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Abstract
Background  The accumulation of amyloid-β1−42 (Aβ1−42) peptides and phosphorylated-Tau181 (p-Tau181) tangles from 
the preclinical stages of Alzheimer’s disease (AD) has led to a biological definition of the disease. However, among 
Aβ1−42-positive individuals, cognitive decline onset varies, and some never develop symptoms. Genetic influences on 
molecular pathways and their interactions with proteinopathy may underlie this heterogeneity. Leveraging data from 
a large sample of cognitively intact older adults in the European Prevention of Alzheimer Dementia (EPAD) cohort, 
we examined how AD-related pathophysiological changes (i.e., Aβ1−42 and p-Tau181), polygenic pathways and their 
interaction are associated with WM micro- and macrostructural properties.

Methods  We selected 803 individuals (mean age = 64.7 ± 7.3 years, 458 [57.0%] females, 275 [34.2%] APOE-ε4 carriers) 
with CSF-Aβ1−42 and p-Tau181 measurements available, full genotyping, and structural and diffusion MRI. Polygenic risk 
scores (PRSs) were computed using 85 AD-related genetic variants. These were mapped to their corresponding genes 
and, after excluding those belonging to the APOE locus, clustered by function into six pathway-specific PRSs (i.e., 
immune activation, signal transduction, inflammation, lipid, amyloid, and clearance pathways). Diffusion MRIs were 
processed through the fixel-based analysis framework to derive fiber density (FD) and fiber cross-section (FC) metrics, 
which were averaged within WM tracts. Linear models assessed the effects of AD-related pathophysiological changes, 
global and pathway-specific PRSs, and their interactions on FD and FC at both the tract and fixel levels. Models were 
corrected for multiple comparisons.

Results  P-Tau181 was primarily associated with greater FD. The lipid pathway was associated with greater FD and 
FC, with these effects predominantly occurring in the left hemisphere, consistent with evidence of hemispheric 
dominance. The clearance pathway moderated the effect of Aβ1−42 on FD, with a positive slope in A + compared 
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Background
The accumulation of amyloid-β1−42 (Aβ1−42) peptides and 
phosphorylated-Tau181 (p-Tau181) tangles is the neuro-
pathological hallmark of Alzheimer’s disease (AD), the 
leading cause of dementia worldwide [1]. Substantial 
evidence indicates that this process precedes the clini-
cal onset by decades [2], thus intervention studies have 
increasingly focused on preclinical stages [3], leading to 
the adoption of a biological definition of AD [4]. How-
ever, among Aβ1−42-positive individuals, the age at onset 
of cognitive deficits varies, and some may never develop 
AD symptoms [5], suggesting heterogeneous responses 
to neuropathological change [6]. Efforts to unravel this 
variability have underscored the predominant role of 
genetic heritability in AD, with genetic factors estimated 
to account for approximately 70% of disease risk based on 
twin studies [7]. Genome-wide association studies of AD 
have identified more than 80 genetic variants associated 
with a modification of the risk of developing the disease 
[8]. By combining these variants, it is possible to gener-
ate a genetic risk score of an individual, estimating their 
likelihood of developing AD-related dementia or escap-
ing the disease [8]. Identified genes span diverse molecu-
lar pathways extending beyond the direct production of 
Aβ1−42 and p-Tau181, including immune cell and microg-
lial activation, synaptic vulnerability and Aβ1−42 clearance 
[9]. Based on their biological function, these genes can 
be clustered to compute pathway-specific polygenic risk 
scores (PRSs), offering insight into individual vulnerabil-
ity [10]. Moreover, emerging evidence suggests that these 
genes and pathways act in a disease stage-dependent 
manner [11], raising critical questions about their inter-
action with the progressive accumulation of Aβ1−42 and 
p-Tau181. It is increasingly clear that the path to neuro-
degeneration and dementia is unique for each individual. 
Matching the right treatment to the appropriate popu-
lation is essential for advancing precision medicine and 
optimizing clinical trials [12]. 

In this context, white matter (WM) disruption has 
emerged as a crucial pathological driver in the AD cas-
cade. It has been postulated that Aβ1−42 and p-Tau181 
deposition represent a homeostatic response to age-
dependent myelin breakdown, potentially leading to 

neurodegeneration and dementia depending on individ-
ual genetic vulnerability [13, 14]. Moreover, WM actively 
facilitates the spread of p-Tau181 between connected gray 
matter regions [15] and contributes to Aβ1−42 deposi-
tion, as oligodendrocytes produce Aβ1−42 alongside neu-
rons [16]. Evidence also suggests that WM disruption 
precedes cortical atrophy in AD [17, 18], positioning 
WM alterations as promising early biomarkers of disease 
progression. However, conventional diffusion imaging 
techniques face limitations in disentangling the com-
plex microstructural organization of WM. To overcome 
this, fixel-based analysis (FBA) of diffusion MRI has been 
developed, enabling the study of multiple WM popula-
tions within a voxel, referred to as fixels [19]. By provid-
ing quantitative metrics such as fiber density (FD) and 
fiber cross-section (FC), FBA offers a powerful tool for 
characterizing WM tracts micro- and macrostructural 
alterations in AD and their relevance to genetic heteroge-
neity. Previous studies have demonstrated the sensitivity 
of fixel metrics to AD-related WM disruption [20–23], 
showing variable alterations in FD and FC depending on 
the disease stage. Nevertheless, the relationship between 
these alterations and AD-related pathophysiological 
changes remains unclear. Some findings suggest that 
WM alterations may occur independently of Aβ1−42 [21, 
22], while others associate them with its accumulation 
[20, 23]. Conversely, p-Tau181 appears to exert limited 
effects on WM [22, 23]. Overall, these findings suggest 
a multiphasic relationship and underscore the need to 
look beyond Aβ1−42 and p-Tau181 to fully understand the 
complex processes driving AD-related brain alterations. 
Clarifying the associations between molecular pathways, 
AD proteinopathy and WM fibers integrity in the early 
and preclinical stages of the AD continuum is increas-
ingly important for developing effective screening strate-
gies and tailored interventions in primary and secondary 
prevention trials [3]. 

Here, leveraging data from a large sample of non-
demented older adults from the European Prevention of 
Alzheimer Dementia (EPAD) cohort [24], we aimed to 
assess (i) the association of AD-related pathophysiologi-
cal changes (i.e., Aβ1−42 and p-Tau181) and (ii) pathway-
specific AD PRSs, (iii) as well as their interaction, with 

to A- individuals. The immune activation pathway moderated the effect of p-Tau181 on FD, with a negative slope in 
T + compared to T- individuals.

Conclusions  Pathway-specific genetic vulnerability to AD is associated with alterations in WM tracts both directly 
and by moderating the effects of AD-related pathophysiological changes. AD-associated genetic risk should be 
integrated into the AD diagnostic framework to enable targeted screening and intervention for future preclinical trials 
aimed at specific biological pathways.

Keywords  Alzheimer’s disease, Polygenic risk scores, Polygenic pathways, White matter, Fixel-based analysis, Diffusion 
magnetic resonance imaging
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WM micro- and macrostructural integrity using the FBA 
framework.

Methods
The study workflow is depicted in Fig. 1. The study was 
approved by the ethical committees of all participating 
centers. All study participants provided written informed 
consent according to the Declaration of Helsinki.

Participants
Data were drawn from the latest data release from the 
European Prevention of Alzheimer’s Dementia (EPAD) 
multicenter study [25]. EPAD general inclusion crite-
ria were age above 50 years and no diagnosis of demen-
tia (clinical dementia rating [CDR] score < 1). Exclusion 
criteria were the presence of conditions associated with 
neurodegeneration or affecting cognition, contraindica-
tion to MRI or lumbar puncture, and cancer or history 
of cancer in the preceding 5 years [24]. For this work, we 
selected participants who had CSF Aβ1−42 and p-Tau181 
measurements available, full genotyping, as well as struc-
tural and diffusion MRI, resulting in a final sample of 803 
participants.

Genetic data processing and risk scores calculation
DNA samples were genotyped using Illumina Infinium 
Global Screening Array-24 v3.0. Standard quality control 
pipelines were applied using PLINK (www.cog-genomics.
org) and are available online (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​m​a​r​i​​
o​n​​i​-​g​r​o​u​p​/​e​p​a​d​-​g​w​a​s). Briefly, quality control ensured 
high-quality genotypes in all individuals (individual call 
rate > 99%, variant call rate > 99%), excluding single nucle-
otide polymorphisms (SNPs) with a significant depar-
ture from Hardy–Weinberg equilibrium (p < 1 × 10) and 
keeping SNPs with minor allele frequency > 0.5%. Before 
imputation, individuals of non-European ancestry (n = 19, 
based on clustering with HapMap III reference data) and 
individuals with a family relation (n = 46, identity-by-
descent > 0.1875) were excluded.

Genotypes were imputed using the Michigan Imputa-
tion Server (​h​t​t​p​​s​:​/​​/​i​m​p​​u​t​​a​t​i​​o​n​s​​e​r​v​e​​r​.​​s​p​h​.​u​m​i​c​h​.​e​d​u) 
[26] against European sample data from the Haplotype 
Reference Consortium (HRC, v1.1, GRCh37). Analyses 
were restricted to SNPs with imputation quality scores 
(RSq) ≥ 0.6 and minor allele frequencies (MAFs) ≥ 0.0005. 
More details about genetic data acquisition and process-
ing procedures are documented in previous works [10]. 
PRSs were constructed using 85 genome-wide significant 
variants identified in the most recent genome-wide asso-
ciation study (GWAS) of AD and related dementias [8], 
performed in a sample of individuals that had no over-
lap with the EPAD cohort. The variant effect-sizes (log 
of odds ratio) reported in the original work (Supplemen-
tary Table 1) were used as weights for the PRSs. PRSs 

were computed as the summation of risk alleles carried, 
weighted by their effect sizes from the reference GWAS, 
for each individual. To investigate the effects of genetic 
variants beyond APOE, PRSs were computed both with 
and without the two alleles (rs7412 and rs429358) from 
the APOE gene (denoted as APOE-PRS and noAPOE-
PRS, respectively).

Pathway-specific PRSs
We then computed PRSs related to specific biologi-
cal pathways, using a previously developed data-driven 
method [27]. Method description and validation in 
EPAD can be found in previous works [10]. Briefly, 
each of the selected SNPs (excluding the APOE region) 
was first annotated to a candidate gene in line with the 
variant-gene mapping performed in the original GWAS 
work, thus integrating variant annotation, quantitative-
trait-loci (QTL) (such as expression-QTL, protein-QTL, 
splicing-QTL, methylation-QTL, histone acetylation-
QTL), and APP metabolism procedures. Detailed infor-
mation about the annotation procedure is reported in 
the original work [8]. Prioritized genes are reported in 
Supplementary Table 1. Subsequently, we mapped genes 
to biological pathways of interest using snpXplorer [27]. 
The Gost function from the R package gprofiler2 [28] 
was used with Gene Ontology [29] as a reference source 
for gene-sets. After gene-set enrichment analysis, snpX-
plorer calculates a semantic similarity matrix (based on 
Lin distance) [30] between all enriched pathways, which 
is then used in a hierarchical clustering framework to 
obtain clusters of similar pathways. By counting the num-
ber of times each SNP was associated with each cluster 
of pathways and dividing by the total number of associa-
tions per SNP, we obtained a weighted mapping factor of 
each SNP to each cluster of pathways, varying between 
0 and 1 and reflecting the contribution of that SNP to 
that cluster of pathways. In case no mapping to any of 
the pathways was found, we excluded the SNP from fur-
ther analyses. Given this weighting factor, pathway-spe-
cific PRSs were computed as an extended definition of 
the global PRS, by adding as a multiplicative factor the 
variant-pathway-mapping weight of each variant, and 
thus obtaining N pathway-specific PRSs estimates per 
subject, with N being the number of identified clusters. 
The resulting clusters were the immune activation, signal 
transduction, inflammation, lipid, amyloid, and clearance 
pathways.

CSF analysis
CSF biomarkers were quantified using a harmonized 
pre-analytical protocol. Analyses were performed with 
the fully automatised Roche cobas Elecsys System at the 
Clinical Neurochemistry Laboratory, Mölndal, Sweden 
[24]. Concentrations of Aβ1−42 were determined using 

http://www.cog-genomics.org
http://www.cog-genomics.org
https://www.github.com/marioni-group/epad-gwas
https://www.github.com/marioni-group/epad-gwas
https://www.imputationserver.sph.umich.edu
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Fig. 1  Study workflow. MRI, CSF and genomic data were obtained from the pan-European EPAD cohort. Abbreviations: dMRI = diffusion MRI; FOD = fiber 
orientation distribution; CSF = cerebrospinal fluid; EPAD = European Prevention of Alzheimer’s Dementia
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the manufacturer’s guidelines. Following previous stud-
ies on the same cohort [31], CSF Aβ1−42 levels < 1000 pg/
mL were used to define Aβ1−42 positivity (A+), and CSF 
p-Tau181 levels > 27 pg/mL were used to define p-Tau181 
positivity (T+). Since A-T + individuals are not consid-
ered to have AD-related pathophysiological changes [4], 
they were excluded from further analysis.

MRI acquisition and processing
MRI acquisition details have been reported elsewhere 
[32]. Diffusion weighted images (DWI, voxel size = 2.0 
× 2.0 × 2.0 mm3, diffusion-encoding directions = 30, 2 
b-values = b0 and b1000 s/mm2) were processed using 
QSIPrep 0.19.0 [33], including denoising, B1 field inho-
mogeneity correction, head motion, eddy current and 
susceptibility distortion correction. Further processing 
steps were carried out using commands implemented 
within MRtrix3 (www.mrtrix.org). Specifically, DWI 
images were upsampled to a voxel size of 1.25 mm2 using 
cubic b-spline interpolation. Group-averaged response 
functions for WM, gray matter and CSF were used to 
compute fiber orientation distributions (FOD) with sin-
gle-shell 3-tissue constrained spherical deconvolution 
[34]. Subsequently, joint bias field correction and inten-
sity normalization were performed [35, 36]. Through an 
interactive registration and averaging approach, a group 
template image was generated using WM FOD images 
from a subset of 36 subjects chosen to be representa-
tive of the study population and proportionally sampled 
from each site [37]. Spatial correspondence was achieved 
by registering all subject-level FOD to the template via 
FOD-guided nonlinear registration [37, 38]. Probabilis-
tic tractography was then applied to the group template 
to generate a whole-brain tractogram with 20 million 
streamlines, that were filtered to 2 million streamlines 
using SIFT (spherical-deconvolution informed filtering 
of tractograms) to reduce reconstruction biases [39]. By 
applying the fixel-based analysis framework, measures 
of FD and log-FC (hereafter referred to as FC) were 
obtained at each WM fixel in group template space for 
all subjects [19] and connectivity-based smoothed [40]. 
Briefly, FD depicts changes in the volume of restricted 
water within a given fixel, while FC describes the local 
expansion or contraction in the plane perpendicular to 
the fiber orientation. WM tracts were delineated on the 
group template using TractSeg [41], and converted into 
binary fixel masks, which were used to extract tract-
level mean fixel measures for all participants. Tract-level 
values were harmonized across sites using ComBat to 
remove batch effects while preserving the effects of all 
variables included in our subsequent analyses [42]. Based 
on the literature [43], we included thirteen WM tracts: 
the arcuate fasciculus, the inferior and middle longi-
tudinal fasciculi, the three subdivisions of the superior 

longitudinal fasciculus, the inferior fronto-occipital fas-
ciculus, the uncinate fasciculus, the cingulum bundle, the 
anterior and superior thalamic radiations, the corpus cal-
losum, and the optic radiation. Estimated total intracra-
nial volume (eTIV) was obtained from 3D T1-weighted 
images using FreeSurfer v.7.1.1. WM lesion burden was 
computed from FLAIR images using the Bayesian model 
selection toolbox (BaMoS) [44]. 

Statistical analysis
Linear regression models were used to assess the asso-
ciation between AD-related pathophysiological changes 
(i.e., CSF concentrations of Aβ1−42 and p-Tau181), genetic 
risk and WM integrity (i.e., FD and FC) at the tract-level. 
Models were adjusted for confounding factors such as 
age, sex, log-eTIV (only for FC) [45], population sub-
structure (using the first five genetic principal compo-
nents), and APOE-ε4 carriership when testing the effect 
of APOE-independent PRSs (i.e., noAPOE-PRS and 
pathway-specific PRSs) and AD-related pathophysiologi-
cal changes. The analyses were repeated, adjusting for 
WM lesion burden, years of education, handedness and 
CDR score. In addition, we performed stratified analyses 
within CDR groups. Interaction analyses were performed 
to determine whether PRSs moderated the relationship 
between AD-related pathophysiological changes and 
WM integrity. Aβ1−42 and p-Tau181were entered into the 
models as continuous variables and were used to stratify 
the population into A + and T + groups for visualiza-
tion purposes only. P-values were corrected for multiple 
comparisons using the false discovery rate (FDR) method 
and considered significant when pFDR ≤ 0.05. Only for 
the significant associations, we explored the spatial dis-
tribution of the effects at the fixel-level using the same 
models. In these fixel-level models, statistical inference 
was performed using connectivity-based fixel enhance-
ment (CFE) based on tractography informed fixel-to-fixel 
connectivity. Fixels below the 5th percentile of extent 
of fixel-to-fixel connectivity were excluded from the 
analysis. Significance of each fixel was assessed with the 
family-wise error (FWE) method using non-parametric 
permutation testing over 5000 permutations. Analyses 
were performed using R studio (v 4.4.0).

Results
Cohort characteristics
The study population included 803 participants (Table 1). 
The mean age was 64.7 (± 7.3) years, 458 (57.0%) were 
females, 275 (34.2%) were APOE-ε4 carriers, and 185 
(23%) had a global CDR score of 0.5.

http://www.mrtrix.org
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Association between AD-related pathophysiological 
changes and WM properties
P-Tau181 was associated with greater FD in most of the 
analyzed tracts, including the corpus callosum (β = 0.19, 
pFDR<0.001), projection fibers of the anterior thalamic 
(β = 0.20, pFDR<0.001) and optic radiation (β = 0.21, 
pFDR<0.001), and associative fibers of the arcuate (β = 0.14, 
pFDR=0.006), inferior longitudinal (β = 0.18, pFDR<0.001), 
middle longitudinal (β = 0.19, pFDR<0.001), superior lon-
gitudinal II (β = 0.11, pFDR=0.04), and inferior fronto-
occipital fasciculus (β = 0.18, pFDR<0.001) (Fig.  2A). At 
the fixel-level, this association was corroborated, with 
widespread effects observed in the corpus callosum and 
predominantly left-lateralized effects in projection fibers 
of the anterior thalamic and optic radiation, and asso-
ciative fibers of the inferior longitudinal, middle longi-
tudinal and inferior fronto-occipital fasciculus (Fig. 2B). 
Few effects in the opposite direction (i.e., lower FD with 
higher p-Tau181) were also observed in the corpus callo-
sum and anterior thalamic radiation (Fig. 2C). No asso-
ciations between Aβ1−42 and FD, or between either Aβ1−42 
or p-Tau181 and FC emerged. Directionality of effects was 
confirmed when correcting for WM lesion burden, years 
of education, handedness and CDR score (Supplemen-
tary Fig.  1). When analyzing CDR groups in isolation, 
we observed that directionality of effects was consistent 
across both groups (Supplementary Fig. 2).

Association between PRSs and WM properties
The APOE-PRS and noAPOE-PRS were both associated 
with greater FD of the superior longitudinal fasciculus I 
(β = 0.16, pFDR=0.017 and β = 0.13, pFDR=0.003, respec-
tively) and superior longitudinal fasciculus II (β = 0.14, 
pFDR=0.04 and β = 0.10, pFDR=0.02, respectively). The 

identified pathway-specific PRSs included the immune 
activation, signal transduction, inflammation, lipid, 
amyloid and clearance pathways. Among these, the lipid 
pathway exhibited distributed positive effects on FD 
in associative fibers, comprising the arcuate (β = 0.09, 
pFDR=0.04), superior longitudinal I (β = 0.12, pFDR=0.01), 
superior longitudinal II (β = 0.10, pFDR=0.03), middle lon-
gitudinal (β = 0.08, pFDR=0.048), and inferior longitudinal 
fasciculus (β = 0.08, pFDR=0.048) (Fig.  3A). The amyloid 
pathway was associated with greater FD of the superior 
longitudinal fasciculus I (β = 0.12, pFDR=0.01).

The lipid pathway also showed a positive associa-
tion with FC in most of the explored tracts (Fig.  3B), 
comprising the corpus callosum (β = 0.06, pFDR=0.004), 
projection fibers of the superior thalamic (β = 0.06, 
pFDR=0.03), anterior thalamic (β = 0.05, pFDR=0.01) and 
optic radiation (β = 0.05, pFDR=0.04), as well as asso-
ciative fibers of the arcuate (β = 0.04, pFDR=0.04), infe-
rior fronto-occipital (β = 0.04, pFDR=0.03), superior 
longitudinal I (β = 0.07, pFDR=0.01), superior longitudinal 
II (β = 0.08, pFDR=0.004) and superior longitudinal fascic-
ulus III (β = 0.05, pFDR=0.04), and of the cingulum bundle 
(β = 0.06, pFDR=0.001). The association between the lipid 
pathway and greater FC was corroborated at the fixel-
level in the corpus callosum, anterior thalamic radiation, 
and associative fibers of the arcuate fasciculus, superior 
longitudinal fasciculus I and II. These effects were mainly 
lateralized in the left hemisphere (Fig. 3C). Directionality 
of effects was confirmed when correcting for WM lesion 
burden, years of education, handedness and CDR score 
(Supplementary Figs. 3 and 4). Additionally, directional-
ity of effects was consistent across CDR groups (Supple-
mentary Figs. 5 and 6).

PRSs moderate the association between AD-related 
pathophysiological changes and WM properties
The APOE-PRS (pFDR=0.02), the noAPOE-PRS 
(pFDR=0.01), and the clearance pathway (pFDR=0.045) sig-
nificantly moderated the association of Aβ1−42 with FD 
of the inferior longitudinal fasciculus. Specifically, the 
A + individuals showed positive associations between FD 
and the APOE-PRS, the noAPOE-PRS and the clearance 
pathway compared to A- (β = 0.24 versus β=−0.01, β = 0.18 
versus β=−0.04, and β = 0.12 versus β=−0.04, respectively) 
(Fig. 4A-B). At the fixel-level, the moderation of the clear-
ance pathway on the relationship between Aβ1−42 and FD 
was mainly lateralized in the left hemisphere (Fig.  4C). 
The immune activation pathway significantly moderated 
the association of p-Tau181 with FD of the inferior fronto-
occipital fasciculus (pFDR=0.04), inferior longitudinal fas-
ciculus (pFDR=0.04), and optic radiation (pFDR=0.04), with 
negative slopes exclusively in T + compared to T- individ-
uals (β=−0.35 versus β = 0.01, β=−0.26 versus β = 0.01, and 
β=−0.26 versus β = 0.03, respectively) (Fig. 5A-B).

Table 1  Clinical and demographic characteristics of the study 
population

N = 803
Age (years) 64.7 (7.3)
Sex [females, n (%)] 458 (57.0%)
CDR global score = 0.5 [n (%)] 185 (23.0%)
Years of education 14.3 (3.8)
APOE -ε4 carriers [n (%)] 275 (34.2%)
A+ [n (%)] 291 (36.2%)
CSF Aβ1−42 (pg/mL) 1320.1 (620.8)
T+ [n (%)] 71 (8.8%)
CSF p-Tau181 (pg/mL) 17.9 (8.3)
eTIV (mL) 1501.0 (160.0)
Handedness [right-handed, n (%)] 760 (94.6%)
WMH volume (mL) 5.4 (6.2)
Data are expressed as mean ± standard deviation, unless otherwise specified. 
CSF Aβ1−42 levels < 1000 pg/mL were used to define A+, and CSF p-Tau181 
levels > 27 pg/mL were used to define T+

Abbreviations: CDR clinical dementia rating, CSF cerebrospinal fluid, eTIV 
estimated total intracranial volume, WMH white matter hyperintensities
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Discussion
We investigated the effect of AD-related pathophysi-
ological changes, pathway-specific PRSs and their inter-
action on WM micro- and macrostructural integrity (at 
the tract and fixel levels) by leveraging diffusion MRI, 
CSF quantification of Aβ1−42 and p-Tau181, and genomic 
data from a large multicentric cohort of non-demented 
older adults. No associations were observed between 

Aβ1−42 concentrations and WM fiber properties. Con-
versely, p-Tau181 levels were mainly positively associated 
with FD, although some WM tracts exhibited coex-
isting patterns of negative associations, suggesting a 
multiphasic relationship. Among the pathway-specific 
PRSs, the lipid pathway demonstrated widespread posi-
tive associations with both FD and FC. Pathway-specific 
PRSs significantly moderated the association between 

Fig. 2  Association between p-Tau181 and white matter fiber density. (A) Forest plot showing that p-Tau181 was associated with greater tract-level fiber 
density in most analyzed tracts. (B) This relationship was largely corroborated at the fixel-level, with (C) some associations observed in the opposite direc-
tion. Significant associations in panel A are marked with an asterisk. Abbreviations: Fasc. = fasciculus; L = left; R = right
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AD-related pathophysiological changes and WM fibers 
integrity. Specifically, the clearance pathway moderated 
the relationship between Aβ1−42 and FD, with increas-
ing effects observed only in A + individuals, while the 
immune activation pathway moderated the association 
between p-Tau181 and FD, showing decreases exclusively 
in T + individuals. Overall, our findings indicate that 
polygenic risk linked to distinct biological pathways is 
associated with WM integrity both directly and by mod-
erating the effect of established proteinopathy, highlight-
ing the role of individual genetic vulnerability in shaping 
the brain’s response to AD-related pathophysiological 
changes and offering insights for early patient stratifica-
tion and management.

Our observations align with previous evidence show-
ing no association between Aβ1−42 and WM properties as 
assessed with the FBA framework in early stages of AD 
[21, 22]. In more advanced stages, however, a negative 
relationship between Aβ1−42 and fixel metrics has been 
reported [20, 23]. While these discrepancies may partly 
stem from differences in statistical approaches and inclu-
sion criteria, it is also possible that the observed asso-
ciations were driven by cognitive status instead. Indeed, 
WM alterations have been linked to cognitive impair-
ment even in the absence of correlations with Aβ1−42 [21, 
22]. This further supports the notion that Aβ1−42 does not 

independently affect WM integrity and that other factors 
play a moderating role in disease progression [6]. On the 
other hand, while previous studies found either no effects 
of p-Tau181 [20], or reported effects restricted to lower FC 
in limbic tracts [22, 23], we found associations of p-Tau181 
with widespread alterations in FD. Our study focused on 
non-demented (and predominantly cognitively unim-
paired) older adults. This supports the idea that FD is 
more sensitive to early proteinopathy than FC, aligning 
with established evidence that neurodegeneration occurs 
later in the disease continuum, with FC reflecting mac-
rostructural changes (i.e., atrophy) [46]. Interestingly, 
p-Tau181 was predominantly associated with greater FD, 
challenging the traditional view of p-Tau181 as primarily 
linked to degeneration and offering new insights into its 
early effects on WM. This could be explained by emerg-
ing evidence that p-Tau181 propagates both through and 
along synaptic connections, facilitated by intra- and 
extracellular vesicles, respectively [47, 48]. Since these 
processes precede synaptic loss [47], an initial increase 
in local density, which then is still unopposed by neuro-
degenerative changes, may manifest as apparent greater 
FD in a largely cognitively preserved population. How-
ever, as our findings are based on cross-sectional data, 
and given evidence that p-Tau181 spreads between struc-
turally connected brain regions [49], we cannot rule out 

Fig. 3  Association between the lipid pathway and white matter fiber density and cross-section. Forest plots showing that the lipid pathway was as-
sociated with greater tract-level fiber density (A) and cross-section (B) in most analyzed tracts. (C) At the fixel-level, the association with greater fiber 
cross-section was mainly lateralized in the left hemisphere. Significant associations in panels A and B are marked with an asterisk. Abbreviations: Fasc. = 
fasciculus; L = left; R = right
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the possibility that greater FD facilitates the propagation 
of protein misfolding, leading to increased p-Tau181. Fur-
thermore, the coexistence of increased and decreased FD 
in relation to p-Tau181 suggests a non-linear, multipha-
sic relationship, wherein WM degeneration occurs only 
after p-Tau181 surpasses a certain threshold, as supported 
by previous evidence based on diffusion tensor imaging 
[50]. The progressive accumulation of hyperphosphory-
lated tau has been linked to loss of microtubule stabil-
ity, impaired axonal transport and necroptosis [51, 52], 
which eventually lead to WM degeneration through axo-
nal retraction and secondary Wallerian degeneration [53, 
54]. Longitudinal studies are warranted to clarify these 
aspects and establish a potential causal relationship.

Our findings suggest that the lipid pathway, which 
involves genes related to cholesterol metabolism and 
membrane integrity, plays a crucial role in influenc-
ing both FD and FC, highlighting its potential as a 
critical biological mechanism in AD-related white 

matter changes. Dysfunction in this biological pathway 
has already been associated with increased and defective 
myelin production and turnover [13, 14]. Excessive cho-
lesterol concentration dysregulates myelin growth [55], 
resulting in the aberrant production of redundant myelin 
(i.e., myelin outfolding) [56]. Additionally, it impairs the 
efficient removal of myelin debris, leading to the accumu-
lation of multilamellar fragments, which ultimately exac-
erbates amyloid plaques formation [56, 57]. In this light, 
our results suggest that individual genetic susceptibility 
to these processes is linked to deficiencies in WM tract 
remodeling, and that these alterations can be captured 
using fixel-based metrics. Defective myelin sheaths are 
more vulnerable to age-related myelin breakdown, which, 
in turn, triggers the production of Aβ1−42 and p-Tau181 as 
a homeostatic response, fostering a vicious cycle that has 
been described as the progressive “Alzheimerization” of 
the aging brain [13]. Notably, the observed effects were 
exclusively located in the left hemisphere in the arcuate 

Fig. 4  The clearance pathway moderates the association between Aβ1−42 and white matter fiber density. (A) Forest plot showing that the clearance 
pathway significantly moderated the effect of Aβ1−42 on tract-level fiber density of the inferior longitudinal fasciculus. (B) Scatterplot showing increased 
tract-level fiber density with higher genetic risk related to the clearance pathway, exclusively in A + participants. (C) Fixel-level distribution of the modera-
tion effect. Significant associations in panel A are marked with an asterisk. Abbreviations: Fasc. = fasciculus; L = left; R = right
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fasciculus and superior longitudinal fasciculus I and II. 
Alterations in these tracts have already been described 
in relation to AD [20, 58], along with functional impair-
ment in the connecting frontal, parietal and temporal 
brain regions [59]. The lateralized effects aligns with 
well-established evidence on the hub architecture of 
the human brain, where hub regions are more strongly 
interconnected, and therefore exhibit greater metabolic 
demands and heightened vulnerability to neural insults 
[60], such as pathological proteins spreading and accu-
mulation [61]. Lateralization of effects was further con-
firmed by correcting for handedness. However, while 
our findings align with previous evidence showing that 
the left predominance of these WM tracts is indepen-
dent from age, sex and handedness [62, 63], the high 
prevalence of right-handed individuals in our sample (n 
= 760, 94.6%) highlights the need for further studies to 
determine whether these effects are truly independent of 
handedness and whether left-handed individuals exhibit 
right-lateralized effects.

Finally, we demonstrated that genetic risk factors 
interact with AD-related pathophysiological changes to 

shape WM vulnerability. These interactions provide evi-
dence that specific biological processes are activated in 
response to proteinopathy, ultimately driving WM altera-
tions. Specifically, we found that the clearance pathway, 
including genes responsible for tissue homeostasis, sig-
nificantly moderated the association between Aβ1−42 
and greater FD in the inferior longitudinal fasciculus. 
Impaired tissue homeostasis, on a substrate of greater tis-
sue density, likely facilitates the accumulation of cellular 
debris, leading to a buildup of neurotoxic molecules that 
further impair local clearance and promote the forma-
tion of amyloid plaques [13]. While FBA proved sensitive 
to these associations, future mechanistic studies incor-
porating FBA-derived metrics will be essential to fully 
interpret these findings. Similarly, the immune activation 
pathway moderated the negative relationship between 
p-Tau181 and FD exclusively. The preferential colocaliza-
tion of activated immune cells with p-Tau181 compared to 
Aβ1−42 has been proved in vivo using inflammation PET 
tracers [64], and supports the idea that p-Tau181 deposi-
tion is the main factor eliciting the immune response 
and ultimately leading to neurodegenerative changes, 

Fig. 5  The immune activation pathway moderates the association between p-Tau181 and white matter fiber density. (A) Forest plot showing that the 
immune activation pathway significantly moderated the effect of p-Tau181 on tract-level fiber density of the inferior fronto-occipital fasciculus, inferior 
longitudinal fasciculus and optic radiation. (B) Scatterplots showing decreased tract-level fiber density with higher genetic risk related to the immune 
activation pathway, exclusively in T + participants. Significant associations in panel A are marked with an asterisk. Abbreviations: Fasc. = fasciculus
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also in non-demented adults [65]. From an anatomical 
standpoint, the particular sensitivity of the inferior lon-
gitudinal fasciculus, where these associations were both 
detectable, likely stems from its connection to regions 
within the default mode network, whose alterations are 
associated with early pathological and clinical changes 
in AD [66]. Neurobiologically, these findings align with 
recent research showing that genetic risk contributes dif-
ferently to disease progression at various stages of AD 
[11] and reinforce long-standing evidence that AD path-
ological changes do not fully explain disease stage - an 
observation that led to the postulation of “brain reserve” 
as a key factor in individual resilience [67]. In line with 
evidence that biological and clinical heterogeneity along 
the AD continuum is linked to genetic variability [68, 69], 
our observations advocate for the integration of genomic 
information alongside Aβ1−42 and p-Tau181, into the con-
ceptual framework of AD staging. This integrated, per-
sonalized perspective on the temporal evolution of AD 
could help guide targeted screening and intervention 
strategies in future preclinical trials aimed at specific bio-
logical pathways.

Our study comes with a number of limitations. Firstly, 
our findings are based on a cohort of non-demented 
older adults, therefore generalization to diverse popula-
tions or clinical stages of AD requires further investiga-
tion. Secondly, while pathways-PRSs and their interaction 
with AD-related pathophysiological changes are linked 
to WM alterations, mechanistic studies are needed to 
elucidate the precise biological processes driving these 
effects. As our findings are based on cross-sectional data, 
future longitudinal research should track the observed 
WM alterations over time. Notably, results were repli-
cated when correcting for CDR. However, when ana-
lyzing CDR groups separately, the same directionality 
of effects was observed in both groups, but uncertainty 
increased, particularly among participants with CDR > 0, 
who were underrepresented in our sample. Further stud-
ies including individuals across a broader spectrum of 
disease severity are needed to clarify how cognitive dete-
rioration influences the relationship between genetic risk 
and structural alterations along the disease trajectory. 
In the present study, we focused on p-Tau181 due to the 
unavailability of alternative epitopes at the time of EPAD 
data collection. While different p-Tau epitopes may cap-
ture distinct aspects of AD pathology, they are generally 
highly correlated and provide partially overlapping infor-
mation [1]. For instance, p-Tau231 (in plasma) correlates 
strongly with amyloid plaques but less with tau tangles 
compared to p-Tau181 and p-Tau217 [70]. Therefore, 
while p-Tau231 is highly sensitive to early amyloid-related 
changes, including both Aβ1–42 and p-Tau181 provides 
complementary information on early disease trajectories, 
capturing distinct pathological processes. Further studies 

are needed to systematically compare the sensitivity of 
different p-Tau epitopes. Moreover, the recent availability 
of additional p-Tau epitopes that more closely reflect tau 
tangle pathology, such as p-Tau217, p-Tau205, and MTBR-
tau243 [70–72], warrants future studies including these 
markers to enable a more nuanced characterization of 
stage-specific pathological changes and to refine inter-
pretations in preclinical or early AD stages. Addition-
ally, further studies are needed to validate our findings 
using PET and investigate whether environmental and 
lifestyle factors may moderate the relationship between 
genetic risk, AD-related pathophysiological changes, and 
WM integrity. It is noteworthy that, consistent with prior 
genetic research, the observed effect sizes for the path-
way-specific PRSs were modest yet biologically meaning-
ful. Aggregating multiple alleles highlights convergence 
on cellular and molecular pathways implicated in AD 
pathophysiology, even in the absence of APOE [9]. From 
a clinical perspective, PRSs have been shown to be signif-
icantly associated with AD and to discriminate between 
AD and healthy controls [73]. Their predictive ability for 
cognitive decline, however, has been inconsistent [73]. 
While APOE-ε4 remains the strongest single predictor, 
the inclusion of pathway-specific PRSs improves predic-
tion accuracy beyond APOE-ε4 alone, capturing addi-
tional information [73]. Thus, although the individual 
effects of APOE-independent PRSs are small, they hold 
promise for risk stratification and for informing pathway-
targeted early interventions. Lastly, while we applied 
multiple comparisons correction to minimize the risk of 
spurious findings, we acknowledge that the results may 
not be easily generalizable to the broader population. 
This limitation reflects both technical factors (e.g., the 
use of advanced MRI metrics and pathway-specific PRSs 
that are not yet widely available) and biological factors, 
including the substantial heterogeneity observed across 
the AD spectrum. Nonetheless, our findings highlight 
the potential value of integrating genetic data into the 
AD diagnostic framework to identify individuals most 
vulnerable to AD-related pathophysiological changes, 
and they underscore the need for replication in diverse 
populations and across different disease stages to support 
clinical translatability.

Conclusions
In conclusion, we demonstrated that polygenic risk for 
AD influences WM integrity both directly and by mod-
erating the effect of established AD proteinopathy. The 
role of individual genetic vulnerability in driving the 
brain’s response to AD pathological alterations must be 
integrated in the AD diagnostic framework to enable 
informed screening and intervention for future preclini-
cal trials targeting specific biological pathways.
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