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Abstract

Objective: Alzheimer’s disease (AD) and cerebral small vessel disease (cSVD),

the two most common causes of dementia, are characterized by white matter
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(WM) alterations diverging from the physiological changes occurring in healthy

aging. Diffusion tensor imaging (DTI) is a valuable tool to quantify WM integrity

non-invasively and identify the determinants of such alterations. Here, we investi-

gated main effects and interactions of AD pathology, APOE-e4, cSVD, and cardio-

vascular risk on spatial patterns of WM alterations in non-demented older adults.

Methods: Within the prospective European Prevention of Alzheimer’s Dementia

study, we selected 606 participants (64.9 � 7.2 years, 376 females) with baseline

cerebrospinal fluid samples of amyloid b1-42 and p-Tau181 and MRI scans, includ-

ing DTI scans. Longitudinal scans (mean follow-up time = 1.3 � 0.5 years) were

obtained in a subset (n = 223). WM integrity was assessed by extracting fractional

anisotropy and mean diffusivity in relevant tracts. To identify the determinants of

WM disruption, we performed a multimodel inference to identify the best linear

mixed-effects model for each tract. Results: AD pathology, APOE-e4, cSVD bur-

den, and cardiovascular risk were all associated with WM integrity within several

tracts. While limbic tracts were mainly impacted by AD pathology and APOE-e4,
commissural, associative, and projection tract integrity was more related to cSVD

burden and cardiovascular risk. AD pathology and cSVD did not show any signif-

icant interaction effect. Interpretation: Our results suggest that AD pathology

and cSVD exert independent and spatially different effects on WM microstruc-

ture, supporting the role of DTI in disease monitoring and suggesting indepen-

dent targets for preventive medicine approaches.

Introduction

While physiological changes in white matter (WM)

microstructural integrity can be observed in healthy aging,

neurodegeneration due to Alzheimer’s disease (AD)1 and

cerebral small vessel disease (cSVD)2 are characterized by

accelerated myelin disruption and axonal damage and

loss. Both AD and cSVD affect oligodendrocyte function,

acting through iron overload, oxidative stress, and endo-

thelial dysfunction pathways, ultimately resulting in

demyelination and axonal loss.3,4 Previous studies have

investigated the interplay between AD and cSVD on white

matter microstructural integrity, observing variable

degrees of association when looking at different imaging

biomarkers of cSVD, such as white matter hyperintensi-

ties (WMHs),5 and cerebral microbleeds (CMBs).6 Con-

flicting evidence has emerged regarding their possible

interactive effects on neurodegeneration and white matter

disruption, with studies supporting both a synergistic

effect7 and the independence8 of AD from cSVD and car-

diovascular risk factors. Therefore, it is still unclear

whether these associations are related to shared risk fac-

tors or to the mechanistic interplay between the underly-

ing pathological alterations.

Diffusion tensor imaging (DTI) is an MRI technique

sensitive to white matter (WM) microstructural changes.9

By measuring the diffusion properties of water molecules,

it is possible to assess metrics of WM integrity such as

fractional anisotropy (FA – the fraction of diffusion along

one preferential direction) and mean diffusivity (MD –

the average of diffusion along three main axes).10

Decrease in FA and increase in MD have been observed

from the early stages of neurodegeneration due to both

AD1 and cSVD,2 highlighting the potential of DTI metrics

as early and non-invasive imaging biomarkers. Previous

studies suggest that the susceptibility to WM alterations

could present disease-specific spatial patterns. In particu-

lar, while the amyloid-b (Ab) pathological cascade of

events has mostly been associated with reduction of tem-

poral and parietal WM integrity,11 cSVD typically relates

to alterations at the level of the genu of corpus callosum

(CC),12 suggesting that these diseases could exert differen-

tial regional effects. However, although it has been shown

that these pathologies often coexist,3 whether and to what

extent they interact with each other in determining WM

microstructural disruption remains unclear.

The development of new targeted therapies for AD and

cSVD13,14 highlights the need for identifying the determi-

nants of WM alterations and disentangling their individual

contributions.15 In recent years, intervention studies have

been progressively focusing on the preclinical and prodro-

mal stages of dementia, using mixed strategies to target the

risk factors associated with AD13 and cSVD.16 As new pri-

mary and secondary prevention trials are starting, we need

robust and possibly noninvasive biomarkers to properly

define the enrollment criteria and serve as outcome mea-

sures of treatment efficacy in absence of cognitive decline.13

This study aims to explore the differential impact and

possible interactions of AD pathology and cSVD, along

with their associated genetic (APOE-e4) and acquired
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(cardiovascular) risk factors, on WM microstructural

alterations as assessed by DTI in a large sample of

non-demented older adults from the European Prevention

of Alzheimer Dementia (EPAD) cohort.

Methods

Study participants

Data were drawn from the vIMI release of the EPAD

cohort (www.ep-ad.org). EPAD eligibility criteria included

age above 50 years and no diagnosis of dementia (Clinical

Dementia Rating [CDR] scale ≤ 0.5).17 This prospective

study included 606 individuals with available cerebrospi-

nal fluid (CSF), APOE, cerebrovascular and cardiovascu-

lar data, and MRI scans including at least T1-weighted,

T2*-weighted, T2-FLAIR, and DTI sequences (voxel

size = 2.0 9 2.0 9 2.0 mm3, diffusion-encoding direc-

tions = 30) (Fig. 1). Longitudinal DTI data were available

for a subset of individuals (n = 223).

Standard protocol approvals, registrations,
and patient consents

The study was approved by the ethical committees of all

participating centers. All study participants provided writ-

ten informed consent according to the Declaration of

Helsinki.

CSF analysis and AT classification

CSF biomarkers were quantified using a harmonized

pre-analytical protocol.18 Analyses were performed with

the fully automated Roche Elecsys System at the Clinical

Neurochemistry Laboratory, M€olndal, Sweden.17 Concen-

trations of amyloid-beta (Ab1-42) and phosphorylated-tau

(p-Tau181) were determined using the manufacturer’s

guidelines. Following previous work on the same

cohort,18 CSF Ab1-42 levels < 1000 pg/mL and CSF

p-Tau181 levels > 27 pg/mL were used to define amyloid

positivity (A+) and tau positivity (T+), respectively. Four
AT groups were derived (i.e., A-T-, A+T-, A+T+ and

A-T+). A-T+ participants were excluded as they belong to

the suspected non-AD pathology group.

APOE genotype

APOE genotype was determined from Taqman Genotyp-

ing of blood samples and analyzed in a single laboratory

at the University of Edinburgh using QuantStudio 12KL

Flex. APOE-e4 carriers were defined as having at least

one e4 allele. Total DNA was obtained through

proteinase-K digestion and alcohol precipitation of the

blood cellular fraction. Samples were genotyped, using the

APOE-F 50-TTGAAGGCCTA CAAATCGGAACTG-30 and
APOE-R 50-CCGGCTGCCCAT CTCCTCCATCCG-30

primers, for two single nucleotide polymorphisms,

rs429358 and rs7412. Thus, the possible APOE alleles

were determined as follows: e1, rs429358 (C) + rs7412

(T); e2, rs429358 (T) + rs7412 (T); e3, rs429358

(T) + rs7412 (C); and e4, rs429358 (C) + rs7412 (C).

Cerebrovascular factors

Visual MRI reads were centrally performed by three

observers (two neuroradiologists with more than 15 years

of experience; one in training) according to the STRIVE

Figure 1. Flow diagram of the study. Flow diagram showing how final

sample size was obtained with application of inclusion and exclusion

criteria. CSF, cerebrospinal fluid; DTI, diffusion tensor imaging.
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(Standards for Reporting Vascular Changes on Neuroim-

aging) criteria.19 Visual scores included a 0–4 scale for

enlarged perivascular spaces (ePVS) in basal ganglia and

centrum semiovale; Fazekas scale (0–3) for periventricular
and deep WMHs; presence/absence of lobar CMBs, pres-

ence of more than 2 deep CMBs; and lacunes (0, 1, 2,

>2). We used confirmatory factor analysis to build a

cSVD-burden latent factor from the radiological indices.

Subsequently, gaussian mixture modeling was applied to

identify a cutoff to dichotomize the cohort in cSVD

groups as cSVD+ and cSVD- (Fig. S2). More details are

provided in supplementary material.

Cardiovascular risk factors (Framingham)

Individual vascular risk was computed using the Framing-

ham Risk Score (FRS), encompassing information on age,

sex, systolic blood pressure, antihypertensive medication,

diabetes, smoking, total and HDL cholesterol,20 as previ-

ously described.21 FRS was computed with and without

age correction, and uncorrected scores were used in later

analysis.

MRI acquisition and processing

MRI acquisition and preprocessing details have been

detailed elsewhere.22 Briefly, diffusion-weighted images

underwent geometric distortion correction using the

opposed phase-encoding polarities, head motion and

eddy-current correction, brain extraction, and tensor-

fitting to produce FA and MD maps.

Tract-based spatial statistics

DTI maps were processed with the tract-based spatial sta-

tistics approach.23 Brain extracted FA maps were aligned

into a common space with nonlinear registration, obviat-

ing the need for an inter-session subject-specific template,

as longitudinal data were not available for all participants

and therefore we did not want to introduce a bias by per-

forming an additional registration step in a subset. We

created a FA skeleton mask that comprised the WM

regions common to the group. Using the JHU ICBM-

DTI-81 atlas,24 FA and MD were extracted from 14

selected skeletonized tracts (Fig. 2), subdivided in com-

missural, associative, limbic (to distinguish them from

other associative and commissural tracts, based on their

involvement in AD pathophysiology)25 and projections

tracts. DTI scalars were site-harmonized using the Com-

Bat Toolbox26 and standardized. More details are given in

supplementary material. We decided to not mask out

WMHs from skeletonized tracts because we were inter-

ested in the effect of our putative determinants on the

total WM, though their impact was negligible as the per-

centage of WMH voxels included in the skeletonized

tracts was very low on average (1.5 � 2.9%).

Statistical analysis

Demographics were compared using chi-square and t-

tests, as appropriate.

Variables were tested for collinearity using the perfor-

mance R package (v. 0.10.4).

For each tract and for both scalars, we performed a

multimodel inference through MuMin R package (v.

1.47.5) to identify the best linear mixed-effects models.

Briefly, starting from a reference model containing all var-

iables of interest, we computed all possible models based

on every combination of our predictors and selected the

ones having the highest second-order Akaike information

criterion scores.

The reference linear mixed-effects model (computed

using the lme4 R package, v. 1.1–33) entered in the multi-

model inference included a random intercept for the par-

ticipant, and age and sex as covariates. The predictors

included in the reference linear mixed-effects model were

APOE-e4, AT status, cSVD groups, and FRS (main effect

of determinants); the time interval between MRI acquisi-

tions (main effect of time); the pairwise interactions

between APOE-e4, AT status, cSVD groups, and FRS

(interaction effect of determinants); the pairwise interac-

tions between the time interval and APOE-e4, AT status,

cSVD groups, and FRS (main effect of determinants on

longitudinal changes); the three-way interactions between

the time interval and all possible pairs among APOE-e4,
AT status, cSVD groups, and FRS (interaction effect of

determinants on longitudinal changes). Full formulas are

given in supplementary material.

Age and sex were always included in the final models.

p-values were adjusted for multiple testing using false dis-

covery rate control (the Benjamini–Hochberg procedure)

across the selected models and considered significant

when pFDR < 0.05.

All statistical analyses were performed using R (v.

4.2.1).

Results

Demographic and clinical data of the study participants

(n = 606) are shown in Table 1. Mean baseline age was

64.9 � 7.2 years, 376 participants (62.0%) were female,

and 142 (23.4%) had CDR = 0.5. Mean follow-up time

was 1.3 � 0.5 years.

Participants had moderate cardiovascular risk according

to FRS (mean FRS = 14.4 � 2.3). The cSVD severity was

generally low (median total Fazekas-score = 1,
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interquartile range [IQR] = 1.8). In total, 19 (3.1%) and

75 (12.4%) participants had at least two deep or one

lobar CMBs, respectively. Thirty-four (5.6%) participants

had at least one lacune. Median of basal ganglia and cen-

trum semiovale ePVS was 1 for both (IQR = 0 and 1,

respectively).

Figure 2. WM tracts selected for the study. Fasc., fasciculus; WM, white matter.
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Effect of age and sex on WM integrity

Older age was associated with lower FA (b ranging from

�0.048 to �0.015, all p ≤ 0.02) and higher MD values (b
ranging from 0.020 to 0.055, all p ≤ 0.001) in most of the

analyzed tracts. Men showed higher MD (b ranging from

0.166 to 0.367, all p ≤ 0.03), coupled with lower FA in

the column body of the fornix (b = �0.343, p < 0.001)

and higher FA in the cingulum (b = 0.266, p = 0.01).

Determinants of WM integrity

Multimodel inference and linear mixed-effects models full

results are shown in Tables 2, 3 and Figs. 3, 4. Predictors

selected by the multimodel inference for each linear

mixed-effects model are listed in Tables S1 and S2. Plots

exemplifying significant longitudinal effects are reported in

Fig. S2. The analysis was repeated after excluding the par-

ticipants having a CDR = 0.5, and the main results were

unchanged (data not shown). We decided to include those

subjects in the main analysis for two main reasons. Firstly,

as clinical trials are starting to move toward the preclinical

stages, we wanted to simulate a real-life scenario by includ-

ing all those subjects that are still non-demented and that

can benefit the most from early intervention therapies. Sec-

ondly, even if by excluding those subjects we were able to

confirm our main results, this comes at the cost of losing

statistical power to detect meaningful biological effects, as

most of the A+T+ participants belong to the CDR = 0.5

group (as shown in Table 1).

Limbic tracts

White matter integrity in limbic tracts, including cingu-

lum, column body, and crus of the fornix, was generally

associated with both AD and vascular related factors, with

stronger effects dependent on the AT status.

Compared to A-T-, participants in the A+T- group had

lower FA in the column body (b = �0.701, p < 0.001)

and crus of the fornix (b = �0.290, p = 0.03), and higher

MD in the cingulum (b = 0.230, p = 0.01) and column

body of the fornix (b = 0.546, p < 0.001), while A+T+
had higher FA (b = �0.300, p = 0.047) and lower MD

(b = 0.314, p = 0.02) in the cingulum. APOE-e4 was

associated with longitudinal decreases of FA (b = �0.095,

p = 0.006) and increases of MD in the (b = 0.107,

p = 0.02) in the column body of the fornix.

Moreover, cSVD+ was associated with lower baseline

FA in the column body (b = �0.162, p = 0.046) and

higher baseline (b = 0.210, p = 0.03) and longitudinal

(b = 0.178, p = 0.005) MD in the crus of the fornix. FRS

showed a cross-sectional effect on FA in the cingulum

(b = �0.049, p = 0.005) in the column body of the fornix

(b = �0.048, p = 0.01) and on MD in the crus of fornix

(b = 0.045, p = 0.01). APOE-e4 and FRS showed a signif-

icant three-way interaction with time on MD changes in

the column body of the fornix (b = �0.021, p = 0.03).

Commissural tracts

White matter integrity in commissural tracts, including

genu, body, and splenium of the CC, was mostly

impacted by cerebrovascular and cardiovascular factors,

most prominently in the genu of CC.

In particular, cSVD+ participants had lower baseline

FA in the regions of the genu (b = �0.233, p = 0.009)

and the splenium (b = �0.267, p = 0.02), and greater

increases of MD over time in the genu (b = 0.098,

p = 0.03). Higher FRS was associated with lower baseline

FA in the splenium (b = 0.034, p = 0.045), and greater

Table 1. Demographic and clinical data of the subjects included in the study.

Overall A-T- A+T- A+T+ p-value

N [baseline (longitudinal)] 606 (223) 410 (143) 137 (49) 59 (31) n.a.

Age [mean (SD)] 64.93 (7.16) 63.81 (6.99) 65.69 (6.69) 70.97 (6.12) <0.001

Sex [m (%)] 230 (38.0) 146 (35.6) 55 (40.1) 29 (49.2) 0.11

Total follow-up time, years [mean (SD)] 1.33 (0.48) 1.36 (0.49) 1.28 (0.46) 1.30 (0.48) 0.61

CDR global score = 0.5 [n (%)] 142 (23.4) 71 (17.3) 36 (26.3) 35 (59.3) <0.001

MMSE score [mean (SD)] 28.61 (1.72) 28.85 (1.46) 28.42 (2.01) 27.44 (2.10) <0.001

APOE-e4 carriers [n (%)] 221 (36.5) 110 (26.8) 69 (50.4) 42 (71.2) <0.001

Framingham risk score [mean (SD)] 14.35 (4.19) 13.84 (4.19) 14.73 (3.73) 17.02 (4.14) <0.001

cSVD+ [n (%)] 258 (42.6) 156 (38.0) 61 (44.5) 41 (69.5) <0.001

Number of visits 0.07

1 visit [n (%)] 383 (63.2) 267 (65.1) 88 (64.2) 28 (47.4)

2 visits [n (%)] 170 (28.1) 105 (25.6) 40 (29.2) 25 (42.4)

3 visits [n (%)] 53 (8.7) 38 (9.3) 9 (6.6) 6 (10.2)

CDR, clinical dementia rating; cSVD, cerebral small vessel disease; MMSE, mini mental-state examination; n.a., not applicable; SD, standard deviation.
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declines of FA over time in the genu of CC (b = �0.026,

p = 0.007). The effects of AD-related factors were circum-

scribed to body and splenium of CC, with A+T- partici-

pants showing lower body FA (b = �0.221, p = 0.03) and

APOE-e4 being associated with higher splenium MD

(b = 0.238, p = 0.008).

Associative tracts

White matter integrity in associative tracts, including

superior longitudinal, inferior longitudinal, and superior

fronto-occipital fasciculi, was similarly and independently

impacted by both vascular and AD-related factors. How-

ever, the integrity of the superior fronto-occipital fascicu-

lus was independent of AD pathology.

Compared to A-T-, A+T- participants at baseline had

lower FA in the inferior longitudinal (b = �0.292,

p = 0.007), and higher MD in the inferior (b = 0.208,

p = 0.02) and superior (b = �0.042, p = 0.03) longitudi-

nal fasciculi, while A+T+ participants had lower FA and

higher MD in the superior (FA: b = �0.332, p = 0.04;

MD: b = 0.510, p < 0.001) and inferior (FA: b = �0.309,

p = 0.047; MD: b = 0.339, p = 0.02) longitudinal fascic-

uli, and greater increases of MD over time in the infe-

rior longitudinal fasciculus (b = 0.248, p = 0.002).

APOE-e4 was only related to greater increases of MD

over time in inferior longitudinal (b = 0.176, p = 0.03)

and superior fronto-occipital fasciculi (b = 0.239,

p = 0.01).

CSVD+ participants had lower FA, higher MD and

greater longitudinal increases of MD in all investigated

associative tracts (all coefficients in Tables 2 and 3).

Higher FRS scores were distinctively related to lower

baseline FA (b = �0.048, p = 0.03) and greater decreases

of MD over time in the superior fronto-occipital fascicu-

lus (b = 0.029, p = 0.007).

Even if some significant three-way effects on MD

changes were retained for inferior longitudinal

(APOE-e4*FRS*time with b = �0.040 and p = 0.03, and

APOE-e4*cSVD+*time with b = �0.218 and p = 0.02)

and superior fronto-occipital fasciculi (FRS*APOE-
e4*time with b = �0.042 and p = 0.03), none of them

included interactions between AD pathology and cerebro-

vascular factors.

Projection tracts

Projection tracts included anterior and posterior limbs of

internal capsule, and anterior, posterior, and superior

corona radiata. While the corona radiata was comparably

impacted by AD and cSVD, integrity of the anterior and

posterior limbs of the internal capsule was mostly linked

to cSVD and AD-related factors, respectively.T
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Figure 3. Associations between WM cross-sectional integrity and AT status, APOE-e4 carrier status, cSVD groups, and FRS. Heatmaps showing

the significant associations (pFDR < 0.05) between cross-sectional FA (upper section) or MD (bottom section) and linear mixed-effects models

predictors. CC, corpus callosum; cSVD, cerebral small vessel disease; FA, fractional anisotropy; Fasc., fasciculus; FRS, Framingham risk score; IC,

internal capsule; MD, mean diffusivity; WM, white matter.
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At baseline, both A+T- and A+T+ participants showed

significant lower FA and higher MD in most investigated

projection tracts, except for the FA in the anterior limb

of the internal capsule (all coefficients in Tables 2 and 3).

A+T+ participants also had greater FA decline over time

in the anterior (b = �0.175, p = 0.01) and superior

Figure 4. Associations between WM longitudinal integrity and time, AT status, APOE-e4 carrier status, cSVD groups, and FRS. Heatmaps showing

the significant associations (pFDR < 0.05) between longitudinal FA (upper section) or MD (bottom section) and linear mixed-effects models

predictors. CC, corpus callosum; cSVD, cerebral small vessel disease; FA, fractional anisotropy; Fasc., fasciculus; FRS, Framingham risk score; IC,

internal capsule; MD, mean diffusivity; WM, white matter.
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(b = �0.138, p = 0.01) corona radiata. APOE-e4 was not

related to either baseline or longitudinal WM integrity in

projection tracts.

At baseline, CSVD+ participants showed lower FA and

higher MD in all investigated projections tract, except for

FA in the posterior limb of the internal capsule (all coeffi-

cients in Tables 2 and 3). Similarly, greater increases of MD

over time were observed in cSVD+ participants in all pro-

jection tracts but the posterior limb of the internal capsule

(all coefficients in Table 3). Higher FRS scores were associ-

ated with lower FA in the anterior corona radiata

(b = �0.054, p = 0.001) and higher MD in the posterior

limb of the internal capsule (b = 0.050, p = 0.008).

Discussion

We investigated the effect of AD biomarkers, cSVD bur-

den, and cardiovascular risk factors on WM microstruc-

tural integrity in non-demented older adults in the

multi-center EPAD cohort. AD pathology (Ab1-42 and

p-Tau181) and APOE-e4 had prominent effects on limbic

tracts, while cSVD and FRS mostly impacted commis-

sural, associative, and projection tracts. We showed that

AD biomarkers and cSVD are independently associated

with WM disruption in the explored tracts.

WM microstructural integrity of limbic tracts such as

fornix (column body) and cingulum was found to be

mostly impacted by AD biomarkers and APOE-e4. This is
in line with previous studies highlighting the involvement

of these tracts, starting from AD preclinical stages,27,28 as

key structures of the Papez circuit, responsible for epi-

sodic memory functioning.25 Indeed, diffusivity alter-

ations of these tracts have been shown to predict tau

accumulation in amyloid-positive individuals.29 The

strongest association was between A+T- status and fornix

(column body) integrity, suggesting an early role of this

structure. Similarly, decreases in fornix FA were previ-

ously shown to predict conversion from preserved cogni-

tion toward mild cognitive impairment and dementia,27

further supporting its role in disease progression. The lack

of association between A+T+ status and fornix micro-

structure could be due to the relatively low number of

A+T+ participants. Nevertheless, evidence suggests a

biphasic relationship between AD pathology and DTI sca-

lars, as the inflammatory mechanisms linked to amyloid

and tau accumulation (i.e., glial activation and cellular

swelling) may cause changes opposing the typical neuro-

degeneration pattern.1,30

We observed widespread changes in white matter integ-

rity in commissural, associative, and projection fibers,

and demonstrated the presence of disease-specific gradi-

ents of WM disruption, anterior regions being more sus-

ceptible to vascular compromise and posterior regions to

AD-related factors. Specifically, WM integrity in the genu

(anterior part) of CC was distinctively associated with

cSVD+ and FRS, while both AD pathology and cSVD had

a significant effect on body and splenium (middle and

posterior parts). Moreover, while the posterior limb of

the internal capsule was mainly impacted by AD-related

factors, alterations of the anterior limb were more often

observed in individuals with high cerebrovascular burden.

This posterior–anterior gradient of WM deterioration is

in line with the evidence of frontal WM being more sen-

sitive to vascular health, and generally more susceptible

to cerebrovascular insults.31 Previous work has shown

that global vascular health has a significant impact on

white matter integrity, more strongly in the genu of the

corpus callosum,32 and several studies have shown the

detrimental effect of single cardiovascular risk factors on

commissural WM tracts, such as hypertension33 and

diabetes,34 suggesting that this region is a proxy for cere-

brovascular health.32 Moreover, anterior patterns of

WMHs have been shown to distinctively relate to cardio-

vascular etiologies.35

Conversely, WM lesions in parietal and occipital

regions have been observed in association with amyloid

pathology, independently of cardiovascular risk factors.11

In line with our results, previous studies have shown

amyloid pathology in relationship with alterations in a

group of regions including medial, temporal, and poste-

rior white matter.36 The specific mechanisms through

which amyloid deposition could impact white matter

integrity are still unclear. On one hand, previous evidence

has shown spatial correspondence between cortical amy-

loid deposition and white matter demyelination, possibly

due to local alteration of neuronal and axonal function,

thereby regulating oligodendrocyte functions, or resulting

from Ab-induced oxidative stress.37 Conversely, Ab depo-

sition may enhance capillary cortical amyloid angiopathy

(CAA) and arteriosclerosis,38 resulting in hypoperfusion,39

which may eventually lead to white matter damage

through secondary vascular events.37

Given that AD pathology and cSVD often coexist from

early stages of neurodegeneration,40 questions have arisen

regarding their impact on brain structure,12,41,42 raising

the need to determine whether they act separately or

jointly in causing WM disruption.15 Specifically, a recent

ex vivo study has shown that the accumulation of WMHs

is related to cSVD independently of AD pathology in

non-demented older adults.41 A fixel-based study has

demonstrated that cSVD mainly impacts fiber density,

while AD pathology has comparable effects on fiber den-

sity and cross-section,42 leaving the question on their

interaction unanswered. Here, we showed that they are

both related to various degrees of disruption depending

on the affected tracts, but seem to act largely
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independently. Only APOE-e4 (independently of Ab1-42
and p-Tau181, both accounted for in the linear mixed-

effects models)43 showed interactions with FRS and

cSVD+ in limbic and associative tracts. APOE-e4 is

involved in many amyloid-independent pathways affecting

synaptic plasticity, metabolism, and vascular

homeostasis,44 and therefore possibly synergizing with

other cSVD-specific inherited and acquired risk factors.45

In this light, our results suggest that although sharing

common etiopathological mechanisms, AD pathology and

cSVD exert independent effects on white matter micro-

structure in preclinical stages. They also provide context

for the selection of DTI metrics as outcome measures in

primary and secondary prevention clinical trials, possibly

representing a noninvasive alternative to PET imaging

and a more sensitive MRI biomarker compared to hippo-

campal atrophy.46 In particular, our findings indicate that

limbic tracts would be most relevant for therapeutic strat-

egies targeting the AT pathway, whereas commissural,

associative, or projection tracts might be better choices

for interventions targeting cerebrovascular mechanisms.

In line with previous evidence,47 lower integrity mea-

sures were associated with higher age and male sex, with

men showing higher MD in most of the tracts. In the

posterior limb of the internal capsule, FA increased over

time, possibly resulting from the relative sparing of the

sensorimotor pathway in a crossing fibers region.48 Simi-

larly, in the anterior limb of internal capsule FA

increased, due to the faster degradation of genu of CC

fibers.49 Some tracts showed a longitudinal MD decrease,

supposedly due to the neuroinflammatory changes char-

acterizing age-related neurodegeneration that may precede

or overlap with microstructural disruption, causing tem-

porary MD increases.50 We were able to identify a greater

number of significant longitudinal effects on MD com-

pared to FA, supporting the evidence of MD being more

sensitive than FA.51

Our study relies on a relatively large sample size and

on the advantage of longitudinal data, but has also some

limitations. Firstly, we used an atlas-based approach. As

DTI tractography yields subject-specific masks and con-

nectomes, further studies are warranted to confirm and

expand our results. Using a simpler and robust approach,

we showed that TBSS is sensitive to AD and cSVD associ-

ated factors. Considering its less demanding computa-

tional time and power compared to connectome analysis,

TBSS application to large datasets and in the context of

clinical trials is favored. Secondly, since our acquisition

protocol comprised 30 diffusion directions only, we were

limited to classical tensor-based analyses, with the limita-

tion of being unable to resolve crossing fibers. Therefore,

further studies are needed to confirm our findings, and

possibly expand on them by exploring other DTI scalars,

which we did not include to reduce the number of tests

and increase our power to identify biological effects.

Another limitation is the multicentric nature of the study,

representing a confounding factor that could not be

entirely removed using state-of-art harmonization

methods. Nonetheless, this also implies the effects that we

found must be robust as we were still able to observe

them. Importantly, while our results provide information

on the biological mechanisms underlying myelin disrup-

tion in healthy aging and disease, further studies are

needed to translate our group findings to single subjects,

which still represents one of the most demanding and still

unsolved challenges of the entire field. While we decided

to dichotomize Ab1-42 and p-Tau181 to adhere to the

biological definition of AD and to the ATN framework,

and subsequently we used gaussian mixture modeling to

identify a cut-off to dichotomize cSVD and make it com-

parable to the ATN classification, further studies could

explore the relationship between WM integrity and con-

tinuous measure of amyloid and tau accumulation or

cSVD burden. Lastly, further research is needed to model

the nonlinear relationship between amyloid and WM

integrity.1,30

In conclusion, we showed that AD pathology and cSVD

are independently associated with myelin microstructural

integrity within several tracts, with pathology-specific spa-

tial patterns of WM vulnerability. This evidence supports

the role of DTI for disease monitoring and subjects selec-

tion for early intervention targeting the factors associated

with increased risk of developing dementia.
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