volumes in
lateral temporal regions bilaterally, whereas APOE appears to exert a stronger influence that
also extends to the medial temporal and posterior cingulate regions. Indeed, the genetic
risk conferred by the APOE ¢4 allele across the lifespan strongly affects rate of atrophy [5],
whereas in non-carriers, the cumulative effect of several other risk loci may become more
prominent and captured by a PRS. Moreover, the consistency of the results between PRS1
and PRS2 strengthens the robustness of these findings, even though none survived FDR
correction, and is suggestive of a biological vulnerability in medio-temporal areas (sup-
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porting memory, emotion and cognitive processing [68]), that is detected by PRSs derived
using different statistical thresholds. In fact, it has long been established that the brain
regions most strongly associated with the AD PRS in the present study (i.e., hippocampus,
parahippocampal gyrus, amygdala, and posterior cingulate cortex) are critically involved
in the early manifestation of AD, as consistently reported in the literature [44,61,69-71].

Among the demographic covariates included in all statistical models, age was nega-
tively associated with volumes of all brain regions. This effect was expected, since, apart
from being a risk factor for AD, older age is naturally associated with brain volume loss [72].
Sex was also a strong predictor of brain volume across many regions, especially bilateral
medio-temporal and fusiform areas and the right posterior cingulate regions. In detail,
women had smaller volumes in all regions. It must be mentioned that PRSs, either with or
without APOE, did not differ between men and women. Even though potential sex-related
differential effects have not been tested in this study, a substantial proportion of volumetric
variability may be unrelated to AD genetic risk and influenced by non-genetic factors.
Contrary to expectations, education was not associated with the volume of any of the
regions investigated. Since education is usually considered a proxy measure of cognitive
reserve, it might be more strongly associated with brain functioning (not tested in this
study) rather than with brain structure [73].

This study has some limitations. First, information on amyloid was variable across
participants, as some had only either CSF or PET data. Second, APOE genotype was treated
as a binary variable, due to the small number of participants with rarer genotypes (e.g.,
those carriers of the €2 allele), thus potentially missing more specific APOE-mediated
effects. Third, the lack of control over environmental factors (e.g., diet, physical activity,
exposure to pollutants, etc.) that are known to influence both AD and brain damage
risks could have attenuated estimates of the real strength of the PRS influence. Fourth,
although this study observed directional associations between higher PRSs and smaller
regional GM volumes (consistent with prior literature), the sample consisted of ADNI
participants predominantly of White European ancestry (110/114 A—N—, 106/114 A+N—,
108/114 A+N+), thus limiting the generalisability of the findings. This is a limitation
common to many GWASs and, although having a small number of people from a minority
ethnic background in our sample might have introduced variability in the data, not related
to AD risk, we decided to retain them, to maximise the power of this study and increase
sample diversity. However, these results should be confirmed in future investigations in
more diverse cohorts. Fifth, the hypothesis-driven selection of brain areas might have
overlooked other structural alterations influenced by a PRS for AD. Sixth, the impact of
other age- and health-related factors (e.g., cardio-vascular risks, diet, physical exercise)
that were not specifically assessed in this study, but that are known to influence brain
health, especially via inflammatory pathways, cannot be excluded and should be clarified
in future investigations.

5. Conclusions

In conclusion, the results of this study support the potential association between a PRS
for AD and volumetric alterations in brain areas highly vulnerable to AD neuropathology.
Although the findings are heterogeneous across the differently stratified samples by Af and
neurodegeneration positivity, diagnosis and APOE genotype, the associations observed in
critical areas, such as the hippocampus, highlight the importance of PRSs as predictive tools
for AD-related pathological changes. Considering the apparent impact of PRSs on key AD
areas in A— CU older adults, future longitudinal studies should assess the predictive power
of this measure by tracking the rates of progression to AD dementia in these individuals.
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The observed effects also underline the need to identify more specific and reliable AD
biomarkers than those commonly used (e.g., [39]).

Investigations focused on the influence of a PRS for AD in early disease stages would
further enhance our understanding of the aetiopathogenesis of this disease. Identifying
brain regions more strongly influenced by a PRS for AD in A—N— individuals would shift
researchers’ attention towards a deeper understanding of the complex and not completely
understood bio-environmental dynamics involved in AD. If validated extensively, PRSs
could inform clinical practice for early diagnosis, and pave the way for personalised pre-
vention strategies aimed at intervening before the neurodegenerative process becomes
irreversible. Furthermore, expanding research to include other ethnic populations and
incorporating more biomarkers could lead to a more accurate integrated predictive model
of AD. A multi-biomarker approach would improve the identification of at-risk individuals
while monitoring cognitive decline leading to enhanced prognosis and treatment. With
advancements in genomic sequencing technologies, expanding public databases, and a
better understanding of epigenetic mechanisms, more comprehensive risk models could be
built that also account for interactions with environmental factors. Finally, the most impor-
tant implication might be in prevention. Identifying individuals at risk before symptom
onset could prompt them to adopt preventive strategies, such as lifestyle modifications
and cognitive interventions, aimed at preventing or delaying the clinical manifestations of
the disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes16101128 /s1, Figure S1: Axial and coronal T1 weighted
structural images of a typical participant for each group, selected based on the group-specific median
grey matter fraction (GMF) values: A—N— is a 74 y /o cognitively unimpaired male, with 12 years of
education and €4 non-carrier (GMF = 0.421); A+N— is a 71 y/o male with AD, 20 years of education
and 4 carrier (GMF = 0.403); A+N+ is a 82 y/o female with AD, 20 years of education and ¢4
non-carrier (GMF = 0.346); Table S1: Significant associations between PRSI and regional grey matter
volumes in the whole sample. Values are 3 & SE and associated p-values from regression models;
Table S2: Significant associations between PRS2 and regional grey matter volumes in the whole
sample. Values are 3 (SE) and associated p-values from regression models; Table S3: ROI-wise
associations between AD PRS and regional grey matter volume with joint FDR (q-values) across ROlIs,
groups, and PRSs; Table S4: Significant associations between PRSs without APOE and regional grey
matter volumes within individual groups; Table S5: Significant associations between PRSs without
APOE and regional grey matter volumes within groups stratified by APOE genotype; Table S6:
Significant associations between PRS1,,Apog and regional grey matter volumes in the whole sample.
Values are 3 £ SE and associated p-values from regression models; Table S7: Significant associations
between PRS1,,apoE and regional grey matter volumes in the whole sample. Values are 3 + SE
and associated p-values from regression models; Table S8: Significant associations between PRSs
without APOE and brain regional grey matter volumes stratified by diagnosis and APOE carrier
status; Table S9: ROI-wise associations between AD PRS without APOE load and regional grey matter
volume with joint FDR (g-values) across ROIs, groups, and PRSs; Table S10: Significant associations
between PRSs and regional grey matter volumes within individual groups with concordant CSF and
PET biomarkers; Table S11: Significant associations between PRSs and regional grey matter volumes
within groups with concordant CSF and PET biomarkers stratified by APOE genotype; Table 512:
Significant associations between PRS1 and regional grey matter volumes in the whole sample with
concordant CSF and PET biomarkers. Values are 3 + SE and associated p-values from regression
models; Table S13: Significant associations between PRS2 and regional grey matter volumes in
the whole sample with concordant CSF and PET biomarkers. Values are 3 &= SE and associated p-
values from regression models; Table S14: Significant associations between PRS1,,Apor and regional
grey matter volumes in the whole sample with concordant CSF and PET biomarkers. Values are
3 + SE and associated p-values from regression models; Table S15: Significant associations between
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PRS2,,Ap0E and regional grey matter volumes in the whole sample with concordant CSF and PET
biomarkers. Values are 3 & SE and associated p-values from regression models; Table S16: Significant
associations between PRSs and regional grey matter volumes within groups with concordant CSF
and PET biomarkers stratified by diagnosis and APOE carrier status; Table S17: Associations between
PRSs and regional grey matter volumes within groups with concordant CSF and PET biomarkers with
joint FDR (g-values) across ROIs, groups, and PRSs; Statistical analysis—R scripts; PRS calculation
steps—Linux scripts.

Author Contributions: Conceptualization, A.V. and V.N.; methodology, V.N. and R.M.; formal
analysis, V.N.; data curation, V.N. and R.M.; writing—original draft preparation, V.N.; writing—
review and editing, A.V. and R.M,; visualization, V.N. and R.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by funding obtained under the National Recovery and Re-
silience Plan (NRRP), Mission 4 Component 2 Investment 1.3—Call for tender No. 341 of 15/03 /2022
of the Italian Ministry of University and Research funded by the European Union-NextGenerationEU,
Project code PE0000006, Concession Decree No. 1553 of 11/10/2022 adopted by the Italian Ministry
of University and Research, CUP D93C22000930002, “A multiscale integrated approach to the study
of the nervous system in health and disease” (MNESYS).

Institutional Review Board Statement: Ethical review and approval were waived for this study since
this is a secondary analysis of data provided by ADNI (www.adni-info.org). All study protocols were
approved by each participating site’s institutional review board ADNI having received.

Informed Consent Statement: Written informed consent has been obtained from all ADNI par-
ticipants to have their anonymized data shared with researchers not involved in ADNI and used
for publications.

Data Availability Statement: All data used in this study are available from ADNI (https://adni.loni.
usc.edu/; accessed on 10 May 2022) upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Prince, M.; Wimo, A.; Guerchet, M.; Ali, G.; Wu, Y.; Prina, M. World Alzheimer Report 2015—The Global Impact of Dementia: An
Analysis of Prevalence, Incidence, Cost and Trends; Alzheimer’s Disease International: London, UK, 2015; 84p. Available online:
http:/ /www.alz.co.uk/research /world-report-2015 (accessed on 4 July 2025).

Cummings, J.L. Alzheimer’s disease. N. Engl. ]. Med. 2004, 351, 56—67. [CrossRef]

Jack, C.R,; Andrews, S.J.; Beach, T.G.; Buracchio, T.; Dunn, B.; Graf, A.; Hansson, O.; Ho, C.; Jagust, W.; McDade, E.; et al. Revised
criteria for the diagnosis and staging of Alzheimer’s disease. Nat. Med. 2024, 30, 2121-2124. [CrossRef]

Tanzi, R.E.; Bertram, L. New frontiers in Alzheimer’s disease genetics. Neuron 2001, 32, 181-184. [CrossRef]

Corder, E.H.; Saunders, A.M.; Strittmatter, W.].; Schmechel, D.E.; Gaskell, P.C.; Small, G.W.; Roses, A.D.; Haines, J.L.; Pericak-
Vance, M. A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 1993,
261,921-923. [CrossRef] [PubMed]

Bellenguez, C.; Kiigiikali, F; Jansen, LE.; Kleineidam, L.; Moreno-Grau, S.; Amin, N.; Naj, A.C.; Campos-Martin, R.; Grenier-Boley,
B.; Andrade, V,; et al. New insights into the genetic etiology of Alzheimer’s disease and related dementias. Nat. Genet. 2022, 54,
412-436. [CrossRef]

Jones, L.; Holmans, P.A.; Hamshere, M.L.; Harold, D.; Moskvina, V.; Ivanov, D.; Pocklington, A.; Abraham, R.; Hollingworth, P.;
Sims, R.; et al. Genetic Evidence Implicates the Immune System and Cholesterol Metabolism in the Aetiology of Alzheimer’s
Disease. PLoS ONE 2010, 5, €13950. [CrossRef]

Lambert, J.C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis, ].C.; Beecham, G.W.;
Grenier-Boley, B.; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat.
Genet. 2013, 45, 1452-1458. [CrossRef]

Desikan, R.S.; Fan, C.C.; Wang, Y.; Schork, A.J.; Cabral, H.]J.; Cupples, L.A.; Thompson, WK; Besser, L.; Kukull, W.A.; Holland, D.;
et al. Genetic assessment of age-associated Alzheimer disease risk: Development and validation of a polygenic hazard score.
PLoS Med. 2017, 14, €1002258. [CrossRef]


www.adni-info.org
https://adni.loni.usc.edu/
https://adni.loni.usc.edu/
http://www.alz.co.uk/research/world-report-2015
https://doi.org/10.1056/NEJMra040223
https://doi.org/10.1038/s41591-024-02988-7
https://doi.org/10.1016/S0896-6273(01)00476-7
https://doi.org/10.1126/science.8346443
https://www.ncbi.nlm.nih.gov/pubmed/8346443
https://doi.org/10.1038/s41588-022-01024-z
https://doi.org/10.1371/journal.pone.0013950
https://doi.org/10.1038/ng.2802
https://doi.org/10.1371/journal.pmed.1002258

Genes 2025, 16, 1128 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Leonenko, G.; Baker, E.; Stevenson-Hoare, ].; Sierksma, A.; Fiers, M.; Williams, J.; de Strooper, B.; Escott-Price, V. Identifying
individuals with high risk of Alzheimer’s disease using polygenic risk scores. Nat. Commun. 2021, 12, 4506. [CrossRef] [PubMed]
Dudbridge, F. Power and predictive accuracy of polygenic risk scores. PLoS Genet. 2013, 9, €1003348. [CrossRef]

Escott-Price, V.; Sims, R.; Bannister, C.; Harold, D.; Vronskaya, M.; Majounie, E.; Badarinarayan, N.; Morgan, K.; Passmore, P.;
Holmes, C.; et al. Common polygenic variation enhances risk prediction for Alzheimer’s disease. Brain 2015, 138, 3673-3684.
[CrossRef]

Tan, C.H.; Bonham, L.W,; Fan, C.C.; Mormino, E.C.; Sugrue, L.P,; Broce, L.].; Hess, C.P.; Yokoyama, ].S.; Rabinovici, G.D.; Miller,
B.L.; et al. Polygenic hazard score, amyloid deposition and Alzheimer’s neurodegeneration. Brain 2019, 142, 460-470. [CrossRef]
Axelrud, L.K,; Santoro, M.L.; Pine, D.S.; Talarico, F.; Gadelha, A.; Manfro, G.G.; Pan, PM.; Jackowski, A.; Picon, E,; Brietzke, E.;
et al. Polygenic Risk Score for Alzheimer’s Disease: Implications for Memory Performance and Hippocampal Volumes in Early
Life. Am. J. Psychiatry 2018, 175, 555-563. [CrossRef]

Li, J.; Zhang, X,; Li, A,; Liu, S.; Qin, W,; Yu, C.; Liu, Y,; Liu, B; Jiang, T. Polygenic risk for Alzheimer’s disease influences precuneal
volume in two independent general populations. Neurobiol. Aging 2018, 64, 116-122. [CrossRef] [PubMed]

He, X.; Wu, B.; Kuo, K.; Zhang, W.; Ma, Q.; Xiang, S.; Li, Y.; Wang, Z.; Dong, Q.; Feng, J.; et al. Association between polygenic risk
for Alzheimer’s disease and brain structure in children and adults. Alzheimer’s Res. Ther. 2023, 15, 109. [CrossRef] [PubMed]
Adams, HH.H.; de Bruijn, R FEA.G.; Hofman, A.; Uitterlinden, A.G.; van Duijn, C.M.; Vernooij, M.W.; Koudstaal, PJ.; Ikram, M.A.
Genetic risk of neurodegenerative diseases is associated with mild cognitive impairment and conversion to dementia. Alzheimer’s
Dement. 2015, 11, 1277-1285. [CrossRef]

Andrews, S.J.; Das, D.; Cherbuin, N.; Anstey, K.J.; Easteal, S. Association of genetic risk factors with cognitive decline: The PATH
through life project. Neurobiol. Aging 2016, 41, 150-158. [CrossRef]

Verhaaren, B.E].; Vernooij, M.W.; Koudstaal, PJ.; Uitterlinden, A.G.; van Duijn, C.M.; Hofman, A.; Breteler, M.M.B.; Ikram, M. A.
Alzheimer’s disease genes and cognition in the nondemented general population. Biol. Psychiatry 2013, 73, 429-434. [CrossRef]
Hansson, O.; Seibyl, J.; Stomrud, E.; Zetterberg, H.; Trojanowski, ].Q.; Bittner, T.; Lifke, V.; Corradini, V.; Eichenlaub, U.; Batrla, R ;
et al. CSF biomarkers of Alzheimer’s disease concord with amyloid-B PET and predict clinical progression: A study of fully
automated immunoassays in BioFINDER and ADNI cohorts. Alzheimer’s Dement. 2018, 14, 1470-1481. [CrossRef] [PubMed]
Joshi, A.D.; Pontecorvo, M.].; Clark, C.M.; Carpenter, A.P; Jennings, D.L.; Sadowsky, C.H.; Adler, L.P; Kovnat, K.D.; Seibyl,
J.P; Arora, A.; et al. Performance characteristics of amyloid PET with florbetapir F 18 in patients with alzheimer’s disease and
cognitively normal subjects. J. Nucl. Med. 2012, 53, 378-384. [CrossRef]

Saykin, A.J.; Shen, L.; Yao, X.; Kim, S.; Nho, K; Risacher, S.L.; Ramanan, V.K.; Foroud, TM.; Faber, K.M.; Sarwar, N.; et al. Genetic
studies of quantitative MCI and AD phenotypes in ADNI: Progress, opportunities, and plans. Alzheimer’s Dement. 2015, 11,
792-814. [CrossRef]

Chang, C.C.; Chow, C.C.; Tellier, L.C.; Vattikuti, S.; Purcell, 5$.M.; Lee, ].]. Second-generation PLINK: Rising to the challenge of
larger and richer datasets. Gigascience 2015, 4, 7. [CrossRef]

Conomos, M.P,; Miller, M.B.; Thornton, T.A. Robust inference of population structure for ancestry prediction and correction of
stratification in the presence of relatedness. Genet. Epidemiol. 2015, 39, 276-293. [CrossRef]

Jansen, LE.; Savage, ].E.; Watanabe, K.; Bryois, J.; Williams, D.M.; Steinberg, S.; Sealock, J.; Karlsson, LK.; Hagg, S.; Athanasiu, L.;
et al. Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer’s disease risk. Nat. Genet.
2019, 51, 404-413. [CrossRef] [PubMed]

Ge, T.; Chen, C.; Ni, Y.; Feng, Y.A.; Smoller, ] W. Polygenic prediction via Bayesian regression and continuous shrinkage priors.
Nat. Commun. 2019, 10, 1776. [CrossRef] [PubMed]

Manca, R.; Pardifias, A.F; Venneri, A. The neural signatures of psychoses in Alzheimer’s disease: A neuroimaging genetics
approach. Eur. Arch. Psychiatry Clin. Neurosci. 2023, 273, 253-267. [CrossRef] [PubMed]

Choi, S.W.; O’Reilly, PF. PRSice-2: Polygenic Risk Score software for biobank-scale data. Gigascience 2019, 8, giz082. [CrossRef]
Jack, C.R.; Bernstein, M.A.; Fox, N.C.; Thompson, P.; Alexander, G.; Harvey, D.; Borowski, B.; Britson, PJ.; L Whitwell, J.; Ward,
C.; et al. The Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI methods. J. Magn. Reson. Imaging 2008, 27, 685-691.
[CrossRef]

Kloppel, S.; Stonnington, C.M.; Chu, C.; Draganski, B.; Scahill, R.I.; Rohrer, ].D.; Fox, N.C.; Jack, C.R.; Ashburner, J.; Frackowiak,
R.S.]. Automatic classification of MR scans in Alzheimer’s disease. Brain 2008, 131, 681-689. [CrossRef]

Marchewka, A.; Kherif, F.; Krueger, G.; Grabowska, A.; Frackowiak, R.; Draganski, B. Influence of magnetic field strength and
image registration strategy on voxel-based morphometry in a study of Alzheimer’s disease. Hum. Brain Mapp. 2014, 35, 1865-1874.
[CrossRef]

Schmitter, D.; Roche, A.; Maréchal, B.; Ribes, D.; Abdulkadir, A.; Bach-Cuadra, M.; Daducci, A.; Granziera, C.; Kloppel, S.; Maeder,
P; et al. An evaluation of volume-based morphometry for prediction of mild cognitive impairment and Alzheimer’s disease.
Neuroimage Clin. 2015, 7, 7-17. [CrossRef]

Ashburner, J.; Friston, K.J. Voxel-based morphometry--the methods. Neuroimage 2000, 11, 805-821. [CrossRef]


https://doi.org/10.1038/s41467-021-24082-z
https://www.ncbi.nlm.nih.gov/pubmed/34301930
https://doi.org/10.1371/annotation/b91ba224-10be-409d-93f4-7423d502cba0
https://doi.org/10.1093/brain/awv268
https://doi.org/10.1093/brain/awy327
https://doi.org/10.1176/appi.ajp.2017.17050529
https://doi.org/10.1016/j.neurobiolaging.2017.12.022
https://www.ncbi.nlm.nih.gov/pubmed/29358118
https://doi.org/10.1186/s13195-023-01256-z
https://www.ncbi.nlm.nih.gov/pubmed/37312172
https://doi.org/10.1016/j.jalz.2014.12.008
https://doi.org/10.1016/j.neurobiolaging.2016.02.016
https://doi.org/10.1016/j.biopsych.2012.04.009
https://doi.org/10.1016/j.jalz.2018.01.010
https://www.ncbi.nlm.nih.gov/pubmed/29499171
https://doi.org/10.2967/jnumed.111.090340
https://doi.org/10.1016/j.jalz.2015.05.009
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1002/gepi.21896
https://doi.org/10.1038/s41588-018-0311-9
https://www.ncbi.nlm.nih.gov/pubmed/30617256
https://doi.org/10.1038/s41467-019-09718-5
https://www.ncbi.nlm.nih.gov/pubmed/30992449
https://doi.org/10.1007/s00406-022-01432-6
https://www.ncbi.nlm.nih.gov/pubmed/35727357
https://doi.org/10.1093/gigascience/giz082
https://doi.org/10.1002/jmri.21049
https://doi.org/10.1093/brain/awm319
https://doi.org/10.1002/hbm.22297
https://doi.org/10.1016/j.nicl.2014.11.001
https://doi.org/10.1006/nimg.2000.0582

Genes 2025, 16, 1128 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Diaz-de-Grenu, L.Z.; Acosta-Cabronero, J.; Chong, Y.EV,; Pereira, ] M.S.; Sajjadi, S.A.; Williams, G.B.; Nestor, PJ. A brief history of
voxel-based grey matter analysis in Alzheimer’s disease. J. Alzheimer’s Dis. 2014, 38, 647-659. [CrossRef]

Rolls, E.T.; Joliot, M.; Tzourio-Mazoyer, N. Implementation of a new parcellation of the orbitofrontal cortex in the automated
anatomical labeling atlas. Neuroimage 2015, 122, 1-5. [CrossRef]

De Marco, M.; Manca, R.; Kirby, J.; Hautbergue, G.M.; Blackburn, D.J.; Wharton, S.B.; Venneri, A.; Alzheimer’s Disease
Neuroimaging Initiative. The Association between Polygenic Hazard and Markers of Alzheimer’s Disease Following Stratification
for APOE Genotype. Curr. Alzheimer Res. 2020, 17, 667—679. [CrossRef] [PubMed]

Folstein, M.E,; Folstein, S.E.; McHugh, PR. “Mini-mental state”. A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189-198. [CrossRef] [PubMed]

Altmann, A.; Scelsi, M.A.; Shoai, M.; Silva, E.d.; Aksman, L.M.; Cash, D.M.; Hardy, J.; Schott, ] M.; Initiative, A.D.N. A
comprehensive analysis of methods for assessing polygenic burden on Alzheimer’s disease pathology and risk beyond APOE.
Brain Commun. 2019, 2, fcz047. [CrossRef]

Manca, R.; Mitolo, M.; Bacalini, M.G.; Capellari, S.; Venneri, A. The impact of polygenic risk for Alzheimer’s disease on
neurotransmitter-related grey matter atrophy in the Alzheimer continuum. Neurol. Sci. 2025, 1-13. [CrossRef] [PubMed]

Li, W,; Wang, Z.; Fan, D.; Shen, Y.; Chen, D.; Li, H.; Li, L.; Yang, H.; Liu, Y; Bu, X; et al. Association of Polygenic Risk Score with
Age at Onset and Cerebrospinal Fluid Biomarkers of Alzheimer’s Disease in a Chinese Cohort. Neurosci. Bull. 2020, 36, 696-704.
[CrossRef]

Xicota, L.; Gyorgy, B.; Grenier-Boley, B.; Lecoeur, A.; Fontaine, G.; Danjou, F.; Gonzalez, ].S.; Colliot, O.; Amouyel, P.; Martin, G.;
etal. Association of APOE-Independent Alzheimer Disease Polygenic Risk Score with Brain Amyloid Deposition in Asymptomatic
Older Adults. Neurology 2022, 99, e462—e475. [CrossRef]

Foley, S.E; Tansey, K.E.; Caseras, X.; Lancaster, T.; Bracht, T.; Parker, G.; Hall, ].; Williams, J.; Linden, D.E.]. Multimodal Brain
Imaging Reveals Structural Differences in Alzheimer’s Disease Polygenic Risk Carriers: A Study in Healthy Young Adults. Biol.
Psychiatry 2017, 81, 154-161. [CrossRef] [PubMed]

Huang, M.; Yu, H; Cai, X.; Zhang, Y.; Pu, W.; Gao, B. A comparative study of posterior cingulate metabolism in patients with
mild cognitive impairment due to Parkinson’s disease or Alzheimer’s disease. Sci. Rep. 2023, 13, 14241. [CrossRef] [PubMed]
Poulin, S.P.;; Dautoff, R.; Morris, ].C.; Barrett, L.F,; Dickerson, B.C. Amygdala atrophy is prominent in early Alzheimer’s disease
and relates to symptom severity. Psychiatry Res. 2011, 194, 7-13. [CrossRef]

Rao, Y.L.; Ganaraja, B.; Murlimanju, B.V.; Joy, T.; Krishnamurthy, A.; Agrawal, A. Hippocampus and its involvement in
Alzheimer’s disease: A review. 3 Biotech 2022, 12, 55. [CrossRef]

Van Hoesen, G.W.; Augustinack, J.C.; Dierking, J.; Redman, S.J.; Thangavel, R. The parahippocampal gyrus in Alzheimer’s
disease. Clinical and preclinical neuroanatomical correlates. Ann. N. Y. Acad. Sci. 2000, 911, 254-274. [CrossRef]

Pengas, G.; Hodges, ].R.; Watson, P.; Nestor, P.J. Focal posterior cingulate atrophy in incipient Alzheimer’s disease. Neurobiol.
Aging 2010, 31, 25-33. [CrossRef]

Harrison, TM.; Mahmood, Z.; Lau, E.P; Karacozoff, A.M.; Burggren, A.C.; Small, G.W.; Bookheimer, S.Y. An Alzheimer’s Disease
Genetic Risk Score Predicts Longitudinal Thinning of Hippocampal Complex Subregions in Healthy Older Adults. eNeuro 2016, 3,
ENEURO.0098-16.2016. [CrossRef]

Lee, Y; Jeon, S.; Kang, S.W.; Park, M.; Baik, K.; Yoo, H.S.; Chung, S.J.; Jeong, S.H.; Jung, ]. H.; Lee, P.H.; et al. Interaction of CSF
a-synuclein and amyloid beta in cognition and cortical atrophy. Alzheimer’s Dement. 2021, 13, €12177. [CrossRef]

Sabuncu, M.R.; Buckner, R.L.; Smoller, ].W.; Lee, PH.; Fischl, B.; Sperling, R.A. The association between a polygenic Alzheimer
score and cortical thickness in clinically normal subjects. Cereb. Cortex 2012, 22, 2653-2661. [CrossRef]

Xiao, E.; Chen, Q.; Goldman, A.L.; Tan, H.Y,; Healy, K.; Zoltick, B.; Das, S.; Kolachana, B.; Callicott, ].H.; Dickinson, D.; et al.
Late-Onset Alzheimer’s Disease Polygenic Risk Profile Score Predicts Hippocampal Function. Biol. Psychiatry Cogn. Neurosci.
Neuroimaging 2017, 2, 673-679. [CrossRef]

Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239-259. [CrossRef]
[PubMed]

Lowe, VJ.; Wiste, H.].; Senjem, M.L.; Weigand, S.D.; Therneau, T.M.; Boeve, B.E; Josephs, K.A.; Fang, P.; Pandey, M.K.; Murray,
M.E,; et al. Widespread brain tau and its association with ageing, Braak stage and Alzheimer’s dementia. Brain 2018, 141, 271-287.
[CrossRef]

Leal, S.L.; Lockhart, S.N.; Maass, A.; Bell, R.K; Jagust, W.J. Subthreshold Amyloid Predicts Tau Deposition in Aging. J. Neurosci.
2018, 38, 4482-4489. [CrossRef]

La Joie, R,; Visani, A.V,; Baker, S.L.; Brown, J.A.; Bourakova, V.; Cha, ].; Chaudhary, K.; Edwards, L.; Iaccarino, L.; Janabi, M.; et al.
Prospective longitudinal atrophy in Alzheimer’s disease correlates with the intensity and topography of baseline tau-PET. Sci.
Transl. Med. 2020, 12, eaau5732. [CrossRef]

Schifer, A.; Chaggar, P.; Thompson, T.B.; Goriely, A.; Kuhl, E. Predicting brain atrophy from tau pathology: A summary of clinical
findings and their translation into personalized models. Brain Multiphysics 2021, 2, 100039. [CrossRef]


https://doi.org/10.3233/JAD-130362
https://doi.org/10.1016/j.neuroimage.2015.07.075
https://doi.org/10.2174/1567205017666201006161800
https://www.ncbi.nlm.nih.gov/pubmed/33023447
https://doi.org/10.1016/0022-3956(75)90026-6
https://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.1093/braincomms/fcz047
https://doi.org/10.1007/s10072-025-08393-3
https://www.ncbi.nlm.nih.gov/pubmed/40851051
https://doi.org/10.1007/s12264-020-00469-8
https://doi.org/10.1212/WNL.0000000000200544
https://doi.org/10.1016/j.biopsych.2016.02.033
https://www.ncbi.nlm.nih.gov/pubmed/27157680
https://doi.org/10.1038/s41598-023-41569-5
https://www.ncbi.nlm.nih.gov/pubmed/37648724
https://doi.org/10.1016/j.pscychresns.2011.06.014
https://doi.org/10.1007/s13205-022-03123-4
https://doi.org/10.1111/j.1749-6632.2000.tb06731.x
https://doi.org/10.1016/j.neurobiolaging.2008.03.014
https://doi.org/10.1523/ENEURO.0098-16.2016
https://doi.org/10.1002/dad2.12177
https://doi.org/10.1093/cercor/bhr348
https://doi.org/10.1016/j.bpsc.2017.08.004
https://doi.org/10.1007/BF00308809
https://www.ncbi.nlm.nih.gov/pubmed/1759558
https://doi.org/10.1093/brain/awx320
https://doi.org/10.1523/JNEUROSCI.0485-18.2018
https://doi.org/10.1126/scitranslmed.aau5732
https://doi.org/10.1016/j.brain.2021.100039

Genes 2025, 16, 1128 16 of 16

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.

Convit, A.; de Asis, ].; de Leon, M.].; Tarshish, C.Y.; De Santi, S.; Rusinek, H. Atrophy of the medial occipitotemporal, inferior,
and middle temporal gyri in non-demented elderly predict decline to Alzheimer’s disease. Neurobiol. Aging 2000, 21, 19-26.
[CrossRef] [PubMed]

Bejanin, A.; Schonhaut, D.R.; La Joie, R.; Kramer, ].H.; Baker, S.L.; Sosa, N.; Ayakta, N.; Cantwell, A.; Janabi, M.; Lauriola, M.; et al.
Tau pathology and neurodegeneration contribute to cognitive impairment in Alzheimer’s disease. Brain 2017, 140, 3286-3300.
[CrossRef]

Filiou, R.; Bier, N.; Slegers, A.; Houzé, B.; Belchior, P.; Brambati, S.M. Connected speech assessment in the early detection of
Alzheimer’s disease and mild cognitive impairment: A scoping review. Aphasiology 2020, 34, 723-755. [CrossRef]

Petti, U.; Baker, S.; Korhonen, A. A systematic literature review of automatic Alzheimer’s disease detection from speech and
language. J. Am. Med. Inf. Assoc. 2020, 27, 1784-1797. [CrossRef]

Minoshima, S.; Giordani, B.; Berent, S.; Frey, K.A.; Foster, N.L.; Kuhl, D.E. Metabolic reduction in the posterior cingulate cortex in
very early Alzheimer’s disease. Ann. Neurol. 1997, 42, 85-94. [CrossRef] [PubMed]

Anchisi, D.; Borroni, B.; Franceschi, M.; Kerrouche, N.; Kalbe, E.; Beuthien-Beumann, B.; Cappa, S.; Lenz, O.; Ludecke, S.; Marcone,
A.; et al. Heterogeneity of brain glucose metabolism in mild cognitive impairment and clinical progression to Alzheimer disease.
Arch. Neurol. 2005, 62, 1728-1733. [CrossRef]

Rane Levendovszky, S. Cross-Sectional and Longitudinal Hippocampal Atrophy, Not Cortical Thinning, Occurs in Amyloid-
Negative, p-Tau-Positive, Older Adults With Non-Amyloid Pathology and Mild Cognitive Impairment. Front. Neuroimaging 2022,
1, 828767. [CrossRef]

Josephs, K.A.; Murray, M.E.; Tosakulwong, N.; Whitwell, J.L.; Knopman, D.S.; Machulda, M.M.; Weigand, S.D.; Boeve, B.E;
Kantarci, K.; Petrucelli, L.; et al. Tau aggregation influences cognition and hippocampal atrophy in the absence of beta-amyloid:
A clinico-imaging-pathological study of primary age-related tauopathy (PART). Acta Neuropathol. 2017, 133, 705-715. [CrossRef]
Echavarri, C.; Aalten, P; Uylings, H.B.M.; Jacobs, H.I.L.; Visser, PJ.; Gronenschild, E.H.B.M.; Verhey, ER]J.; Burgmans, S. Atrophy
in the parahippocampal gyrus as an early biomarker of Alzheimer’s disease. Brain Struct. Funct. 2011, 215, 265-271. [CrossRef]
[PubMed]

Hamza, E.A ; Moustafa, A.A;; Tindle, R.; Karki, R.; Nalla, S.; Hamid, M.S.; El Haj, M. Effect of APOE4 Allele and Gender on the
Rate of Atrophy in the Hippocampus, Entorhinal Cortex, and Fusiform Gyrus in Alzheimer’s Disease. Curr. Alzheimer Res. 2023,
19, 943-953. [CrossRef]

Jack, C.R,; Knopman, D.S.; Jagust, W.J.; Shaw, L.M.; Aisen, P.S.; Weiner, M.W.; Petersen, R.C.; Trojanowski, ].Q. Hypothetical
model of dynamic biomarkers of the Alzheimer’s pathological cascade. Lancet Neurol. 2010, 9, 119-128. [CrossRef]

Mu, Y.; Gage, EH. Adult hippocampal neurogenesis and its role in Alzheimer’s disease. Mol. Neurodegener. 2011, 6, 85. [CrossRef]
Killiany, R.J.; Hyman, B.T.; Gomez-Isla, T.; Moss, M.B.; Kikinis, R.; Jolesz, F; Tanzi, R.; Jones, K.; Albert, M.S. MRI measures of
entorhinal cortex vs hippocampus in preclinical AD. Neurology 2002, 58, 1188-1196. [CrossRef]

Scahill, R.I.; Schott, ].M.; Stevens, ].M.; Rossor, M.N.; Fox, N.C. Mapping the evolution of regional atrophy in Alzheimer’s disease:
Unbiased analysis of fluid-registered serial MRI. Proc. Natl. Acad. Sci. USA 2002, 99, 4703-4707. [CrossRef]

Mueller, S.G.; Schuff, N.; Yaffe, K.; Madison, C.; Miller, B.; Weiner, M.W. Hippocampal atrophy patterns in mild cognitive
impairment and Alzheimer’s disease. Hum. Brain Mapp. 2010, 31, 1339-1347. [CrossRef] [PubMed]

MacDonald, M.E.; Pike, G.B. MRI of healthy brain aging: A review. NMR Biomed. 2021, 34, e4564. [CrossRef] [PubMed]
Capogna, E.; Manca, R.; De Marco, M.; Hall, A.; Soininen, H.; Venneri, A. Understanding the effect of cognitive/brain reserve and
depression on regional atrophy in early Alzheimer’s disease. Postgrad. Med. 2019, 131, 533-538. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0197-4580(99)00107-4
https://www.ncbi.nlm.nih.gov/pubmed/10794844
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1080/02687038.2019.1608502
https://doi.org/10.1093/jamia/ocaa174
https://doi.org/10.1002/ana.410420114
https://www.ncbi.nlm.nih.gov/pubmed/9225689
https://doi.org/10.1001/archneur.62.11.1728
https://doi.org/10.3389/fnimg.2022.828767
https://doi.org/10.1007/s00401-017-1681-2
https://doi.org/10.1007/s00429-010-0283-8
https://www.ncbi.nlm.nih.gov/pubmed/20957494
https://doi.org/10.2174/1567205020666230309113749
https://doi.org/10.1016/S1474-4422(09)70299-6
https://doi.org/10.1186/1750-1326-6-85
https://doi.org/10.1212/WNL.58.8.1188
https://doi.org/10.1073/pnas.052587399
https://doi.org/10.1002/hbm.20934
https://www.ncbi.nlm.nih.gov/pubmed/20839293
https://doi.org/10.1002/nbm.4564
https://www.ncbi.nlm.nih.gov/pubmed/34096114
https://doi.org/10.1080/00325481.2019.1663127
https://www.ncbi.nlm.nih.gov/pubmed/31478419

	Introduction 
	Materials and Methods 
	Participants 
	APOE Genotype 
	PRS Calculation 
	MRI Data and Pre-Processing 
	Clinical and Cognitive Data 
	Data Analysis 

	Results 
	PRSs Across Groups 
	Associations Between PRSs and Regional GM Volume Within Individual Groups 
	Associations Between PRSs and Regional GM Volumes Within Groups Stratified by APOE Genotype 
	Associations Between PRSs and Regional GM Volumes in the Whole Sample 
	Associations Between PRSs and Regional GM Volumes Stratified by Diagnosis and APOE Carrier Status 
	ROI-Wise Associations Between AD PRS and Regional Grey Matter Volume with Joint FDR Across ROIs, Groups, and PRSs 
	Sensitivity Analysis—PRSs Without APOE 
	Sensitivity Analysis—A Positivity 

	Discussion 
	Conclusions 
	References

