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In brief

Savignac et al. show that parent-of-origin
effects in Alzheimer’s disease extend
beyond a classic gender-by-lineage
model and instead reflect a complex,
context-dependent genetic architecture.
They identify and characterize three
genetically anchored intermediate
phenotypes, which display unique and
spatially distributed gender and lineage
biases across the brain and phenome.
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SUMMARY

Alzheimer’s disease (AD) has a higher prevalence in women than men and is more frequently inherited from
mothers than fathers. Yet, while neuroimaging and biomarker studies link maternal family history to stronger
AD-related alterations, epidemiological studies suggest that paternal history confers comparable or even
greater risk. Here, we leverage the deeply profiled PREVENT-AD cohort to derive three intermediate pheno-
types of AD susceptibility. Drawing on nearly 1,000 individual study visits, we quantify how these intermediate
phenotypes vary as a function of maternal versus paternal AD lineage. We show that lineage-specific differ-
entiation, including both maternal and paternal biases, is reflected in the brain structure and phenome of
adult children of AD patients. Cognitive and cardiovascular risk markers, together with associated genetic
variants, show the strongest differentiation along the parental-lineage spectrum of disease susceptibility
relative to other correlates of AD burden. Our cross-generational analysis ultimately delineates multidimen-
sional parent-of-origin effects in AD genealogy.

INTRODUCTION

Parental history of sporadic Alzheimer’s disease (AD) has been
recognized as a key risk factor since the late 1980s." Among
AD cases, maternal inheritance is thought to be 1.7-3.6 times
more frequent than paternal inheritance.” The cumulative risk
of developing dementia is ~20%-65% higher for the offspring
of AD patients than for individuals without a family history.®
Sex, in turn, has been considered a non-negligible risk factor

for developing AD-type dementia for at least two decades.® By
2060, over 13 million Americans are projected to be living with
clinical AD, with women alone accounting for 8 million of those
cases.” The APOE ¢4 allele, the main genetic risk factor for
late-onset AD, increases the risk of AD 4-fold in women aged
65-75 years compared with men, even though the €4 carriership
prevalence is similar across sexes.”

Despite the distinct inheritance patterns of maternal and
paternal AD risk, the neural and biological mechanisms underlying
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these differences remain largely uncharacterized. An early brain
imaging study compared maternal vs. paternal AD risk in 11
men and 13 women with a family history.® Subsequent work in
brain imaging has relied on small clinical samples of at-risk individ-
uals (typically 8-16 subjects®'°) that have not allowed disentan-
gling the effects of parental gender across hundreds of brain
voxels and clinical markers. The statistical power, arguably too
modest, often pushed for case-control investigations in which
the genders of the AD at-risk children were not considered. Yet,
epidemiological population estimates from more than a million
participants —inaccessible to brain imaging assessments at that
scale—suggested that men are more vulnerable to developing
dementia than women with the same family history.""

Rather than being recognized as a risk category in its own right,
paternal family history of AD was often treated as a control condi-
tion. Against a background of paternal risk, previous studies have
established the effects of maternal inheritance on brain volume, '?
mitochondrial activity, ' glucose metabolism,® and cerebral blood
flow."* A more recent cross-sectional study—with a larger sample
size but heterogeneous scanning sites—reported a significant in-
crease in mean p-amyloid (Ap) on positron emission tomography
(PET) in individuals with only a maternal compared with only a
paternal history of memory impairment.’® However, the study’s
primary analysis—like many before it—relied on a univariate sta-
tistical framework that effectively conditioned on offspring sex
and parental history instead of examining their effects directly.
Perhaps as a consequence of this modeling choice, the authors
did not detect a significant interaction between parental history
and offspring sex.'® As a result, the potentially diverging biological
and clinical manifestations of maternal and paternal AD risk in at-
risk men and women remain uncharted. A direct comparison of
the preclinical manifestation of maternal vs. paternal AD risk in
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Figure 1. Partitioning variance in
PREVENT-AD risk markers by APOE ge-
netic risk identifies intermediate pheno-
types of AD liability

We built two gender-specific partial least squares
regression (PLS-R) models in which variation
linked to APOE genotypes (e.g., €3/2, €3/3, and €3/
4) was used to partition a collection of 257
PREVENT-AD risk indicators spanning 7 broad
categories of AD risk factors. Two analogous
PLS-R models were built for participants with
maternal and paternal history of AD. PLS-R com-
ponents derived from different subgroups were
ordered and aligned using Pearson’s correlation
(cf. STAR Methods). We subtracted the x-loadings
for men and women, as well as for maternal and
paternal lineages, to derive category-specific es-
timates of generational differences in AD risk. This
approach allowed us to pinpoint which PREVENT-
AD risk indicators exhibited the most significant
gender-specific and lineage-specific variation
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men and women—integrating neuroimag-
ing, biological, clinical, and genetic data in
a single model—has yet to be undertaken.
Intermediate phenotypes (IPs) offer a powerful strategy to
disentangle the contributions of fixed and modifiable risk factors
in men and women by enabling the construction of multidimen-
sional scores of preclinical AD manifestations. IPs are measurable
biological traits that lie between genetic predispositions and clin-
ical outcomes, capturing subtle, disease-relevant variation across
individuals. Adopting IPs can help uncover neural mechanisms
underlying complex traits by leveraging risk loci as a link to dis-
ease manifestations.'® This approach is particularly well-suited
to complex, oligogenic diseases like AD, where focusing on a
select set of genes can improve case-control discrimination.
The APOE gene alone accounts for over 90% of predictive accu-
racy in late-onset AD genetic risk'” and tracks AD-specific brain
biomarkers (e.g., hippocampal volume, amyloid burden, and
cortical thickness) more robustly than the full polygenic risk
score.'® By adopting a multivariate IP modeling framework, we
aimed to partition the variance in APOE genetic risk as it relates
to the preclinical manifestation of AD in a prospective cohort of
adult offspring of AD patients. Our analysis integrates seven broad
categories of AD risk factors—cardiovascular health, cognition,
clinical comorbidities, demographics, disease progression, ge-
netics, and neurosensory assessments—in a single model offer-
ing a multidimensional view essential for precision medicine.

RESULTS

Genetically anchored IPs display gender and lineage
biases across the phenome

As the backbone of our analysis workflow, we extracted IPs that
capture different facets of AD familial risk by being distinctly
associated with APOE €3/2, €3/3, and €3/4 genotypes
(Figure 1). Each derived IP encapsulates a different relationship
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Figure 2. Lineage- and gender-specific biases in genetic markers of memory and lipid metabolism define the leading intermediate
phenotype

We built two gender-specific PLS regression (PLS-R) models in which the APOE genotypes (e.g., €3/2, €3/3, €3/4) were distinguished based on 257 PREVENT-AD
phenotypes (dots in middle scatterplot). Two analogous lineage-specific PLS-R models were built based on subjects with maternal and paternal AD risk. We then
subtracted the risk indicators model weights for maternal vs. paternal lineage (y axis) and men vs. women (x axis). The embedded subplot shows the weights
associated with each APOE genotype across subjects. The surrounding lollipop plots show the top 5 phenotypes associated with parental lineage (left) and
gender (right) (also see accompanying Figure S7). All risk indicators shown in the lollipop plots passed a rigorous bootstrap resampling test and were statistically
significant at a« = 0.05 (Tables S14 and S15). The first IP highlighted cross-generational effects on genetic markers of memory and lipid metabolism. The effect of
Val66Met, a missense variant in the gene that codes for BDNF protein, strongly deviated by gender (right lollipop plot). The effect of SNP rs3846662, which is
present in intron M of the HMGCR enzyme, was mostly driven by family lineage (left lollipop plot). At the cohort level, the relative contribution of APOE €4/3 to the
variation in disease manifestation was stronger than for genotypes €3/3 and €3/2 (also see Figure S1). The first IP thus captured cross-generational differences in
genetic risk variants associated with proteins involved in memory and lipid metabolism. BchE, butyrylcholinesterase; BDNF, brain-derived neurotrophic factor,
BP, blood pressure; CAIDE, cardiovascular risk factors, aging, and incidence of dementia; CSF, cerebrospinal fluid; HDL, high-density lipoprotein; HMCGR,
3-hydroxy-3-methylglutaryl-CoA reductase; IL-15, interleukin-15; IP, intermediate phenotype; MCI, mild cognitive impairment; MoCA, Montreal Cognitive
Assessment; PPP2r1A, protein phosphatase 2 scaffold subunit Alpha; TLR4, Toll-like receptor 4; TSH, thyroid-stimulating hormone; and VEGF, vascular

endothelial growth factor.

between the three most prevalent APOE genotypes and the rich
collection of 257 PREVENT-AD risk indicators, selectively
emphasizing one genotype over the others (see Figures S1-
S3). Each of the three IPs passed a one-sample bootstrap hy-
pothesis test (see Figure S4) and was found to be statistically
robust across 1,000 bootstrapped iterations (Pearson’s
p > 0.75, p value < 0.0001). The loadings corresponding to the
weight of each of the 257 PREVENT-AD risk indicators and three
one-hot-encoded APOE genotypes on a given IP are shown in
Figures S5 and S6, respectively. We assessed how the phe-
nome-wide similarity in AD risk captured by each IP varies as a
function of gender and maternal vs. paternal AD familial risk.
Our analysis workflow is illustrated in Figure 1.

Our leading IP (explained variance of Pearson’s p = 0.76)
highlighted gender differences in genetic markers of memory
performance and lipid metabolism. We found that the single-
nucleotide polymorphism (SNP) rs6265, also known as
Val66Met (Figure 2, right lollipop plot), showed the most sub-
stantial gender bias (also see Figures S7B and S7C). Val66Met
is a missense variant in the gene that codes for the brain-derived
neurotrophic factor (BDNF) protein. BDNF is a neurotrophic fac-
tor involved in synaptic plasticity and cognition.'® The BDNF pro-
tein has been associated with several neurological disorders
including AD due to its pivotal role in the integrity of hippocampal
and neocortical neurons.”® Over the past two decades, the
BDNF Val66Met polymorphism has been one of the most studied

genetic variants in neurocognitive brain diseases.”' Carriers of
the Met allele have shown deficits in delayed and immediate
recall as well as abnormal hippocampus activation.?? The
Met allele has also been associated with an increased risk of
developing AD in women, but not in men.”*?* We located
ValVal homozygotes and ValMet heterozygotes at opposite
poles of the gender spectrum of disease variation for the first
IP (Figure 2)—consistent with the Val66Met polymorphism’s
reported gender bias. This association passed a rigorous boot-
strap resampling test (see Figure S8). The high magnitude in Co-
hen’s d values, approximately two standard deviations apart
(ValVal: Cohen’s d = —2.02, ValMet: Cohen’s d = 1.92), suggests
that the gender biases identified in BDNF are not only statistically
significant but also practically relevant. We have thus identified
the effects of BDNF Val66Met polymorphism, a key marker of
synaptic plasticity, as the principal source of gender bias in AD
risk captured by the leading IP.

The first IP also pointed to a genetic variant related to cardio-
vascular health. We identified SNP rs3846662, located in intron
M of the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
gene, as showing strong lineage bias (Figure 2; also see
Figures S7E and S7F). HMGCR encodes a key enzyme involved
in cholesterol synthesis in mammalian cells. In the central ner-
vous system, HMGCR is thought to operate in a brain-specific
pathway that is separate from, but interrelated with, APOE.?>?°
Being homozygous for the A allele (AA) in this intron has been
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Figure 3. Gender- and lineage-related biases in cognitive risk are the dominant features of the at-risk phenome associated with baseline

APOE genetic risk

We plotted the gender-specific and lineage-specific effects against each other for the second IP (middle scatterplot). The embedded panel shows the weights
associated with each APOE genotype across subjects. The surrounding lollipop plots show the top 5 phenotypes associated with parental lineage (left) and
gender (right), colored by category of AD risk factors (also see Figure S10). All risk indicators shown in the lollipop plots passed a rigorous bootstrap resampling
test and were statistically significant at « = 0.05 (Tables S16 and S17). The second IP unveiled notable effects of gender on cognitive indicators that varied in
opposite direction to aging-related indicators such as chronological age, hypertension, and retirement status. With regard to APOE alleles, this IP distinguished €3
homozygotes from €4 and €2 carriers (also see Figure S2). We thus revealed lineage bases in cognitive risk indicators even relative to the baseline genetic risk for
AD. BchE, butyrylcholinesterase; BDNF, brain-derived neurotrophic factor; CAIDE, cardiovascular risk factors, aging, and incidence of dementia; CDK5RAP2,
CDKS5 regulatory subunit associated protein 2; CSF, cerebrospinal fluid; HbA1c, hemoglobin A1C; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; IP,
intermediate phenotype; MCI, mild cognitive impairment; MoCA, Montreal cognitive assessment; PPP2r1A, protein phosphatase 2 scaffold subunit Aalpha;
RBANS, Repeatable Battery for Assessment of Neuropsychological Status; TLR4, Toll-like receptor 4; and VEGF, vascular endothelial growth factor.

identified as one of the most important and common protective
variants for sporadic AD—second only to APOE €2.%” The A allele
in intron M of the HMGCR gene may reduce APOE e4-driven
accumulation of amyloid plaques and tangles in the hippocam-
pus and neocortex by modulating cholesterol synthesis in brain
cells.?” Notably, e4 carriers with the AA genotype show AD con-
version rates similar to €4 non-carriers.?” Postmortem autopsies
of AD patients have revealed increased HMGCR mRNA in the
frontal cortex of women, but not men, carrying the AA geno-
type.?® Similarly, previous work reported a gender bias among
AA carriers, with women showing greater responsiveness to
statin therapy than men.?® We identified lineage bias in APOE-
HMGCR interaction, with AA homozygotes and GA heterozy-
gotes occupying opposite ends of the disease variation spec-
trum (Figure 2, scatterplot). This association passed a rigorous
bootstrapped resampling test (see Figure S9). HMGCR AA, but
not GA, also showed a considerable gender bias (Figure 2, right
lollipop plot). Consistent with an interplay between APOE ¢4 and
the HMGCR A allele, this IP distinguished €4 carriers from other
genotype groups (Figure 2; also see Figure S1). Blood bio-
markers further supported the involvement of lipid metabolism,
with high-density lipoprotein cholesterol levels at recruitment
ranking among the top five cardiovascular indicators whose as-
sociation with this IP showed parental bias (Figure 2, left lollipop
plots). These findings position HMGCR AA as a key factor under-
lying gender- and lineage-specific variation in AD risk, particu-
larly in the context of APOE genotype.

The second IP (explained variance of Pearson’s p = 0.57) distin-
guished APOE €3 homozygotes from €2 and €4 carriers (Figure 3).
Although APOE €3 homozygotes are often treated as the refer-
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ence group in AD research—commonly interpreted as represen-
tative of typical aging—we observed substantial gender- and line-
age-related biases in cognitive risk (see Figure S10). The influence
of AD lineage and gender on cognition diverged from that
observed for aging-related markers (age, retirement status, and
hypertension). Among the most robust findings were group differ-
ences in global cognition as measured by the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS), which
showed both gender and lineage effects and ranked among the
top five markers in each comparison. Visuospatial processing
was particularly influenced by gender, whereas working mem-
ory—as assessed through the Montreal Cognitive Assessment
(MoCA) attention tasks—exhibited pronounced lineage effects
(Figure 3, lollipop plots). These findings align with a previous pro-
spective study of middle-aged, asymptomatic offspring of AD pa-
tients, which found lower cognitive performance in verbal episodic
memory and semantic memory in individuals with parental AD
lineage.° Nonetheless, in this previous study, no significant differ-
ences emerged when directly comparing maternal and paternal
groups—likely due to the small number of paternal cases (n =
13). Yet, we revealed clear lineage effects that distinguish cogni-
tive performance on verbal episodic memory tasks as a function
of the affected parent’s gender. Moreover, we found that the line-
age bias in cognitive risk indicators captured by the second IP
decreased over time, suggesting that these biases may reflect
early or preclinical susceptibility that dampens with the progres-
sion of global cognitive decline (see Figure S11). Emergence of
these effects in APOE €3 homozygotes, the typical normative ag-
ing reference group, reinforces the influence of maternal vs.
paternal AD lineage on cognitive vulnerability.
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Figure 4. Gender and AD lineage reveal divergent outcomes in memory and cardiovascular health with regard to <2 carriership

We plotted the lineage-specific and gender-specific effects against each other for the third IP (middle scatterplot). The embedded panel shows the weights
associated with each APOE genotype across subjects. The surrounding lollipop plots show the top 5 phenotypes associated with parental lineage (left) and
gender (right), colored by category of AD risk factors (also see Figure S12). All risk indicators shown in the lollipop plots passed a rigorous bootstrap resampling
test and were statistically significant at a = 0.05 (Tables S18 and S19). The third IP highlighted the combined influence of AD lineage and gender on cognitive
abilities and cardiovascular health. The additive cross-generational effects placed cardiovascular (bottom right corner) and cognitive risk indicators (top left
corner) in opposite directions on the AD-liability spectrum, with regard to both gender- and lineage-specific variation. Across participants, the relative contri-
bution of APOE €3/2 to the variation in disease manifestation captured by the third IP was stronger than for genotypes €3/3 and €3/4 (also see Figure S3). The
combined effects of AD lineage and gender, therefore, placed cognitive and cardiovascular risk indicators at antipode on the AD-liability spectrum derived from
the third IP. BchE, butyrylcholinesterase; BDNF, brain-derived neurotrophic factor; BP, blood pressure; CAIDE, cardiovascular risk factors, aging, and incidence
of dementia; CDK5RAP2, CDK5 regulatory subunit associated protein 2; CSF, cerebrospinal fluid; G-CSF, granulocyte colony-stimulating factor; HMGCR,
3-hydroxy-3-methylglutaryl-CoA reductase; IP, intermediate phenotype; MCI, mild cognitive impairment; MoCA, Montreal Cognitive Assessment; RBANS,
Repeatable Battery for Assessment of Neuropsychological status; TLR4, Toll-like receptor 4; and VEGF, vascular endothelial growth factor.

Our third IP (explained variance of Pearson’s p = 0.58) high-
lighted the simultaneous influence of AD lineage and gender on
cardiovascular and cognitive risk indicators (Figure 4). This IP
distinguished APOE €2 carriers from the other genotype groups
(see Figure S3). Afirst risk group of effects (Figure 4, bottom right
corner) highlighted cardiovascular health indicators character-
istic of APOE €2 carriers (e.g., low-density lipoprotein choles-
terol, diastolic and systolic blood pressure) as tied to both
gender and AD lineage. At the opposite end of the AD-liability
spectrum, we identified a second group of driving effect differ-
ences (Figure 4; upper left corner), which encapsulated various
dimensions of cognitive performance as measured by the
RBANS. Performance on the MoCA varied in the same direction
as the RBANS with regard to lineage, but in the opposite direc-
tion with regard to gender. Previous work has shown that the
€2 allele is typically protective against global cognitive decline
and dementia.®'° Nonetheless, carrying an €2 allele has been
associated with elevated risks for cardio- and neurovascular dis-
orders by previous research groups.®***° Mechanistically, the
APOE €2 isoform is less efficient in mediating vascular clearance
of cholesterol metabolites and triglycerides, which may predis-
pose carriers to hyperlipoproteinemia and related cardiovascular
sequelae.’® The resilience to cognitive decline often observed in
APOE €2 carriers may partly stem from relatively higher
steady-state APOE protein levels in brain regions such as the hip-
pocampus and frontal cortex compared with €4 carriers and €3
homozygotes.*'** Hippocampal cell proliferation and survival
are strongly modulated by estrogens,**™” and the APOE pro-
moter contains an estrogen-responsive enhancer element.”®

This regulatory feature may amplify APOE-related effects in
women, particularly among €2 carriers. Consistent with this bio-
logical framework, the trade-off pattern observed in IP 3 was
evident in women (see Figure S12A). Moreover, during the
follow-up period, the third IP—differentiating APOE €2 carriers
from other genotype groups—exhibited a shift toward stronger
gender-related biases in cardiovascular risk indicators (see
Figure S11). This trajectory is consistent with a trade-off between
cardiovascular health and cognitive decline modulated by the €2
allele and amplified by age-related changes in sex hormones.

Maternal vs. paternal AD risk maps onto distinct
hippocampal and default network subregions

In a previous UK Biobank (UKB) study, we identified 25 popula-
tion-level signatures of structural co-variation in hippocampus
(HC) and default network (DN) subregions as a function of AD
family risk in ~40,000 participants.®® As an initial exploratory
analysis, we examined structural variation across the same 38
HC and 91 DN subregions in PREVENT-AD participants. We
used classification models (see STAR Methods) to quantify the
extent to which a given subregion reflects maternal vs. paternal
AD liability within the full set of HC or DN subregions.

In our analyses of HC subregions, we identified both maternal
and paternal lineage effects across genders (Figure 5). We
located two robust paternal effects, both lateralized to the left
hemisphere, involving the hippocampal molecular layer in men
and the presubiculum body in women. Maternal effects were
found in the right HC in men and in the left HC in women. The
DN showed strong gender biases, with paternal effects again
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Hippocampus and default network subregions associated with
maternal vs. paternal lineage in men and women
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Figure 5. Maternal and paternal AD liabilities are tied to specific HC
and DN subregions

We used classification models (maternal = 1, paternal = 0) to assess whether AD
lineage differentially targeted brain systems broadly vulnerable in AD: the hip-
pocampus (HC) and default network (DN). We report the coefficients that were
statistically different from their respective null distributions 80% of the time (see
STAR Methods). In the HC models (top panels), we found maternal biases in the
right CA3 body, right fimbria, and right subiculum body in men and in the left
HATA and left parasubiculum in women. Paternal biases were identified in the
left molecular layer head in men and in the left presubiculum body in women. All
significant paternal biases were confined to the left hemisphere. The distribution
of maternal and paternal biases in DN subregions showed greater gender biases
than for HC subregions. Paternal biases were identified only in men, with the
majority located in the left hemisphere (bottom left panel). No overlapping
maternal or paternal biases were observed in HC or DN subregions between
men and women. HATA, hippocampus-amygdala transition area; pCunPCC,
precuneus/posterior cingulate cortex; PFC, prefrontal cortex; PFCv, ventral
prefrontal cortex; Par, parietal cortex; and Temp, temporal cortex.

predominant to the left hemisphere, but present only in men. We
observed maternal effects in both genders, with bilateral involve-
ment in men and left-hemisphere involvement in women.
Emerging PET imaging results from PREVENT-AD suggest that
parietal brain regions affected in later stages of AD pathology
show stronger lineage biases over time, with individuals with
paternal lineage showing faster increase in tau accumulation.*’
We found that gray matter variation in parietal regions of the
DN robustly predicted paternal AD lineage in men, whereas no
comparable paternal bias was observed in women. In contrast,
women showed maternal lineage effects in the left prefrontal
and temporal cortices. Overall, these findings highlight gender-
specific patterns of cross-generational AD risk, particularly pro-
nounced in neocortical regions of the dominant hemisphere.

The IPs interact with HC-DN signatures in estimating
maternal vs. paternal AD risk

We asked whether normative HC-DN co-variation patterns,
derived from a representative population, are sensitive to preclin-
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ical markers of AD risk in a high-risk cohort. To do so, we pro-
jected each PREVENT-AD participant’s MRI data onto our
previously derived 25 HC-DN co-variation axes, yielding individu-
alized expression scores (see STAR Methods). This approach al-
lowed us to quantify the presence of population-derived structural
signatures in a specialized, at-risk cohort and to investigate their
relevance to AD-related features. We tested whether incorpo-
rating UKB-derived HC-DN co-variation patterns improved the
ability of the PREVENT-AD-derived IPs to distinguish maternal
from paternal AD lineage in men and women. The classification
models incorporated the three IPs, HC/DN co-variation patterns,
and their interactions (see STAR Methods).

We found that HC-DN co-variation patterns explained brain
variation related to AD family lineage in gender-specific ways
(Figure 6). HC-DN co-variation patterns contributed more strongly
to the classification of maternal vs. paternal AD risk in men than in
women, echoing our earlier diagnostic analysis of subregional
gray matter volumes, where we observed a greater number of
robust effects in men (Figure 5). In contrast, the IPs were of
relatively greater importance in women than in men to differentiate
between maternal vs. paternal AD risk. In particular, the first IP
showed a robust main effect in women associated with maternal
lineage, which persisted across 45 of the 50 women models
(Figure 6). In addition, we found robust interaction effects between
the first IP and HC and DN co-variation expressions in women, all
of which were specific to maternal risk (Figure 6). Conversely, the
third IP showed a robust main effect in women associated with
paternal lineage. The second IP showed a weaker main effect in
distinguishing between maternal and paternal AD risk, with three
significant paternal effects found in women and none in men.
Nevertheless, it exhibited statistically significant interactions
with DN signatures in men and HC signatures in women, involving
both maternal and paternal lineage effects (Figure 6). Overall, our
findings reveal a gender-specific dissociation in how maternal vs.
paternal AD risk manifests. Brain variation contributed more
strongly to classifying maternal vs. paternal AD risk in men,
whereas we found robust main effects of the first and third IPs
in women. These findings suggest that lineage-related effects
are more strongly captured by IPs in women, yet more strongly re-
flected in AD-vulnerable brain structures in men.

Brain-phenotype associations uncover parent-of-origin
effects in AD-vulnerable brain structures

We next sought to quantify how maternal vs. paternal AD
risk captured by the PREVENT-AD-derived IPs were
expressed in AD-vulnerable brain structures. Prior work sup-
ports parent-of-origin differences in AD-related biomarkers,
although such findings remain heterogeneous.'®'>"> Our goal
was to determine which of the original 38 HC and 91 DN subre-
gions were driving most of the associations between the UKB-
derived HC-DN co-variation signatures and the PREVENT-AD-
derived IPs. Building on the gender-specific classification
models (Figure 6), we mapped the interactions between IPs
and HC-DN signatures back onto brain anatomy to identify the
regional contributions underlying brain-phenotype associations
(cf. STAR Methods). The relative proportion of maternal vs.
paternal effects in the DN and HC of men and women probands
is shown in Figure S13.
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Regression of maternal lineage on the IPs of AD susceptibility
and their interaction with HC-DN co-variation patterns
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Figure 6. PREVENT-AD intermediate phe-
notypes interact with HC-DN population
co-variation signatures in explaining
maternal vs. paternal AD risk

In separated analyses for men and women, we
built logistic regression models in which we clas-
sified maternal vs. paternal AD lineage (maternal =
1, paternal = 0) as a function of subject-specific
expressions of the 3 IPs (computed on the whole
PREVENT-AD sample), a given HC or DN co-
variation pattern, and the interaction of the given
HC or DN co-variation pattern with each of the 3
IPs. Each individual classification model is repre-
sented as a distinct column above the heatmaps,

N\ N Women
7/ / Men

|
l—0.5
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ICTLIIEY )

on which the HC models (top panel) are separated

. I/ . ﬂ from the DN models (bottom panel). Effects that

N M < were statistically robust in men vs. women at 95%
NANANN

are distinguished with distinct hatching patterns
(see legend). Robust main effects of the first and
third IPs were found in women and linked to

maternal and paternal AD lineage, respectively. In contrast, the relative contribution of the UKB-derived HC-DN co-variation signatures was more important in
men than in women, with five robust main effects found in men compared with one in women. Overall, the PREVENT-AD-derived IPs play a relatively more
significant role in women than in men in classifying maternal vs. paternal AD risk. Conversely, men exhibited stronger main effects of the UKB-derived HC-DN co-
variation signatures, consistent with the men-specific structural associations observed in the diagnostic test. HC, hippocampus; IP, intermediate phenotype; DN,

default network; and UKB, UK Biobank.

In IP 1—associated with €4 carriership—neocortical regions
exhibited a spatial dissociation: in women, maternal AD risk
was linked to lateral DN subregions, whereas in men, it was
associated with medial DN subregions (Figure 7). By contrast,
HC subregions associated with maternal and paternal risk
were roughly consistent across genders, suggesting shared
vulnerability in early tau-prone regions in both men and women,
albeit with differences in magnitude. The stronger gender diver-
gence we observed in DN regions mirrors tau replication dy-
namics in later stages of AD pathology. Indeed, from approxi-
mately Braak stage Il onward, local replication within a region
becomes the dominant driver of tau accumulation, rather than
transregional spreading.”® This shift in dynamics as the AD pa-
thology progresses may contribute to the amplification of subtle
age-related gender biases in brain structure. In support of this
interpretation, previous work has shown a stronger association
between amyloid and tau accumulation in frontotemporal re-
gions related to Braak stages IV and V in women compared
with men.*® Together, these patterns suggest that AD risk tied
to 4 carriership engages shared allocortical structures but di-
verges across genders in neocortical circuits.

Regarding IP 2, which distinguished APOE €3 homozygotes
from other genotypes, nearly all cortical regions exhibited
gender-inverted lineage effects. In women, structural variation
in all but two of the 91 default network subregions was
associated with paternal AD risk, whereas in men, structural vari-
ation in all but four subregions was linked to maternal lineage
(Figure 7; also see Figure S13). A congruent pattern was
observed in the right hippocampal molecular layer (ML), with a
paternal bias in women and a maternal bias in men. The ML con-
tains axons branching from pyramidal cells in the CA subfields
and subiculum.®" In the posterior hippocampus, the ML merges
into the fimbria of the fornix, which provides the principal hippo-
campal output to the default network.’>>® The convergence of
maternal and paternal effects in the ML and DN, respectively,

highlights the fornix as a key pathway mediating hippocampal-
default network communication. This interpretation is supported
by prior research identifying fornix fibers as the tract most
strongly associated with DN gray matter among 48 anatomical
pathways.>* Altogether, the combined interaction effects of the
25 HC-DN co-variation signatures with the second IP emphasize
the role of the ML—and by extension, the fornix—in supporting
lineage-specific HC-DN coupling.

The third IP, associated with €2 carriership, revealed diverging
lineage-specific effects in DN regions between genders, yet
partially overlapping lineage-specific effects in HC subregions.
Although the magnitude was more substantial in men, maternal ef-
fects were evident in both genders in the fimbria and CA3 head
(Figure 7). We also located corresponding maternal effects in
the left ventromedial prefrontal cortex (vmPFC) of both
genders—the same hemisphere that showed the most robust
positive fimbria weights. This overlap supports the idea of coordi-
nated HC-DN coupling along maternal lines, particularly through
the fornix’s projections to the vmPFC. This anatomical congru-
ence is biologically plausible, given that the fimbria’s projections
to the vmPFC via the fornix are considered ipsilateral.>® Moreover,
in men, maternal effects in the fimbria and vmPFC remained
detectable despite the presence of strong paternal weights in dor-
sal DN subregions such as the dmPFC and temporo-parietal junc-
tion. Notably, maternal weights in the DN were predominantly
located in ventral regions with established anatomical connectiv-
ity to the HC. Together, these observations point to a biologically
coherent pattern of maternal differentiation across HC and DN
subregions—mirroring the known unilateral projections from the
HC to ventral DN targets via the fimbria and fornix.

DISCUSSION

We have isolated and characterized a rich collection of maternal
and paternal effects in APOE-related AD risk from one

Cell Reports Medicine 7, 102943, August 18, 2026 7




Please cite this article in press as: Savignac et al., Parent-of-origin effects in Alzheimer’s liability dissociate neurocognitive and cardiovascular traits in
at-risk individuals, Cell Reports Medicine (2026), https://doi.org/10.1016/j.xcrm.2026.102943

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Brain-phenotype associations capture cross-generational variation in AD risk
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Figure 7. Cross-generational gender biases in AD risk manifest in HC and DN subregions

We plotted the average expression level of the three IPs in each HC and DN subregion (cf. STAR Methods; also see Figure S13 for a summary). Circles indicate
women; squares indicate men. Full shading indicates parental lineage. The first IP revealed gender biases in neocortical and allocortical subregions (left panels).
Spatial heterogeneity in maternal effects was found in the DN of men and women. Maternal weights were located in lateral structures in women (e.g., left STG and
right OFC) when compared with more medial structures in men (e.g., bilateral dmPFC and left PCu). A considerable degree of spatial overlap was found in the HC.
In both genders, the left CA3 head was associated with paternal lineage, whereas the left CA4 head, right CA1 body, and right subiculum body and head were
associated with maternal lineage. For the second IPs (central panels), nearly the entire DN showed paternal weights in women and maternal weights in men, with
ML weights showing the same sign as the DN weights. The third IP revealed mother-to-daughter and father-to-son effects in the DN (right panels). Maternal
effects peaked in women in the left RSC, left vmPFC, and right AG, whereas paternal effects were most prominent in men in the left dmPFC and right TPJ. HC
overlap was substantial across genders, with maternal weights in the fimbria and CA3 head in both, though effects were stronger in men. Together, these
observations suggest a biological pattern of maternal vs. paternal differentiation across HC and DN subregions. AG, angular gyrus; dmPFC, dorsomedial
prefrontal cortex; GC-ML-DG, granule cell layer and molecular layer of the dentate gyrus; HATA, hippocampus-amygdala-transition-area; IP, intermmediate
phenotype; ML, molecular layer of the subiculum and CA subfields; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PCu, precuneus; RSC, retrosplenial
cortex; SPL, superior parietal lobule; STG, superior temporal gyrus; TPJ, temporo-parietal junction; VIPFC, ventrolateral prefrontal cortex; and vmPFC,

ventromedial prefrontal cortex.

generation to the next. This analysis was enabled by a rich ho-
mogenously acquired prospective cohort of first-degree rela-
tives of AD patients, with >200 carefully curated phenome
markers —the PREVENT-AD initiative. Lineage-specific differen-
tiation in the phenome and brain structure, mirroring known
anatomical connections, became apparent in adult children of
AD patients. Cognitive and cardiovascular risk markers, along
with associated genetic variants, showed the strongest parent-
of-origin effects relative to other measures of familial AD burden
across APOE genetic risk. Several hypotheses have been pro-
posed over the past three decades to explain the differential
impact of maternal vs. paternal AD liability.>° Below, we discuss
the core biological mechanisms that may underlie the cross-
generational effects captured by our derived IPs. These
biological mechanisms, potentially at play in our findings, can
be regrouped into three kinds of candidate explanations:
mitochondrial alteration, epigenetic imprinting, and chromo-
some X-mediated heritability.

Mitochondrial DNA is categorically inherited from the mother,
making it a biological source of sex bias that can be transmitted
over generations.®® Our first IP highlighted lineage-gender
biases for two genetic markers that have previously shown to
impact mitochondrial functioning: HMGCR and BDNF polymor-
phisms. The Met allele of the BDNF gene has been associated
with decreased in vivo levels of N-acetyl aspartate, a marker of
mitochondrial oxidative stress, in the hippocampus of human
subjects.”” Similarly, a high dose of HMGCR inhibitors (statins)
has been linked to mitochondrial dysfunction and intracellular
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oxidative stress in human cell cultures.®” In its original form,
the mitochondrial cascade hypothesis®®°° holds that mitochon-
drial dysfunction precedes and potentiates deposition of Af
aggregates.®® In more recent years, evidence that Ap alters mito-
chondrial functioning has revised the original hypothesis.®°
In vitro analyses have suggested that Ap4. peptides could act
as a neurotoxin to induce oxidative stress, which impairs mito-
chondrial functioning.®’ Inversely, cells expressing mitochon-
drial DNA from AD subjects have shown elevated oxidative
stress markers that, in turn, promoted Ap toxicity and pro-
grammed cell death.®? In a female mouse AD model, embryonic
hippocampal neurons showed decreased mitochondrial respira-
tion sustained through the reproductive period and most
apparent during reproductive decline.®® Mitochondrial amyloid
load in hippocampal CA1 neurons also increased in this female
mouse model.®® A similar observation has been made in human
subjects with maternal AD risk in which elevated cerebrospinal
fluid (CSF) levels of F2-isoprostane, a marker of oxidative stress,
co-occurred with lower CSF levels of AB4o/40, @ marker of amy-
loid aggregation.®® Estrogen-signaling pathways could further
enhance sex biases in mitochondrial functions, particularly in
the hippocampal neurons.®® In fact, the intact hippocampus
has a relatively elevated concentration of steroid hormone re-
ceptors compared with the other brain regions.*® Estradiol may
promote mitochondrial respiration, ATP generation, and antiox-
idant mechanisms.®® Maternally transmitted mitochondrial
DNA could provide a genetic ground by which protective or dele-
terious haplotypes are passed on from generation to generation.
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The influence of estrogens throughout females’ reproductive age
up to senescence could further exacerbate lineage biases in
mitochondrial functioning by precipitating Ap aggregate accu-
mulation and AD pathogenesis. The lineage biases captured
by the first IP could thus reflect maternally transmitted genomic
effects affecting mitochondrial functioning, potentially amplified
by related sex hormone pathways.

Epigenetic regulation provides another plausible mechanism
linking the genealogy of AD risk to our findings, with evidence
for such effects involving both HMGCR and BDNF. For
HMGCR, previous findings suggest that ApoE4-dependent
histone modifications alter cholesterol metabolism and memory
formation. Specifically, Li and colleagues (2021) showed that as-
trocytic ApoE regulates neuronal gene expression through mod-
ulation of histone acetylation and lipid biosynthesis, including
downregulation of HMGCR.®” Notably, ApoE4 particles were
less effective in promoting histone acetylation and memory
consolidation—suggesting that the epigenetic response to lipid
cues is altered in €4 carriers and may contribute to lineage-spe-
cific inheritance of AD risk. These findings align with our
observed parent-of-origin biases in HMGCR expression and
suggest that altered chromatin states may underlie intergenera-
tional transmission of AD vulnerability. A parallel mechanism may
also underlie our findings for BDNF. Sen and colleagues (2015)
demonstrated that ApoE4 promotes nuclear translocation of his-
tone deacetylases, thereby reducing histone acetylation and
BDNF expression. In contrast, they found that ApoE3 enhances
BDNF transcription via increased acetylation.®® Interestingly,
amyloid-p oligomers were shown to induce similar repressive ef-
fects on histone acetylation, suggesting a convergence of ApoE4
and amyloidogenic pathways in downregulating neurotrophins
like BDNF.®® These epigenetic mechanisms provide a plausible
substrate for epistatic imprinting, in which parent-of-origin ef-
fects at imprinted loci propagate to downstream biallelic genes,
producing differential expression depending on which parent
contributed the upstream allele. Evidence for such imprinting
networks has been demonstrated in mice, with Hmgcr in partic-
ular identified within an imprinting-by-imprinting epistasis
network affecting adipogenesis.®® Similarly, although imprinting
at the Val66Met polymorphism of BDNF has not been directly
observed, preferential paternal transmission of the valine
(G) allele has been reported and associated with increased risk
of neurodevelopmental disorders.”® The same authors previ-
ously observed that in the brain frontal cortex of 16 Val/Met het-
erozygotes, BDNF mRNA from each parental chromosome was
expressed at approximately equal levels.”" This biallelic expres-
sion is consistent with BDNF acting as a downstream mediator,
possibly influenced by upstream parent-of-origin signals, analo-
gous to HMGCR. Our lineage biases in AD risk are consistent
with a parent-of-origin network that propagates allele-specific
epigenetic regulation to BODNF and HMGCR, ultimately linking
parental alleles to AD-relevant phenotypes.

Last, chromosome X-mediated inheritance could represent a
contingent source of lineage biases in AD risk. While females
generally inherit a chromosome X from both parents, males typi-
cally receive a sole chromosome from their mother. Harboring a
second X chromosome could represent a biological advantage
in conferring resilience toward cognitive deficits in females.
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Indeed, RNA sequencing of the human dorsolateral prefrontal
cortex linked several X chromosome genes to slower cognitive
decline in autopsy samples from older females but not males.””
In contrast, the expression of X genes involved in protein folding
was associated with neuropathological tau burden in males but
not in females.”® Animal models of AD pathology corroborated
these patterns of X chromosome-mediated vulnerability specific
to one sex. Neurons from wild-type mice with the XY genotype
are more vulnerable to Ap-induced toxicity when exposed to re-
combinant AB_4, than those from mice with the XX genotype.”®
The X chromosome likely drove this effect, as similar findings
were obtained when comparing neurons from mice with XY
and X0 chromosomes to mice with XX and XXY chromosomes.”®
Candidate X genes, such as Kdmé6a, have emerged from trans-
lational work from mice to human as protective against cognitive
deficits and Ap toxicity.”® An accompanying meta-analysis in hu-
mans showed that the male sex (XY genotype) increased the risk
for death in AD by 62% when compared with the female sex (XX
genotype).”®> Moreover, a genome-wide association study in
~40,000 UKB participants from the imaging cohort identified
two X chromosome clusters of brain-gene associations that sta-
tistically differ in males and females.”* The first X chromosome
cluster was linked to the metrics of white matter integrity, with
peaked effects identified for neurite density in the left superior
longitudinal fasciculus.” The second cluster highlighted mea-
sures of gray vs. white matter intensity contrast in limbic and
temporal regions identified as belonging to the DN.”* It thus
seems that harboring a single X chromosome leads to poorer
health outcomes, possibly by making the brain more vulnerable
to age-related neurotoxicity that eventually precipitates AD path-
ogenesis. Nonetheless, the frequency of SNP mutations on the X
chromosome is reduced by half in male participants. Large-scale
multimodal clinical datasets are necessary to support generaliz-
able sex-stratified gene-trait associations.

We disentangled a part of AD risk heterogeneity by identifying
genetically anchored IPs varying with offspring and affected
parent gender. Our careful filtering of the ever-growing collection
of AD risk indicators advocates for therapeutic avenues centered
around gender-specific pathways in AD heritability. The different
manifestations of maternal and paternal AD risk in men and
women are consistent with the co-existence of two distinct dis-
ease risk categories rooted in separate biological mechanisms.

Limitations of the study

When interpreting our results, consideration should be given to the
scope of the validation strategies employed. While the one-sam-
ple bootstrap framework provides a principled and widely used
approach to estimate the stability of latent variables,”>™” it re-
mains confined to the observed dataset and does not constitute
external validation. While it provides one of the best available es-
timates of how sensitive the model results are to fluctuations in the
sampled participants, it does not address external generalizability
to completely different populations, such as participants with
other races or ethnicities. Its primary objective, however, is to
quantify the sensitivity of the identified latent components to sam-
pling variability, which it achieves effectively. In this context, it
enables us to quantify the robustness of the APOE-associated
multivariate patterns despite limited subgroup sizes.
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To ensure stability of brain signatures,”® they were first derived
in the UKB, the largest available neuroimaging cohort at the time,
and then transferred to the target sample. We followed previ-
ously established cross-cohort modeling strategies,”®"®
effectively producing out-of-sample estimates. Anchoring these
patterns to the IPs, we can assess the reproducibility of the
brain-phenotype relationships reported previously*® in an inde-
pendent cohort. This provides a complementary form of external
validation at the level of associations, even though the underlying
neuroanatomical signatures were not independently re-esti-
mated in the smaller cohort.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Dr. Danilo Bzdok, (danilo.bzdok@mcgill.ca).

Materials availability
This study did not generate new, unique reagents.

Data and code availability

o Data used in the preparation of this article were obtained from the
Pre-symptomatic Evaluation of Novel or Experimental Treatments
for Alzheimer’s Disease (PREVENT-AD) program, data release 6.0.
PREVENT-AD is managed by The Centre for Studies on the Prevention
of Alzheimer’s Disease (StoP-AD) at the Douglas Mental Health Univer-
sity Institute Research Centre, affiliated with McGill University (https://
douglas.research.mcgill.ca/stop-ad-centre). Data management at the
StoP-AD Centre is carried out through LORIS (https://loris.ca), which
provides the technical infrastructure to manage the acquisition, storing,
and conservation of data in order to facilitate data sharing with the
greater research community. The PREVENT-AD Open Repository is
publicly accessible through the Canadian Open Neuroscience Platform
(CONP; ARK ID: https://n2t.net/ark:/70798/d78m93q8n7w4g20mhj)
and the institutionally hosted database (https://openpreventad.loris.
ca). The Open Repository includes MRI data and basic demographic in-
formation. Access requires the creation of an account through https://
openpreventad.loris.ca/login/request-account/. Users must agree not
to commercialize the dataset or claim intellectual property rights over
it; not to attempt to re-identify or re-contact participants, including
through linkage with other datasets; to obtain any required ethical ap-
provals; to use the data exclusively for neuroscience research as
permitted by participant consent; not to redistribute the data outside
the repository; and to comply with monitoring requests and report any
breaches of these terms. Eligible academic researchers and physicians
may apply for access to the PREVENT-AD Registered Repository,
which contains a more comprehensive set of participant data. The
Registered Repository is available through CONP (ARK ID: https://n2t.
net/ark:/70798/d7j9dvk4777m366kfb) and the institutionally hosted
database (https://registeredpreventad.loris.ca). Access requests can
be submitted at https://registeredpreventad.loris.ca/login/request-
account/. Available data include PET imaging, medical information, ge-
netic data, self-reported questionnaires, neuropsychological assess-
ments, neurosensory evaluations, CSF protein measurements, and
magnetoencephalography data. Access is subject to the same
commercialization, privacy, ethical oversight, use restriction, confiden-
tiality, and monitoring requirements described above. Following ac-
count approval, applicants are contacted by the PREVENT-AD
Research Group. Questions regarding access to the Open and Regis-
tered Data may be directed to prevenir.alzheimer@douglas.mcgill.ca.
The lead contact can help connect you with a member of the StoP-
AD Center.

o Allindividual numerical values underlying the summary data presented
in the figures, along with the complete code utilized for their generation,
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have been made openly accessible on GitHub (https://github.com/
chloesavignac/PREVENTAD) and deposited on Zenodo (https://doi.
org/10.5281/zenodo.20355121)

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

PREVENT-AD Open Repository

PREVENT-AD Registered
Repository
Summary data and code

Canadian Open Neuroscience Platform
Canadian Open Neuroscience Platform

GitHub and Zenodo

ARK ID: https://n2t.net/ark:/70798/d78m93g8n7w4g20mhj
ARK ID: https://n2t.net/ark:/70798/d7j9dvk4777m366kfb

https://github.com/chloesavignac/PREVENTAD
https://doi.org/10.5281/zenodo.20355121

Software and algorithms

Python 3.8.20, 3.12.2

Pandas 1.5.3, 2.0.3

Numpy 1.22.4, 1.26.4
Seaborn 0.13.2

Matplotlib 3.9.2

Scikit-learn 0.23.2, 1.4.1.post1
Scipy 1.12.0

Python Software Foundation
McKinney®®

Harris et al.®’

Waskom®?

Hunter®

Pedregosa et al.?

Virtanen et al.®®

https://www.python.org
https://pypi.org/project/pandas/
https://pypi.org/project/numpy/
https://pypi.org/project/seaborn/
https://pypi.org/project/matplotlib/
https://pypi.org/project/scikit-learn/
https://pypi.org/project/scipy/

Joblib 1.3.2,1.4.2 The joblib developers. https://doi.org/10.5281/

zenodo.14915601

Abraham et al.®; https://doi.org/10.5281/
zenodo.21126970

https://pypi.org/project/joblib/

Nilearn 0.9.2, 0.10.4 https://pypi.org/project/nilearn/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

The PREVENT-AD cohort®” is composed of older individuals with a known family history of Alzheimer’s disease who were cognitively
unimpaired at the time of enroliment from 2011 to 2017 (mean age 63, standard deviation [SD] 5 years). This susceptible population is
estimated to have a 2- to 3-fold relative increase in the risk of AD-type dementia.?®®° Sex and the affected AD parent’s sex were self-
reported by participants and are herein referred to as gender. Participants gave written, informed consent for the study, which was
approved by the McGill Institutional Review Board and/or Douglas Mental Health University Institute Research Ethics Board. Further
information on the consent procedure can be found elsewhere.®” A study design chart, along with detailed information about data
collection methods and data sharing plans, is openly available online.®” Demographic information for the PREVENT-AD cohort
(N = 384) stratified by APOE genotype is summarized in Table S20. All but four participants identified as Caucasian.

METHOD DETAILS

Non-imaging data preprocessing

The primary goal of PREVENT-AD is to test whether serial determination of multi-modal biomarkers of Alzheimer’s disease may be
measured and used in pre-symptomatic persons at high risk of subsequent AD dementia to trace the progression of the disease pro-
cess and to measure effects of any potentially preventive treatment interventions. This work is intended to provide preliminary data
regarding the probable efficacy and safety of potential new treatments for prevention of AD dementia. Participants of the PREVENT-
AD initiative have undergone extensive annual health and cognitive assessments for up to five years. This resource creates a unique
opportunity to monitor longitudinal trajectories of brain-imaging assessments, cerebral fluid biochemistry, neurosensory capacities,
and medical charts in pre-symptomatic individuals at Alzheimer’s risk. The risk markers included at the time of study design are thus
inherently grounded in clinical practice, reflecting over 10 years of collective expertise in brain imaging, biochemistry, neuropsy-
chology, genetics, and medicine. A complete list of the 257 risk indicators included in this study is available in the supplementary
information (Table S21).

As part of the original PREVENT-AD study design, allelic variants of seven genes were pre-selected and genotyped by the original
investigators based on prior evidence of association with AD available at the time.?”-°°~* The following allelic variants were geno-
typed and made publicly available to all future investigators: APOE (rs429358 and rs7412), BDNF (rs6265), HMUGCR (rs3846662),
BCHE (rs1803274), TLR4 (rs4986790), PPP2R1A (rs10406151), and CDK5RAP2 (rs10984186). All genetic variants preselected
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and made available by the PREVENT-AD initiative were included in our models to extract intermediate phenotypes in an impartial,
data-driven manner.

Our PREVENT-AD sample consisted of 384 participants (28.9% men, 71.1% women) with the following APOE genotype distribu-
tion: €3/3 (50.8%), €3/4 (32.0%), €3/2 (10.9%), €2/4 (4.2%), €4/4 (2.1%). We first considered a total of 1,562 participant visits, from
which we selected only those from participants with brain imaging and APOE genotyping information. Of those 910 visits, 109 came
from participants with both maternal and paternal AD lineage and were excluded. An additional 62 visits that came from participants
with only sibling history of AD were also excluded. We removed 57 visits from participants with €4/4 (1 man/7 women) and €2/4 (6
men/8 women) genotypes because of their limited sample sizes. We next balanced the percentage of men and women with €3/2,
€3/3, and €3/4 genotypes by dropping visits from women at random. We used the same procedure to balance the percentage of
men and women with maternal and paternal AD lineage. A total of 250 visits from women were dropped in this procedure. In the final
balanced sample, the distribution of APOE genotypes was the same in men and women and consisted of €3/2 at 15%, €3/4 at 35%,
and €3/3 at 50%. The distribution of maternal and paternal AD lineage in men and women was 34% paternal and 66% maternal. The
final balanced sample consisted of 432 participant visits, 182 of which (42%) came from men.

Brain-imaging data preprocessing

Population-based cohorts are ideally suited to tease apart subregion-level variation in AD risk. Advances in automatic segmentation
techniques for the human HC using ex vivo brain imaging have allowed for subject-specific parcellations that respect the diversity of
distinct subregions identified postmortem.>’ Capitalizing on these ultra-high resolution segmentations, we previously assessed
microstructural alterations of the human HC in a newly detailed way that scaled to ~40,000 UKB participants primarily of European
genetic ancestry.*° We described AD-related patterns of structural co-variation in DN subregions, which varied in lockstep with fine-
grained HC subregions.*® Working with the UKB enabled us to derive multivariate patterns of structural co-variation between 38 hip-
pocampal subregions and 91 default network subregions—an analysis that is largely infeasible in most other neuroimaging cohorts
due to sample size constraints.”® While the UKB is uniquely powered to support such doubly multivariate decompositions, it was not
designed to track AD progression. For this reason, we adopted a two-step dataset-bridging approach, building on previously
established cross-cohort modeling strategies.”®’® First, we derived HC-DN signatures in a large population-based cohort and
then transferred these signatures to a specialized cohort of individuals at elevated risk for dementia, which offers rigorous longitudinal
monitoring of AD progression in offspring of affected patients. By leveraging these complementary datasets, our approach allows us
to assess the extent to which broadly distributed, population-derived neuroanatomical patterns generalize to clinically meaningful
indicators of AD risk.

The PREVENT-AD resource provides brain imaging scanning (including T1-weighted images) for up to four years of follow-up from
386 participants. Separately for the brain-imaging scans from each participant visit, we first performed a full FreeSurfer reconstruc-
tion followed by subcortical volumetric sub-segmentation of the 38 hippocampal subfields, analogous to the UKB brain-imaging pre-
processing pipeline. In the same way as in our previous publication, we next parsed the cortex volumes from the structural brain
scans according to the Schaefer-Yeo parcellation (400 parcels, 7 networks) to obtain the analogous 91 parcels defined as belonging
to the DN by the reference atlas (https://github.com/ThomasYeolLab/CBIG/tree/master/stable_projects/brain_parcellation/
Schaefer2018_LocalGlobal/Parcellations/project_to_individual). Covariates (age, age,” gender, gender*age, and gender*age?)
were regressed out from each brain-derived gray matter volume measure as part of the deconfounding procedure. Age was deter-
mined at the time of recruitment and gender was self-reported. The final brain-imaging sample consisted of 368 participants (261
women and 107 men) with a total of 912 individual visits.

We extracted the same collection of brain-image-derived phenotypes of gray matter morphology as our previous HC-DN co-vari-
ation study in the UKB.®° We were thus able to compute the expression of the 25 UKB-derived modes of HC-DN co-variation based
on gray matter measurements for the identical sets of 91 DN and 38 HC target subregions. For each PREVENT-AD visit, we obtained
the subject-specific expression levels of the 25 HC and 25 DN patterns of structural co-variation (i.e., canonical variates) that capture
the inter-individual variation in the 25 pairs of HC-DN co-variation signatures. These derived brain measures were fed into our down-
stream analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Intermediate phenotypes of Alzheimer’s disease risk

As the backbone of our analysis workflow, we sought to derive intermediate phenotypes (IPs) that partitioned the phenotypic expres-
sion of familial AD risk as a function of APOE genetic background. We capitalized on the rich PREVENT-AD indicators set to capture
APOE-phenotypes associations across 257 risk indicators from 7 broad risk categories: cardiovascular health, cognition, clinical co-
morbidities, demographics, disease progression, genetics, and neurosensory assessments. We designed PLS-regression (PLS-R)
models in which the APOE genotypes (e.g., €3/2, €3/3, €3/4) were estimated based on these 257 risk indicators. PLS-R was a natural
choice of method as it is especially suited to disentangle the variance of a high-dimensional set as a function of a targeted outcome.
Because PLS-R estimates latent components by maximizing shared covariance across variable blocks, correlated predictors are
consolidated into composite constructs (i.e., intermediate phenotypes) rather than treated as competing independent regressors.
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As aresult, the approach is inherently robust to problems emerging from collinearity and enables shared environmental factors to be
modeled directly within the multivariate structure, rather than statistically controlled or residualized out.

The explanatory input variable set X was constructed from the PREVENT-AD risk indicators (number of subject visits X 257 phe-
notypes). A parallel outcome variable set Y was constructed from the one-hot-encoded APOE genotypes (number of subject visits X
3 genotypes (e.g., €3/2, €3/3, €3/4)):

X € R™ and

Y € R™P,

where m denotes the number of PREVENT-AD phenotypes, and p the number of APOE genotypes. PLS-R finds latent variables that
model X and simultaneously predict Y. The two sets X and Y are decomposed as the dot product of two matrices that represent the
model scores (T,U), and loadings (P,Q), respectively. The decomposition of the original variable sets is obtained as follows:

X = TPT +E,
Y = UQT +F,
T = XW*,and

where T and U are matrices of size nx/, P is a matrix of size mx/, Q is a matrix of size px/, and E and F are matrices of normally distrib-
uted error terms for X and Y, respectively. The number of loadings is denoted by / and determined by the rank of X. Following the
principle of linear regression, Y can be estimated as a function of X through the following equation:

Y = TQ" +G,
where G is a matrix of normally distributed residuals. This equation can be re-expressed as the multiple regression model:

Y = XW*Q" +F and

B = wQ',
where B is a matrix of regression weights, equivalent to the coefficients of a multiple regression model. PLS-R thus find a series of L

orthogonal latent variables, i.e., t;, that have maximal covariance with Y but are uncorrelated to each other. These latent variables are
ordered according to the amount of variance of Y that they explain. Formally, the optimization can be described as follows:

t, = Xw,,such that cov(t,Y) = max.

We apply a one-sample bootstrap hypothesis test to determine the number of robust, statistically meaningful PLS-R components.
For 1,000 iterations, we randomly sampled participant visits with replacement to create alternative datasets we could have gotten. At
each iteration, we recomputed the PLS-R solution. We averaged the PLS-R loadings of each of the 257 PREVENT-AD indicators at
each of the 1,000 iterations and compared them with the actual loadings of the original unshuffled PLS-R model. The degree of con-
sistency between the original PLS-R loadings and the average bootstrapped loadings was assessed using Pearson’s correlation.
(see Figure S4). We found that the robustness of the PLS-R solution substantially dropped after the third PLS-R component (Pear-
son’s p < 0.50). In contrast, the first 3 PLS-R components showed robust convergence: component 1 (Pearson’s p = 0.988, p value =
8.6 x 1072%) component 2 (Pearson’s p = 0.793, p value = 7.4 x 10~%), and component 3 (Pearson’s p = 0.778, p value =
1.7 x 107%%). For that reason, we only considered the first three PLS-R components for all downstream analyses.

Assessment of lineage and gender biases

We next systematically examined how gender and parental lineage relate to the IPs. Each intermediate phenotype captures a distinct
portion of the phenome-wide variation in AD risk associated with the APOE gene. We aimed to systematically examine the 257 risk
factors to identify those that show the greatest variation in their association with APOE genotypes, as a function of gender and
parental history of AD. To this end, we conducted parallel analyses in which analogous intermediate phenotypes were derived sepa-
rately for men and women, and for individuals with maternal vs. paternal AD history. This allowed us to assess which components of
phenome-wide AD risk variation can be attributed to gender and family lineage. Specifically, we compared the weights of individual
risk factors across subgroups to identify how their relative contributions to each of the three intermediate phenotypes differed by
gender and lineage.

We first stratified the dataset by gender and by parental AD lineage. Specifically, we separated men (n = 182) and women (n = 250)
subject visits and built two gender-specific PLS-R models, using the standardized 257 PREVENT-AD risk indicators to estimate
APOE genotypes (€3/2, €3/3, €3/4). In parallel, we built analogous models for individuals with maternal (n = 284) and paternal (n =
148) AD lineage. As previously described (see “Non-imaging data preprocessing”), the distributions of APOE genotypes and parental
AD lineage were balanced across genders.
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Our goal was to quantitatively compare the contribution (i.e., weights) of each risk factor across these stratified models, to deter-
mine which indicators showed the most gender- or lineage-specific variation in their association with APOE genotype, which, by it-
self, accounts for over 90% of the predictive accuracy of the genetic risk score for AD."” To ensure alignment of the PLS-R compo-
nents being compared, we computed Pearson’s correlation coefficients between the y-loadings—that is, the weights of the three
most prevalent APOE genotypes—from the first five PLS components of each subgroup (e.g., men vs. women, maternal vs. paternal
lineage) and those from the original PLS run on the entire balanced sample. Components were hierarchically matched based on these
correlations, then reordered and sign-corrected to ensure that each matched component represented a biologically comparable ge-
notype-associated axis of variation. Once aligned, we subtracted the x-loadings (i.e., the weights of the 257 risk indicators) of the first
three matched PLS components between subgroups. This yielded phenotype-level estimates of gender-specific and lineage-spe-
cific differences in AD risk. Through this procedure, we identified which PREVENT-AD risk indicators contributed most to variation
in AD susceptibility as a function of gender and parental lineage.

To robustly assess gender and lineage differences in APOE-related risk profiles, we performed a nonparametric bootstrap proced-
ure with as many as 1,000 iterations. In each iteration, we randomly resampled participant visits with replacement, generating alter-
native datasets drawn from the original distribution. For each resampled dataset, we recalculated the PLS-R models separately for
men and women, and for individuals with maternal vs. paternal history of AD. Components were then reordered and sign-corrected
within each iteration to match the corresponding components from the original PLS (cf. above).

From each bootstrap sample, we extracted the x-loadings —that is, the contribution of each of the 257 PREVENT-AD risk fac-
tors—for each aligned PLS component in each subgroup. These values were aggregated across iterations to produce density
plots that illustrate the distribution of gender- and lineage-specific loadings across all bootstrap iterations (see Figures S8
and S9; Tables S14-S19). To complement this machine learning-based approach with classical statistical inference, we
computed standardized effect sizes and statistical tests for each group comparison (i.e., men vs. women; maternal vs. paternal
lineage). Specifically, we calculated Cohen’s d and performed Welch’s unequal variances t test using the scipy.stats.ttest_rel()
function from the SciPy library. This test assesses whether two related or repeated samples differ significantly in their mean
values.”®

Together, the bootstrap resampling and classical statistical analyses aim to confirm that the observed gender and lineage differ-
ences in intermediate phenotype composition are not due to random variation or outliers, but instead reflect robust, reproducible
associations with APOE genotype.

Longitudinal risk analysis

We examined how the gender-specific and lineage-specific variation in AD risk captured by the three IPs changed over time. We
capitalized on the serial assessments of the PREVENT-AD cohort to track category-wise progression in AD risk over a 4-year
follow-up period. That way, we were able to identify which of the 7 broad categories of AD risk factors (cf. above) track most of
the gender-specific and lineage-specific fluctuation in AD risk for a given intermediate phenotype.

The balanced sample comprised 432 subject visits from 233 different PREVENT-AD participants, with 126 participants (55%
women, 65% maternal AD lineage) having at least one follow-up visit over a 4-year period. For each participant with follow-up
data, we used their first and last visits as the two time points for analysis. We ran gender-specific and lineage-specific PLS-R models
separately for each time point, enabling us to extract the intermediate phenotypes at both the initial and last follow-up visits, which
provided the basis for our longitudinal analysis.

To compare how these intermediate phenotypes evolved over time, we matched the PLS-R components across the four sub-
groups (men vs. women and maternal vs. paternal AD lineage), and two time points. To do so, we computed Pearson’s correlation
coefficients between the y-loadings (i.e., the weights of the three most prevalent APOE genotypes) for the first five PLS-R compo-
nents across the subgroups we aimed to compare and the original PLS, run on the entire balanced sample. This step ensured that the
PLS-R components were biologically comparable by verifying their association with corresponding APOE genotypes. Once we ob-
tained the Pearson’s correlation matrices, we reordered the components in the comparison subgroups based on the strength of their
correlation with the corresponding components in the original PLS.

After ordering and aligning the components using this procedure, we subtracted the x-loadings for men and women, as well as for
maternal and paternal lineages, to derive category-specific estimates of generational differences in AD risk. This approach allowed us
to pinpoint which PREVENT-AD risk indicators exhibited the most significant gender-specific and lineage-specific variation within a
given IP.

Finally, we averaged the differences in x-loadings by gender and AD lineage for each of the seven categories of risk indicators —
cardiovascular health, cognition, clinical comorbidities, demographics, disease progression, genetics, and neurosensory assess-
ments —at both time points. This approach provided us with category-specific estimates of gender- and lineage-specific differences
in AD progression for each of the three intermediate phenotypes.

Region-wise brain imaging analyses

Next, we assessed whether maternal vs. paternal AD lineage is linked to specific structural variation in HC and DN subregions defined
above (see Brain-imaging data preprocessing). More specifically, we wanted to quantify how much a given subregion contributes to
the classification of maternal vs. paternal AD risk in the context of the whole set of 38 HC subregions or 91 DN subregions. This
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diagnostic test enabled us to pin down which (if any) microstructurally defined subregions within two cortical systems broadly
affected in AD were related to either maternal or paternal AD lineage.

We built classification models (logistic regression) to estimate the type of AD lineage (maternal = 1, paternal = 0) as a function of
gray matter volumes in the 38 HC subregions of the FreeSurfer subcortical atlas (see Brain-imaging data preprocessing). Two sepa-
rate lineage-classification models were built, one for men and one for women. Each classifier considered 38 input variables corre-
sponding to the gray matter volumes in the HC subregions. We employed a resampling procedure to account for differences in
the numbers of men vs. women, and individuals with maternal vs. paternal AD lineage, that could affect classification toward to
most prevalent classes. Across 1,000 iterations, we randomly drawn visits from 100 men and 100 women, half of which had a history
of AD on their mother’s side, while the other half had an history of AD on their father’s side, from 912 visits with MRl measurements
(see Brain-imaging data preprocessing). We obtained 1,000 different subsamples where men and women with maternal and paternal
AD lineage were equally represented. At each iteration, we randomly shuffled the true outcome of the classification model (maternal =
1, paternal = 0) 1,000 times and recomputed the classification weights for each resampled subject dataset. In so doing, we could
empirically derive null distributions for the 38 coefficients of the 1,000 subsamples on which we performed two-tail tests for statistical
relevance. The analogous classification and resampling analyses were conducted on the set of 91 default network subregions.

Lineage and gender biases in brain signatures

We next tested whether our UKB-derived signatures of HC-DN co-variation relate to the PREVENT-AD-derived intermediate pheno-
types in classifying the type of AD lineage. Capitalizing on these two independently collected datasets allowed us to identify clinically
relevant aspects of AD risk robustly tracked by the HC-DN co-variation signatures. We aimed to build upon the characterization of our
population-derived limbic-cortical regimes by linking them with widely established indicators of dementia progression in presymp-
tomatic individuals. We examined whether we could differentiate the type of AD lineage based on a set of explanatory input variables
including i) the three PREVENT-AD-derived intermediate phenotypes, ii) individual variation in expression of 25 HC-DN co-variation
patterns (i.e., canonical variates), and iii) the interaction between the three intermediate phenotypes and the 25 co-variation pattern
expression strengths. For each gender, we built separate classification models for each of the 25 HC and 25 DN canonical variates,
yielding a total of 50 estimated models per gender. In each model, the type of AD lineage (encoded as 0 for paternal and 1 for
maternal) was regressed on one HC or DN canonical variate, the three PREVENT-AD-derived intermediate phenotypes, and three
interaction terms capturing possible non-linear association between each of the three intermediate phenotypes and the given HC
or DN pattern, for a total of 7 regression parameters. We thus obtained a total of 100 logistic model fits that sought to explain variance
in the family history of ADRD as a function of these 7 parameters.

As a complementary analysis integrating across the obtained classification models, we performed a permutation analysis to
assess the robustness of each of the 7 classification coefficients. In 1,000 iterations, we randomly shuffled the type of AD lineage
(maternal = 1, paternal = 0) across the 432 participant visits of the balanced sample. We recomputed the otherwise identical clas-
sification models based on the data with randomized outcomes. We recorded the classification coefficients from each of the
1,000 iterations and used them to build empirical null distributions which provided the basis to perform two-tail statistical tests at
a 95% confidence level.

Back projection of brain-phenotype interaction

Lastly, we sought to quantify how matri-vs. patrilineal AD risk captured by the PREVENT-AD-derived intermediate phenotypes were
expressed in AD-vulnerable brain structures. We used the interaction terms from the 100 classification models (50 per gender, cf.
above) to derived estimates of brain-phenotype associations pooled across AD lineage. The interaction terms encapsulate how
much a given HC or DN co-variation patterns is linked to a given intermediate phenotype of AD susceptibility in the context of
maternal vs. paternal AD risk. We could then quantify how much of the brain-phenotypic variation captured by a given intermediate
phenotype is reflected in anatomically defined HC and DN subregions.

We multiplied the interaction terms between a given IP and a given HC or DN pattern by the subject-specific expressions of that
same pattern. For each subject visit, we obtained 50 brain-phenotype association terms corresponding to the original pairs of 25 HC-
DN brain signatures pooled across the variance in AD lineage explained by a given IP. We projected back the 50 brain-phenotype
association terms onto brain space by multiplying them with the respective 38 HC and 91 DN loadings of the original UKB-derived
CCA model.* In doing so, we were able to assess the individual contribution of each of the original 38 HC and 91 DN subregions to
brain-phenotype associations captured by the three IPs.
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Supplementary Figures
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S1. Box plot for the first intermediate phenotype, related to Figure 2. We show the distribution of the scores from the first PLS-R
component, i.e., the first intermediate phenotype of AD liability, for the three APOE genotype groups analyzed. We found that the
interquartile range is of similar size across all three APOE genotype groups. This finding suggests that the variance explained in high
dimensionality by the first intermediate phenotype is the same across all three APOE groups. We also show that the scores for APOE
€4/3 are higher than for the other two genotypes. This is consistent with the APOF loadings for the first intermediate phenotype (see
Figure 2) that shows a stronger weight for APOE €4/3 (0.38) than for €3/3 (-0.27) and €3/2 (-0.13).



Distribution of component 2 scores in the latent space
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S2. Box plot for the second intermediate phenotype, related to Figure 3. We show the distribution of the scores from the second
PLS-R component, i.e., the second intermediate phenotype of AD liability, for the three APOE genotype groups analyzed. We found that
the interquartile range is of similar size across all three APOE genotype groups. This finding suggests that the variance explained in high
dimensionality by the second intermediate phenotype is the same across all three APOE groups. We also show that the median score for
the APOE ¢€3/3 group is of opposite sign than for the other two genotype groups. This is consistent with the APOF loadings for the
second intermediate phenotype (see Figure 3) that shows a negative weight for APOE €3/3 (-0.19) and positive weights for €3/2 (0.10)
and €3/4 (0.13).



Distribution of component 3 scores in the latent space
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S3. Box plot for the third intermediate phenotype, related to Figure 4. We show the distribution of the scores from the third PLS-R
component, i.e., the third intermediate phenotype of AD liability, for the three APOE genotype groups analyzed. We found that the
interquartile range is of similar size across all three APOE genotype groups. This finding suggests that the variance explained in high
dimensionality by the third intermediate phenotype is the same across all three APOE groups. We also show that the scores for APOE
€2/3 are higher than for the other two genotypes. This is consistent with the APOFE loadings for the third intermediate phenotype (see
Figure 4) that shows a stronger weight for APOE €2/3 (0.26) than for €3/4 (-0.04) and €3/3 (-0.14).



Bootstrapped robustness test
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S4. Results of the bootstrapped procedure, related to Figures 2-4. To assess the robustness of the PLS-R solution, we performed
1,000 bootstrap iterations, each involving random sampling with replacement of participant visits and recomputation of the PLS-R
solution. For each iteration, we averaged the PLS-R loadings of the 256 PREVENT-AD indicators and compared these bootstrapped
averages with the original PLS-R loadings. The degree of consistency was measured using Pearson’s correlation coefficient. Results
show that the robustness of the PLS-R solution significantly declined beyond the third component (Pearson’s p<0.50). In contrast, the
first 3 PLS-R components showed robust convergence: component 1 (Pearson’s p=0.988, p-value=8.6x102%), component 2 (Pearson’s
p=0.793, p-value=7.4x10""), and component 3 (Pearson’s p=0.778, p-value=1.7x10"%).
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SS. PLS-R loadings for the 257 PREVENT-AD phenotypes, related to Figures 2-4. Full list of PLS-R loadings for the 257
PREVENT-AD phenotypes on the first three leading components.
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APOE genotypes on the first three leading PLS-R components.



A. Gender bias in intermediate phenotype 1 B. Intermediate phenotype 1
Top 5 positive gender-biased phenotypes

D. Lineage bias in intermediate phenotype 1

E. Intermediate phenotype 1
Top 5 positive lineage-biased phenotypes

Neurosensory Neurosensory
15 —® CAIDE: activity subscore 15 ——@ CAIDE: BMI subscore
Gender —eo Blood TSH levels at recruitment Lineage —e Hypertension
Women —e CAIDE: education subscore | Maternal —=e CAIDE: activity subscore
210 fome [~ Blood B12 levels at recruitment 210 s Paternal ) CAIDE: total score
a Men 0 LDL cholesterol 2 S —e Pulse at recruitment
1]  — MoCA attention: subtraction 79 1] —e MoCA visuospatial: tracing
Qs — MoCA delayed recall: red o s —e MoCA language: fluency score
—e MoCA delayed recall: daisy —o0 MoCA delayed recall: red
—e MoCA visuospatial: cube — MoCA language: total score
0 — —e Figure recall placement score 0 - p—-= List leaming: trial 3 score
Genetics p— Atrial fibrillation Genetics —=a0 Father's age at AD onset
15 —e 2nd sibling’s age at AD onset 15 —e Osteoporosis
Gender —e 1st sibling’s age at AD onset Lineage —® Arial fibrillation
-9 3rd sibling's age at AD onset = —0 1st sibling's age at AD onset
210 B Women - Osteoporosis S Maternal —0 Depression
@ =2 Men —e Works in protective services G (T2 Paternal — Works in education
5 —6 Not retired S —e Tested in French
P — Left right hands sum p —0
o5 —e Right-handed o5 J - —e Age
— Right hand score Z s — Elementary study
o0 = — CSF IL-15 levels 04 —o Blood TSH levels
i i —e MCI after 60 months (NAP) i i —e MCl after 36 months (PRE)
Disease progression e o Disease progression o S VEG ool
15 H —e MCI after 36 months (PRE) 15 H —e CSF IL-15 levels
1 Gender —e g[s); FGV—CIS\IFl\eveIs | Lineage —0 gaz pavievss
H B Women —e /alVal B Maternal —e Intron
_Q 10 A — — TLR4 rs4986790 AG 210 =2 Paternal —e BehE K variant AG
a ¥ =2 Men —e HMGCR Intron M GG 2 &2 Paternal —0 BDNF ValVal
) — HMGCR Intron M GA 1 BDNF MetMet
8 5 4 — PPP2r1Ars10406151 TT [= I3 ] (CDK5RAP2 rs10984186 GG
rATS: rs
2 [ Can hear at 500 hz (right) O Wears hearing aid
Brief smell identification test Mild microsmia
- Can hear at 4000 hz (left) 0 " Brief smell identification test
Can hear at 1000 hz (right) Demographics Dichotic sentence identification (left)
15 T Dichotic sentence identification (right) 15 g Subjective hearing impairment
H Gender 00 02 04 Lineage 00 02 04
210 1 B women Gender 200 EE Maternal Lineage
@ by 2 Men . B 52 Paternal )
5 AN C. Intermediate phenotype 1 & F. Intermediate phenotype 1
Qs cab " . Qs e~ :
Top 5 negative gender-biased phenotypes _ Top 5 negative lineage-biased phenotypes
0- S @ CAIDE: cholesterol subscore 0+ = — IDE: BP
Comorbidities @ Pulse at recruitment omorbidities o
@ CAIDE: BP subscore S Weigh
T 3 Pul
15 I @+ Diastolic BP at recruitment 15 T ks
H Gender P [ Ryperipideria Lineage @1 Diabete:
> H B Women @ List leaming: tral 1 score > . Maternal (== e
210 H 210 - @ Visuospatial score
B =2 Men @1 MoCA abraction: total score B =2 Paternal @+ Figure copy total score
c - @+ MoCA abtraction: pair 1 c 4 @ MoCA attention: subtraction total score
) 5 4 @ Immediate memory score adjusted 60-69 3 5 y @ MoCA attention: letters
o ya @ Immediate memory score / @ MoCA attention: total score:
/ a Father's age at AD onset g ¢ 5th sibling’s age at AD onset
o0 :‘slhma 04 @ Paternal family member has AD
iti @~ Migraine iti @—F Migraine
Cognitive @— Maternal family member has AD Cognitive @—] Number of sibings with AD
15 Gender @— Mother's age at AD onset 15 Li @ Mother's age at AD onset
@ Left-handed ineage @ Height
210 = Women &— LRE‘: hz"d score 0 B Maternal @— Leftright hands sum
£ - @ Retire 2 - @ Ambidextrous
@ 52 Men @— st language: English 2 &R Patsmal @ Some postgraduate stud
g . @ Works in management & . O——— Vorke n computers
Qs S @ MCI after 12 months (PRE) (= AsmsT> @~ MCI after 12 months (NAP)
S @ CSF PCSKO levels @-f CSF IL-8 levels
- @+ CSF tau levels @~ CSF amyloid-B-1-42 levels
[ - @ Alzheimer Progression Score 0+ B @ MCI after 36 months (NAP)
Cardiovascular @—— MCl after 72 months (NAP) Cardiovascular @—1- MCl after 84 months (NAP)
15 @ CDK5RAP2 rs10984186 AA 15 @ PPP2r1A rs10406151 CC
oS, S
t PPP2r1A TS H Intron
210 . Women @————— HMGCR Intron MAA e EE Materal @— BhE K variant GG
@ 7 Men @ BDNF ValMet B (T2 Paternal @ HMGCR Intron MAA
c Dichotic sentence identification (left) S -t Total anosmia
8 5 N Wears hearing aid Qs e Normosmia
S, Subjective hearing impairment pw Dichotic sentence identification (right)
N Total anosmia o Right hear advantage
o0 > Diagnosed hearing impairment 04 =z Can hear at 4000 hz (ieft)
-03 -02 -01 00 01 02 03 04 05 -04 -0.2 00 -03 -02 -01 00 01 02 03 04 05 -04 -02 00
Loadings Gender Loadings Lineage

S7. Breakdown of lineage- and gender-specific biases for intermediate phenotype 1, related to Figure 2. The distribution of PLS
loadings across the six categories of risk indicators is shown for the first intermediate phenotype in (A) men and women and (D)
individuals with maternal and paternal AD lineage. Additional per-category breakdowns of loading differences are shown by gender in
(B & C) and by AD lineage in (E & F). BDNF Val/Val and Val/Met genotypes show the strongest gender-biased genetic risk signals,
varying in opposite directions along the AD liability spectrum captured by intermediate phenotype 1 (panels B & C). SNP rs3846662,
located in intron M of the HMGCR gene, exhibits the most pronounced lineage bias among genetic risk indicators (panels E & F).
Maternal and paternal ages at onset, used as proxies for parent-of-origin effects in AD and other conditions, emerge as the leading
lineage-diverging variables within the comorbidity domain, again showing opposing trends across the AD liability spectrum (panels E
& F). Overall, the first intermediate phenotype of AD susceptibility captures cross-generational differences in genetic risk, particularly
in pathways related to memory and lipid metabolism, with the opposing maternal and paternal age-at-onset patterns further supporting
parent-of-origin effects.
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S8. BDNF ValVal and ValMet polymorphisms show robust differences between men and women, related to Figure 2. Bootstrapped
density plots of the PLS-R loadings for the PREVENT-AD genetic risk indicators on the first intermediate phenotype in men and women
revealed robust gender bias in BDNF variants ValVal (Cohen’s d=-2.02; t-stat=-45.54, p-value=5.90x102%) and ValMet (Cohen’s
d=1.92; t-stat=43.68, p-value=6.46x102).
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S9. Polymorphism in intron M of the HMGCR gene show robust AD lineage bias, related to Figure 2. Bootstrapped density plots
of the PLS-R loadings for the PREVENT-AD genetic risk indicators on the first intermediate phenotype in individuals with maternal
and paternal AD risk revealed a robust lineage difference on HMGCR G/A (Cohen’s d=1.37; t-stat=30.81, p-value=4.90x10"'47) and A/A
(Cohen’s d=-1.07; t-stat=-24.18, p-value=4.52x1092),
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S10. Breakdown of lineage- and gender-specific biases for intermediate phenotype 2, related to Figure 3. The distribution of PLS
loadings across the six categories of risk indicators is shown for the second intermediate phenotype in (A) men and women and (D)
individuals with maternal and paternal AD lineage. Additional per-category breakdowns of loading differences are shown by gender in
(B & C) and by AD lineage in (E & F). This intermediate phenotype distinguished 4APOE €3 homozygotes from €2 and €4 carriers
(Figure 3). Although €3 homozygotes are typically used as a reference group in AD research—often assumed to reflect normative
aging—we observe substantial gender- and lineage-specific biases in cognitive risk within this group. Among the most robust findings,
global cognition, as assessed by the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), consistently ranked
among the top contributors in both comparisons, showing pronounced gender (panels B & C) and lineage effects (panels E & F).
Visuospatial processing was particularly influenced by gender (panel B), whereas working memory—as assessed through the Montreal
Cognitive Assessment (MoCA) attention tasks—exhibited pronounced lineage effects (panel E). Age-related markers, including
chronological age, retirement status, and hypertension, similarly exhibited notable gender (panels B & C) and lineage effects (panels E
& F). Overall, these results indicate that even the baseline genetic risk group displays marked gender- and lineage-dependent variation
in AD-related vulnerability.
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S11. Average category-wise difference in gene module loadings over time, related to Figures 2-4. We leveraged the longitudinal
design of the PREVENT-AD cohort to track changes in AD risk indicators over a 4-year period. We used data from their first and last
visits of each participant with at least one follow-up visit (N=126; 55% women; 65% maternal AD lineage). We computed separate
gender-specific and lineage-specific PLS-R models at each time point to assess the expression of the three intermediate phenotypes over
time. We show the average differences in x-loadings between men vs. women and maternal vs. paternal lineage within each of the seven
risk categories. In the first intermediate phenotype, cardiovascular and cognitive risk indicators showed inverse variation over time with
regards to AD lineage. This suggests that individuals with maternal and paternal AD lineage differ, in opposite directions, with regards
to their average trajectory in cognitive and cardiovascular health. In the second intermediate phenotype, the lineage biases decreased
over time, suggesting that the effects of maternal and paternal AD lineage on cognition ultimately converge with regards to the APOE
€3 allele. The third intermediate phenotype showed increasing gender-related but decreasing lineage-related biases in cardiovascular
risk indicators over the follow-up period. Gender biases in neurosensory risk increased over time, but in the opposite direction to those
observed for cardiovascular risk. Longitudinal monitoring of intermediate phenotypes offers valuable insight into how early-life genetic
and familial factors interact with aging processes to influence susceptibility trajectories. These findings imply that AD risk is not static
but shifts dynamically with age, and that gender and parental lineage shape these changes differently across multiple risk domains.



A. Gender bias in intermediate phenotype 3  B. Intermediate phenotype 3 D. Lineage bias in intermediate phenotype 3  E. Intermediate phenotype 3

Top 5 positive gender-biased phenotypes Top 5 positive lineage-biased phenotypes
Neurosensory Neurosensory
15  — Systolic BP at recruitment 15 —e Pulse at recruitment
Gender  — Systolic BP at follow-up Lineage a0 CAIDE: education subscore
> Women —e Diastolic BP at recruitment | Maternal —e CAIDE: BMI subscore
210 — CAIDE: cholesterol subscore 210 P ! —0 Total cholesterol
a Men f——e Diastolic BP at follow-up 2 ! atemal b HDL cholesterol
I —e MoCA language: total score & e MoCA attention: numbers backward
Qs | — MoCA language: fluency score a s —e MoCA language: total score
f—= MoCA attention: numbers backward — Picture naming score
—o MoCA delayed recall: daisy —-=e Language score
0 - —e MoCA language: repeat score 0 - o) MoCA attention: numbers total score
Genetics —e Depression Genetics —e Atrial fibrillation
15 —e 4th sibling's age at AD onset 15 —0 Depression
Gender —e Migraine Lineage —o Patemal family member has AD
—e Osteoporosis —@ Osteoporosi
> B Women —e Number of siblings with AD > B Maternal o Asthma
210 210 =
@ T2 Men ——¢ :ge K =2 Paternal _.—. College cassc
c ——— e at recruitment c landedness
° S ~ —e
8 s 9 —e R randed 56 — — Lot nands afrence
S
> N p— Right hand score - —e Works in arts/media
1 e —e MCI after 72 months (PRE) . —e Blood B12 levels
0 Di i —o CSF APOE levels 0- ! G —0 Alzheimer Progression Score
ESCBSEIPIOgIESSION) e MC! after 60 months (NAP) Disease progression — MC! after 72 months (PRE)
15 —e CSF IL-15 levels 15 H —0 CSF amyloid-B-1-42 levels
Gender —e Alzheimer Progression Score ! Lineage —o CSF ptau levels.
210 h M. Viomen i GONE vl oo o6 210 = vateral | @ SN Vo
) I =2 Men :. PPP2r1A 1510406151 TT 2 &2 Patemal —e HMGCR Intron MAA
) TLRA4 rs4986790 AA o —0 TLRA4 rs4986790 AA
8 5 - BehE K variant AA a s — CCDKSRAP2 rs10984186 AA
—e Wears hearing aid Y Worst ear
—0 Severe microsmia [ Dichotic sentence identification (left)
0- o ) Right hear advantage 0- " ) Mild microsmia
Demographics Moderate microsmia Demographics Can hear at 500 hz (right)
Dichoti te (right) orap Diagnosed he t
15 ) ichotic sentence (rig e iagnosed hearing impairment
Gender 00 02 04 Lineage 0.0 02 04
> B Women Gender > I Maternal Lineage
210 210 g
[ =2 Men ‘@ &2 Paternal
g . oy C. Intermediate phenotype 3 § s e F. Intermediate phenotype 3
Top 5 negative gender-biased phenotypes - Top 5 negative lineage-biased phenotypes
0- R LDL cholesterol 0- - e = @ CAIDE: BP subscore
Comorbidities @ Hyperiipidemia Comorbidities CAIDE: total score
[
15 [ ‘(I:VNDS. BMI subscore 15 @ Diastolic BP at recruitment
Gender @ Weight at recruitment Lineage @ LDL cholesterol at recruitment
@ Diabetes. @+ CAIDE: cholesterol subscore
210 B women @ Delayed memory score adjusted 6068 > 4o EEN Maternal @+ List learning: trial 3 score
@ =2 Men @ Visuospatial score adjusted 60-69 B =2 Paternal @1 MoCA delayed recall: daisy
c @ List leaming: trial 1 score S @+ MoCA orientation: total score
a - Story recall score 70 @+ List leaning: trial 1 score
Qs Qs -
@ RBANS total score @+ MoCA delayed recall: face
. @~ Paternal family member has AD @— C
| @— Maternal family member has AD 1 1t sibling's age at AD onset
g Cognitive @— Atial fibrillation o Cogniti @ Migraine
1TV
e 9 @ Other family member has AD e ognitive @——— Other family member has AD
@—— Arthiitis @——— Father's age at AD onset
Gender @— Tested in French Lineage @ Undergraduate degree
210 [ Women @ Height B I Maternal @ Highschool degree
£ _— @ Left hand score = —— @ Not retired
[ =2 Men j SS=— Lot han:ded 2 =2 Paternal @ Hispanic
[} @——— Not retire I} @————t- Works in sales
Qs S @ CSF VEGF levels Qs _ @ MCl after 84 months (PRE)
S @ CSF amyloid-B-1-42 levels Py @~ MCl after 24 months (NAP)
0 Do, @ MCI after 84 months (PRE) 0 e @ MClI after 72 months (NAP)
- n @— NCl after 36 months (PRE) - n @—F CSF PCSKO levels
Cardiovascular @——1 MC after 48 months (PRE) Cardiovascular @— CSF VEGF levels
15 @— PPP2r1Ars10406151 CT 15 : PPP2r1Ars10406151 TT
Gender @—1 CDK5RAP2 1510984186 AA Lineage BDNF Valval
W @— BehE K variant AG M ? mal @ TLR4 rs4986790 AG
210 lomen @—— BONF ValVal 210 =) Liul @— HMGCR Intron M GG
za =2 Men @—— CDK5RAP2 rs10984186 GA K =2 Paternal @—— BDNF MetMet
Can hear at 500 hz (left) . D Right hear advantage
8 s P 1 Can hear at 1000 hz (right) 85 S 1 Brief smell identiication test
P -~ Worst ear score Wears hearing aid
e §~— Dichotic sentence identification (left) . Lom smell identification test
0- Worst ear score -10dB d - D lormosmia
=03 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.4 -0.2 00 -0.3 -0.2 -0.1 00 0.1 02 03 -04 -02 0.0
Loadings Gender Loadings Lineage

S12. Breakdown of lineage- and gender-specific biases for intermediate phenotype 3, related to Figure 4. The distribution of PLS
loadings across the six categories of risk indicators is shown for the third intermediate phenotype in (A) men and women and (D)
individuals with maternal and paternal AD lineage. Additional per-category breakdowns of loading differences are shown by gender in
(B & C) and by AD lineage in (E & F). The third intermediate phenotype of AD susceptibility reflects a trade-off between cognitive
performance and cardiovascular health, modulated by gender and parental lineage. On average, men exhibited lower cardiovascular
burden alongside higher cognitive performance, whereas women showed higher cardiovascular burden and lower cognition (panel A).
Cardiovascular risk factors with known gender differences, including diabetes and osteoporosis, were among the most divergent
indicators between men and women (panels B & C). Overall, these findings support a trade-off between cardiovascular health and
cognitive decline associated with the €2 allele and modulated by sex-specific biological factors.
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S13. Relative proportion of maternal vs. paternal effects in the default network and hippocampus of men and women probands,
related to Figure 7. We present the distribution of maternal and paternal effects captured by the three intermediate phenotypes, stratified
by proband gender, across the default network (DN) and hippocampus (HC). Rather than reflecting a uniform maternal—paternal contrast,
each intermediate phenotype exhibits a distinct and partially dissociable lineage pattern across brain systems. For intermediate phenotype
1, paternal effects predominated over maternal effects within the default network in both men and women. In the hippocampus, maternal
effects were more frequently observed, particularly in men. Intermediate phenotype 2 demonstrated a gender-dependent lineage
configuration, with maternal effects spanning the default network in men and paternal effects spanning the same network in women.
Conversely, intermediate phenotype 3 revealed the opposite organization, with paternal effects primarily expressed in men and maternal
effects in women within the default network. Across phenotypes, the hippocampus showed a consistent predominance of maternal
effects, with comparable distribution across genders. Together, these findings demonstrate that lineage effects are spatially organized
and phenotype-specific rather than globally uniform, underscoring a genetically anchored and context-dependent architecture that may
have been obscured in prior aggregated analyses.



£3/3 €3/4 €2/3 €2/4 €4/4

N (%) 195 (50.8) 123(32.0) 42(10.9) 16 (4.2) 8(2.1)
Age at baseline, Mean + SD 63.6+£52 623+47 639+60 0640+56 625+3.0
Years of education, Mean + SD 155+3.5 152+33 159+32 154+£3.0 158+4.1

Number of follow-up visits per person, Mean + SD
Women | 41+12 42+12 40+13 38+08 3716

Men | 40+13 40+1.1 41+£14 36+19 50+NA

Sex/gender (self-reported), n (%)
Women | 146 (74.9) 86 (70.0) 25(60.5)  9(56.3) 7 (87.5)

Men | 49(25.1) 37(30.0) 17(40.5) 7(43.8) 1(12.5)

Mild cognitive impairment (MCI) at 2-year follow-up, n (%)
Women | 4(2.7) 33.5) 0(0.0) 0(0.0) 0(0.0)

Men | 12 (24.5) 0(0.0) 0(0.0) 5(71.4) 0(0.0)

Mild cognitive impairment (MCI) at 4-year follow-up, n (%)
Women | 29(19.9) 22 (25.5) 8(32.0) 0(0.0) 0(0.0)

Men | 17(34.7) 17 (45.9) 0(0.0) 5(71.4) 0(0.0)

Family history of ADRD, n (%)

Women
Maternal | 101 (69.2) 61(70.9) 18(72.0) 9(100.0) 7 (100.0)
Paternal | 51 (34.9) 28(32.6) 8(32.0) 1(11.1) 0(0.0)
Both | 6(4.1) 3(3.5) 1 (4.0) 1(11.1) 0(0.0)
Men

Maternal | 28 (57.1)  25(67.6) 13(76.5)  6(85.7)  1(100.0)
Paternal | 22 (44.9) 18(48.6) 9(52.9) 1(143)  0(0.0)
Both [ 1(2.0)  6(162) 5(294) 0(0.0)  0(0.0)

Supplementary Table S20. PREVENT-AD demographic information, related to STAR METHODS: Human Participants.
Distribution of the demographic information from the PREVENT-AD sample grouped per APOE genotypes.
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