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Abstract

INTRODUCTION: White matter hyperintensities (WMH) are associated with key

dementia etiologies, in particular arteriolosclerosis and amyloid pathology. We aimed

to identify WMH locations associated with vascular risk or cerebral amyloid-β1-42
(Aβ42)-positive status.
METHODS: Individual patient data (n= 3,132;mean age 71.5± 9 years; 49.3% female)

from 11 memory clinic cohorts were harmonized. WMH volumes in 28 regions were

related to a vascular risk compound score (VRCS) and Aß42 status (based on cere-

brospinal fluid or amyloid positron emission tomography), correcting for age, sex, study

site, and totalWMHvolume.

RESULTS: VRCS was associated with WMH in anterior/superior corona radiata (B =

0.034/0.038, p < 0.001), external capsule (B = 0.052, p < 0.001), and middle cerebel-

lar peduncle (B = 0.067, p < 0.001), and Aß42-positive status with WMH in posterior

thalamic radiation (B= 0.097, p< 0.001) and splenium (B= 0.103, p< 0.001).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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DISCUSSION:Vascular risk factors and Aß42 pathology have distinct signatureWMH

patterns. This regional vulnerabilitymay incite future studies into how arteriolosclero-

sis and Aß42 pathology affect the brain’s white matter.

KEYWORDS
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Highlights

∙ Key dementia etiologies may be associated with specific patterns of white matter

hyperintensities (WMH).

∙ We relatedWMH locations to vascular risk and cerebral Aβ42 status in 11 memory

clinic cohorts.

∙ Aβ42 positive status was associated with posteriorWMH in splenium and posterior

thalamic radiation.

∙ Vascular risk was associated with anterior and infratentorialWMH.

∙ Amyloid pathology and vascular risk have distinct signatureWMHpatterns.

1 BACKGROUND

White matter hyperintensities (WMH) are very common in the elderly

and are considered an important hallmark of cerebral small vessel

disease (cSVD).1 Rather than being a single specific entity, cSVD

encompasses arteriolosclerosis, cerebral amyloid angiopathy (CAA),

and many other vascular disease mechanisms.2,3 In addition, some

WMH may potentially be caused by non-vascular processes includ-

ing neurodegenerative disorders.3,4 In particular amyloid pathology,

in the context of CAA or Alzheimer’s Disease (AD), is associated with

increasedWMHburden, someofwhichmaybeneurodegenerative and

not due to accompanying CAA.5–7 As such, WMH due to arterioloscle-

rosis and amyloid pathology are both highly prevalent in the elderly

population, and often occur together asmixed pathologies.8 It is there-

fore often challenging to determine to what extent WMH are caused

by either of these diseasemechanisms in individual patients.

Identifying specific disease mechanisms underlying WMH in order

to develop targeted treatments to prevent white matter injury

is an important topic. One specific way to improve detection of

causes underlying WMH is through detailed analysis of WMH loca-

tion and patterns. Available evidence suggests WMH in posterior

brain regions are associated with cerebral amyloid burden.5,9,10 Con-

versely, arteriolosclerosis-relatedWMHmay preferentially be located

in frontal brain regions.11–14 Two recent examples of using patterns of

white matter injury to improved disease classification are the recently

updated diagnostic criteria for CAA which now incorporate WMH

occurring in amulti-spot pattern,15,16 andamachine learning algorithm

for detecting arteriolosclerosis based on regional fractional anisotropy

values,WMH volume, and demographics.17 However, studies address-

ing WMH locations associated with specific disease mechanisms are

limited in number and sample sizes, have rarely directly compared

WMH locations across disease mechanisms, and have sometimes

reported conflicting results, possibly explained by methodological dif-

ferences (statistical approaches andwhetherornot totalWMHvolume

was accounted for).18 Data from large patient samples are therefore

needed to establish whether WMH locations associated with either

arteriolosclerosis or amyloid pathology are indeed dissociated and

to identify white matter locations where WMH are most strongly

associated with either of these diseasemechanisms.

We aimed to determine which WMH locations are associated

with either amyloid-β1-42 (Aβ42) pathology (based on cerebrospinal

fluid [CSF] or positron emission tomography [PET] amyloid biomark-

ers) or an unfavorable vascular risk profile as an indicator of risk of

arteriolosclerosis

2 METHODS

2.1 Subjects

We selected patients from a recently published Meta VCI Map con-

sortium project19 involving 3525 memory clinic patients from 11

cohorts from Austria (1 cohort: PRODEM20), Canada (2 cohorts: Brain

IMPACT,21 FAVR21), Germany (1 cohort: VASCAMY), the Nether-

lands (3 cohorts: ACE, TRACE-VCI,22 UMCC), Singapore (1 cohort:

Harmonization23), theUK (1 cohort: YOAD24), and theUSA (2 cohorts:

ADNI25 [http://adni.Loni.usc.edu; see online supplements for further

information], AUCD26). The Meta VCI Map consortium aims to per-

formmeta-analyses on strategic lesion locations for vascular cognitive

impairment (VCI) using lesion-symptom mapping.27 The inclusion cri-

teria of this consortium project were (1) the evaluation of patients at

an outpatient clinic because of cognitive symptoms; (2) the availabil-

ity of magnetic resonance imaging (MRI) with T1 and either FLAIR or

T2 images; (3) the availability of neuropsychological data. Patientswith

http://adni.Loni.usc.edu
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any degree of symptom severity (ie, subjective cognitive impairment,

mild cognitive impairment, dementia) and either presumed vascular,

neurodegenerative, or mixed etiology were included. Patients diag-

nosed with apparent non-vascular and non-neurodegenerative causes

of cognitive impairment (eg, excessive alcohol consumption, brain

tumor, trauma, multiple sclerosis, psychiatric disorder) or monogenic

disorders (eg, cerebral autosomal dominant arteriopathy with sub-

cortical infarcts and leukoencephalopathy [CADASIL] or presenilin

mutations), were excluded. Cohort-specific inclusion and exclusion

criteria are described in the cited design papers and in the online

supplements of the previously published Meta VCI Map consortium

project.19 Central data processing and analysis were performed at

the University Medical Center Utrecht (Utrecht, the Netherlands). An

additional inclusion criterion for the current study was the availabil-

ity of sufficient data on vascular risk factors (see section “vascular

risk compound score”) to calculate the vascular risk compound score

(VRCS) and/or data on CSF Aß42 levels or amyloid PET imaging, as

further specified below.

2.2 Cerebral Aß42 status

Aß42 status was assessed with either CSF Aβ42 levels or with amyloid

PET imaging. Resultsweredichotomized (ie, classified asAβ42-positive
or -negative) using local norms in order to enable pooling of mul-

ticenter data into a single variable. CSF Aβ42 levels were available

in five cohorts. CSF samples in three cohorts from the Netherlands

(TRACE-VCI, UMCC, and ACE) were analyzed in the Neurochem-

istry laboratory at the Department of Clinical Chemistry of the Vrije

Universiteit Amsterdam using Sandwich enzyme-linked immunosor-

bent assays (Fujirebio, Ghent, Belgium).28,29 CSF Aβ42 levels were

dichotomized based on validated cutoff scores of <640 ng/L.30 In

the YOAD cohort, CSF Aβ42 was analyzed using INNOTEST ELISAs

(Fujirebio Europe N.V., Gent, Belgium). Assays were carried out in

batches according to local clinicalNHNNneuroimmunology laboratory

standard operating procedures to achieve a coefficient of variation

of <10%. CSF Aβ42 levels were dichotomized at <694 pg/mL. This cut

point was determined using data-driven Gaussianmixturemodeling.31

Data on CSF Aβ42 levels in the ADNI cohorts were obtained from the

ADNI repository (UPENNMSMSABETA2CRM.csv). CSF samples were

analyzedby theADNIBiomarker core laboratory via 2D-UPLC-tandem

mass spectrometry and adjusted toAβ42CertifiedReferenceMaterial,

as described elsewhere.32 CSF Aβ42 levels were dichotomized based

onvalidated cutoff scoresof<1096pg/mL.32 AmyloidPET imagingwas

available in one cohort (Harmonization) and the procedure is described

elsewhere.33 Amyloidpositivity onamyloidPET imagingwasdefinedas

a standardized uptake value ratio≥1.5.33

2.3 Vascular risk compound score

Data on vascular risk factors included current smoking, hypertension,

hypercholesterolemia, diabetes mellitus, obesity (body mass index

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (eg, PubMed) sources. Amyloid pathol-

ogy and arteriolosclerosis are key dementia etiologies

and are associated with higher white matter hyperinten-

sities (WMH)burden. There are indications from the liter-

ature that these etiologies differentially affect posterior

(amyloid pathology) versus anterior (arteriolosclerosis)

white matter regions.

2. Interpretation: We analyzed the relation betweenWMH

location and amyloid-β1-42 (Aβ42) status and a compound

vascular risk compound score (VRCS). The VRCS was pri-

marily associated withWMH in anterior/superior corona

radiata, external capsule, and middle cerebellar pedun-

cle, and Aβ42-positive status with WMH in the splenium

of the corpus callosum and posterior thalamic radiation.

Thus, amyloid pathology and cardiovascular risk have

distinct signatureWMHpatterns.

3. Future directions: Our findings provide novel leads for

further research to unravel the mechanisms behind

regional vulnerability and resilience to arteriolosclerosis

and amyloid pathology, informed by our detailed map of

white matter vulnerability to either of these etiologies.

[BMI] ≥ 30), and history of a vascular event other than stroke were

used to calculate the VRCS, similar to two previous studies.9,34 The

VRCS sums up the number of risk factors for arteriolosclerosis that

are present from the total of six aforementioned factors, giving equal

weight to each risk factor. To account for missing variables, the com-

pound score is only calculated if data on aminimumof three risk factors

are available and expressed as a proportion (ie, the number of present

risk factors is divided by the number of available risk factors for each

patient). Definitions and harmonization procedures for each of the

vascular risk factors are described elsewhere.19

2.4 Brain MRI processing

MRI protocols and details of the procedures for WMH segmentation

and registration are provided in the previously published Meta VCI

Map consortium project from which the WMH maps were reused19

and only briefly summarized here. Binary WMH segmentations were

provided by the participating centers or automatically computed in

Utrecht. WMH segmentations were registered to the 1 mm × 1 mm ×

1mmresolutionMontrealNeurological Institute (MNI)-152brain tem-

plate for spatial normalization.35 All registration results were visually

inspected to ensure that the procedurewas successful. Failed registra-

tions were excluded (in total 2.7% of patients). Voxels located outside

the white matter (defined using the MNI probabilistic white matter
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atlas,36 threshold at 30%) were removed from all individual WMH

segmentations to minimize the effect of possible misclassifications of

other lesion types asWMH.

The relation between the VRCS and Aβ42 positive status andWMH

location was studied at the level of 28 regions of interest (ROIs). ROIs

were defined using the ICBM-DTI-81 white matter atlas in MNI-152

space,37 which contains 50 ROIs. Bilateral structures were merged

into a single ROI, resulting in a reduction of the total number of ROIs

to 28. WMH volumes were calculated (in milliliters) and cube root

transformed to obtain a normal data distribution prior to performing

regression analyses.

2.5 Statistical analysis

The VRCS (ranging from 0 to 1) was transformed to a standardized

z-score across cohorts and analyzed as a continuous variable. Aβ42
status was analyzed as a dichotomous variable (ie, Aβ42-positive or -

negative). The VRCS and Aβ42 status were analyzed as determinants

and regional WMH volumes as dependent variables in separate linear

mixed models. All analyses were corrected for age and sex (as fixed

effects) and study site (as random effects). Including study site as a

random effect accounted for variability in effects across study sites

that might arise due to between-center differences in population or

exposure. This approach generally provides more efficient and gener-

alizable estimates compared to including study site as a fixed effect.38

All analyses were performed before and after additional correction for

totalWMHvolume. To account formultiple comparisons (ie, to account

for 28 separate models for each of the included ROIs), a Bonferroni

correction was applied and thus a p-value of <0.002 was considered

statistically significant. Reported coefficients (B) are unstandardized.

However, the coefficients for the VRCS can be interpreted as stan-

dardized coefficients because the independent (VRCS) and dependent

variables (WMH volumes) were transformed to z-scores prior to anal-

ysis. The coefficients reported for Aβ42-positive status are the effect
size for Aβ42-positive versus Aβ42-negative individuals.

2.6 Sensitivity analyses

Weperformed two sensitivity analyses. First, we repeated the analyses

with Aβ42 status as outcome after excluding patients from the TRACE-

VCI cohort. In this cohort, the relation between WMH location and

CSF Aβ42 levels had been previously studied, resulting in a significant

association between higher Aβ42 burden and higherWMH volumes in

the forcepsmajor and posterior thalamic radiation, after correction for

age and sex.9 This sensitivity analysis served to independently repli-

cate previous findings in a larger dataset by excluding patients from

the TRACE-VCI cohort. Second, all significant associations between

higher VRCS or Aβ42 positive status and higher regional WMH vol-

umes were repeated in a smaller dataset (excluding all patients who

have missing data on either the VRCS or Aβ42 status) to determine

whether differences in WMH locations associated with the VRCS and

TABLE 1 Characteristics of included patients.

Total n= 3132

Female, n (%) 1544 (49.3)

Age in years, mean (SD) 71.5 (9.0)

Diagnosis, n (%)

SCI 608 (19.4)

MCI 1239 (39.6)

Dementia 1285 (41.0)

CDR, median (IQR) 0.5 (0.5)

Vascular risk factors, n (%)

Current smoking 503 (21.6)a

Hypertension 1562 (51.3)b

Hypercholesterolemia 1094 (49.0)c

Diabetes mellitus 485 (20.4)d

Obesity 76 (11.2)e

History of vascular event other than

stroke or TIA

715 (28.9)f

Vascular risk compound score, mean (SD) 0.37 (0.31)g

Aβ42 positivity, n (%) 749 (59%)h

Total normalizedWMHvolume inmilliliter,

median (IQR)

6.6 (14.8)

Abbreviations: CDR, Clinical Dementia Rating; IQR, interquartile range;

MCI, mild cognitive impairment; SCI, subjective cognitive impairment, TIA,

transient ischemic attack;WMH, whitematter hyperintensities.
aMissing in 26%.
bMissing in 3%.
cMissing in 29%.
dMissing in 24%.
eMissing in 78%.
fMissing in 21%.
gAvailable in 3117 patients.
hAvailable in 1273 patients.

Aβ42 positive status could be attributed to differences in sample size

or characteristics of the patients included in themain analyses.

3 RESULTS

Outof the3525patients included in thepreviously publishedMetaVCI

Map consortium project on the relation between WMH location and

cognition,19 3132 had sufficient data on either cardiovascular risk fac-

tors orAβ42status tobe included in the current study. TheVRCS (mean

0.37, SD 0.31, range 0 to 1) could be calculated in 3117 patients from

10 cohorts. Aβ42 statuswas available in 1273patients from six cohorts

(based on CSF samples in 1222 patients from ADNI, ACE, TRACE,

UMCC, and YOAD, and on amyloid PET in 51 patients from Harmo-

nization), 749 of whom (59%)were Aβ42-positive. The VRCS andAβ42
statuswere not significantly correlated (ANOVA, F=0.405, p= 0.525).

Further patient characteristics are provided in Table 1.
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F IGURE 1 Visual representation of the results of the linear mixedmodels in which the vascular risk compound score and Aβ42 status were
related to regionalWMHvolumes in 28 ROIs. All analyses were corrected for age, sex, study site, andmultiple comparisons. Results before
additional correction for totalWMHvolume are shown in the upper panel and results after additional correction for totalWMHvolume are shown
in the lower panel. Regions with statistically significant positive correlations (indicating either a higher vascular risk compound score or Aβ42
positive status were associated with higherWMHvolumes) are shown in red, whereas statistically significant negative correlations are shown in
blue. Regression coefficients, standard errors, and p-values for all ROIs are shown in Tables S1 and S2. Aβ, amyloid-beta; ROI, region of interest;
WMH, white matter hyperintensities.

3.1 Associations between Aβ42 status and
regional WMH volumes

The main analysis concerning the relation between Aβ42-positive
status and regional WMH volumes in 28 ROIs included 1273 patients

from six cohorts. After correction for age, sex, and study site, Aβ42-
positive status was associated with higher WMH volume in the

splenium of the corpus callosum (B = 0.281, SE = 0.052, p < 0.001)

and posterior thalamic radiation (B = 0.285, SE = 0.053, p < 0.001);

no ROIs were associated with Aβ42-negative status. After additional

correction for total WMH volume, the effect sizes attenuated (sple-

nium: B = 0.103, SE = 0.029; posterior thalamic radiation B = 0.097,

SE = 0.029), but remained significant (p < 0.001), and Aβ42-positive
status was associated with lowerWMHvolume in the external capsule

(B = −0.143, SE = 0.041, p < 0.001). The complete list of coefficients,

standard errors, and p-values is provided in Table S1 and significant

ROIs are shown in Figure 1.

3.2 Associations between the VRCS and regional
WMH volumes

The main analysis concerning the relation between the VRCS and

regional WMH volumes in 28 ROIs included 3132 patients from 11

cohorts. After correction for age, sex, and study site, a higher VRCS

was associated with higher WMH volumes in 11 ROIs, namely, the

middle cerebellar peduncle (including pons); genu and body of the

corpus callosum; corticospinal tract; anterior limb of internal capsule;
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anterior, superior, andposterior corona radiata; external capsule; supe-

rior longitudinal fasciculus; and superior fronto-occipital fasciculus (B

ranging from 0.055 to 0.103; all p-values ≤0.002). No ROIs were asso-

ciated with lower WMH volume. After additional correction for total

WMH volume, a higher VRCS was associated with higher WMH vol-

umes in four ROIs, namely, the middle cerebellar peduncle (B = 0.067,

SE= 0.019, p < 0.001), anterior (B= 0.034, SE= 0.009, p < 0.001) and

superior (B=0.038, SE=0.008, p<0.001) corona radiata, and external

capsule (B = 0.052, SE = 0.014, p < 0.001), and a lower WMH volume

in two ROIs, namely, the posterior thalamic radiation (B = −0.032, SE

= 0.009, p < 0.001) and tapetum (B = −0.039, SE = 0.012, p < 0.001).

Regression coefficients and p-values for all ROIs are provided in Table

S2 and significant ROIs are shown in Figure 1.

3.3 Sensitivity analyses

In the first sensitivity analysis, excluding patients from the TRACE-

VCI cohort (including 754 patients from the remaining five cohorts

with data on Aβ42 status), a significant association was found between
Aβ42-positive status andWMH volumes in the splenium of the corpus

callosum (B= 0.290, SE= 0.066, p< 0.001) and the posterior thalamic

radiation (B = 0.307, SE = 0.069, p < 0.001), after correction for age,

sex, and study site.

In the second sensitivity analysis, including 1258patientswith avail-

able data on both the VRCS and Aβ42 status, the results of the analysis
with Aβ42 status as dependent variable were unchanged. In the anal-

yses with the VRCS as dependent variable, the coefficients remained

positive for all ROIs and of a similar magnitude for most ROIs. Three

out of 11 ROIs remained significant before correction for total WMH

volume (ie, anterior and superior corona radiata, and superior fronto-

occipital fasciculus), andoneout of fourROIs remained significant after

correction for totalWMHvolume (ie, superior corona radiata). Regres-

sion coefficients and p-values for all ROIs are provided in Tables S3 and

S4.

4 DISCUSSION

In this largemulticenter study in patients attending amemory clinicwe

found that vascular risk factors and Aβ42-positive status have distinct
signature WMH patterns. Vascular risk factors are primarily associ-

ated with WMH in the anterior and superior corona radiata, external

capsule, and middle cerebellar peduncle, while Aβ42 positive status

is associated with WMH in the splenium of the corpus callosum and

posterior thalamic radiation.

Prior studies on the relation between WMH location and underly-

ing disease mechanisms have linked vascular risk factors, in particular

hypertension,11–14 with anterior WMH, whereas amyloid pathology

has been linkedwith posteriorWMH.9,10,12,13,34,39 These prior findings

have led to the hypothesis that the frontal white matter is more vul-

nerable to arteriolosclerosis, whereas posterior white matter regions

are more susceptible to amyloid pathology and that these patholo-

gies contribute to dementia via regionally distinct pathways.33,40 Some

studies have suggested that anteriorWMHarealso linkedwith amyloid

pathology.41,42 This discrepancy could be explained by modest sample

sizes, relatively crude visualWMHgradingmethods, and perhapsmost

importantly, by not correcting for total WMH volume. Both cardiovas-

cular risk factors andADare associatedwith higher totalWMHvolume

compared to controls,12,43 and the probability that specific white mat-

ter regions are affected by WMH increases with higher total WMH

volume, whichmay confound associations betweenWMH location and

etiology. In the current study, including the largest sample size to date,

we established that associations between WMH and either risk of

arteriolosclerosis or Aβ42 pathology indeed follow the previously sug-

gested anterior-posterior dissociation and now provide a fine-grained

anatomical map of specific white matter regions where WMH are

linked with risk of arteriolosclerosis (external capsule, anterior and

superior corona radiata, and middle cerebellar peduncle including the

pons) or Aβ42 pathology (posterior thalamic radiation and splenium

of corpus callosum). Notably, the middle cerebellar peduncle (which

includes part of the pons) had not been included in most prior studies

and may therefore have been overlooked as a preferential WMH loca-

tion inpatients at riskof arteriolosclerosis by these studies. This finding

fits prior observations from a histopathological case-control study,44

in which pontine WMH (which the authors called pontine ischemic

rarefaction) corresponded with arteriolosclerosis on histopathologi-

cal post-mortem examination in two patients, and in vivo MRI studies

in patients with sporadic atherosclerosis45 and CADASIL.46 Further-

more, by comparing results before and after correction for totalWMH

volume, we found that after total volume correction, many regions

were no longer significantly associated with either the VRCS or Aβ42
pathology, indicating that these associations may have been mediated

by total WMH volume, and that several associations remained signifi-

cant providing strong evidence that WMH in these regions are linked

with either arteriolosclerosis or Aβ42 pathology. Furthermore, after

correcting for total WMH volume, the VRCS and Aβ42 positive status

were associated with lowerWMH volumes in several regions, which is

a novel observation that may suggest that these regions are relatively

resilient with respect to arteriolosclerosis or Aβ42 pathology. Of note,

the sample size in themain analysis was larger for the VRCS (n= 3132)

than for Aβ42 status (n = 1273) positivity, which may affect statis-

tical power. We therefore performed a sensitivity analysis restricted

to patients who had data available for both the VRCS and Aβ42 sta-

tus (n = 1258). In this analysis, which confirmed the main finding that

Aβ42-positive status is associated with posterior WMH and higher

CRVS with more anterior WMH, although the number of ROIs with a

statistically significant association with the VRCSwas lower.

The regional vulnerability of the white matter to either arteri-

olosclerosis or amyloid pathology may have important implications

for our understanding of the mechanisms involved in white matter

injury. Future research into themechanism behind regional vulnerabil-

ity to specific types of injury might ultimately provide novel diagnostic

biomarkers and treatment targets. Several possible explanations for

the link between WMH location and arteriolosclerosis and amyloid

pathology have been proposed in the literature. It has been suggested
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that arteriolosclerosis (due to hypertension and other cardiovascular

risk factors) mainly affects the frontal penetrating arterioles resulting

in ischemic injury and anterior WMH.40,47 However, to our knowl-

edge, it remains unclear why posterior circulation arterioles are more

resilient to the effects of arteriolosclerosis. In contrast, WMH in the

context of amyloid pathologymay result from severalmechanisms. The

most straightforward and established mechanism is ischemic injury

due to amyloid deposition and dysfunction of the small vessels (ie,

CAA), which preferentially affects vessels in posterior brain regions.48

Even though vascular amyloid depositions in CAA are mainly located

in leptomeningeal and cortical vessels49 and are sparse in vessels in

thewhitematter,50 CAA is associatedwith a higher burden ofWMH.51

However, there is a possibility that the association of posterior WMH

with Aβ42-positive status might also reflect other mechanisms than

CAA, based on several observations. First, a recent study found that

the association between posterior WMH and amyloid persisted after

correcting for cortical microbleeds (which are the main imaging fea-

ture of CAA), although it might be countered thatmicrobleeds occur at

a later stage of the disease and do not fully capture early changes due

to CAA.9 Second, a predominance of posteriorWMHhas been demon-

strated in patients with monogenetic AD (ie, in absence of CAA).34

Third, a recent study showed distinct patterns ofWMHwhen contrast-

ing CAA (ie, subcortical WMH) with AD (parietal WMH).14 Along this

line, it has been suggested that non-vascular pathways for amyloid-

related white matter injury exist, involving either a direct local effect

of amyloid deposition in the brain white matter or Wallerian degen-

eration due to cortical neuronal cell death in the context of AD.4,52

In the current study, we cannot discriminate between vascular and

parenchymal amyloid given that amyloid biomarkers in CSF do not reli-

ably discriminate between CAA and AD. It has been suggested that

Aβ42 status is mainly a biomarker for AD and Aβ40 for CAA, but a

recent meta-analysis found CSF Aβ42 levels to be equally lowered

in CAA and sporadic AD.53 Another important consideration is that

the question of causality concerning the relation between amyloid

and WMH has not been unequivocally resolved. Possible mechanis-

tic interactions between WMH and amyloid include the following: (1)

WMH may occur as a consequence of amyloid-related injury as dis-

cussed above; (2) WMH and amyloid may be spatially linked as a

result of a shared underlying disease mechanisms, for example, blood–

brain barrier (BBB) dysfunction resulting in BBB leakage, diminished

amyloid-ß clearance, inflammation, and synaptic and neuronal injury,

ultimately leading to both WMH and Alzheimer pathology;54 and (3)

ischemic injury and WMH may even precede or precipitate amyloid

accumulation, as some studies have suggested.5,42,54 The results of the

current study provide a novel angle for future studies to address these

important questions, by studying arteriolosclerosis, Aβ42 deposition,

and WMH in the regions that we found to be either predominantly

affected or spared in these pathologies, ideally using a longitudinal

study design. Furthermore, lesion-network mapping studies might be

useful to determine whether WMH locations associated with Aß42

pathology can be mapped to specific brain networks, given the possi-

bility thatAß42pathologymight involveprion-likediseasepropagation

through connected brain regions.55,56 Another implication of signature

WMH patterns associated with arteriolosclerosis and Aβ42-positive
status is that an in-depth analysis ofWMH patterns might have poten-

tial as a diagnostic biomarker. A quantitative WMH location-based

score or amachine learning algorithmmight be able to identify disease-

specific WMH patterns and estimate the probability that WMH in an

individual patient are related to arteriolosclerosis, Aβ42 pathology, or

other causes.

The main strengths of the current study are the large sample

size, multicenter design, rigorous control for multiple comparisons,

and the relatively high spatial resolution achieved by analyzing 28

distinct white matter regions in both the supratentorial and infraten-

torial white matter. We externally validated our prior finding in the

TRACE-VCI cohort that WMH in the posterior thalamic radiation

and forceps minor are associated with Aβ42 status, which further

strengthens this conclusion. Limitations are the cross-sectional study

design which hampers causal inferences concerning the observed link

between WMH in specific regions and either Aβ42 pathology or the

VRCS. The multicenter study design resulted in heterogeneity con-

cerning definitions for vascular risk factors and Aβ42-positive status

(corresponding with locally established cut values) and MRI protocols,

and cohort-specific inclusion criteria may affect the generalizability to

the general memory clinic population. Amyloid status was evaluated

with either CSF (n = 1222), or amyloid PET (n = 51). There is evi-

dence that both measures are equally accurate in identifying patients

with amyloid pathology in the context of AD.57 Moreover, all statistical

analyses in the current study were corrected for study site, minimizing

the risk of cohort differences due to methodological variations across

cohorts. Furthermore, whereas the CSF and amyloid PET biomarkers

that were used to define amyloid status have been validated and incor-

porated in diagnostic criteria for AD,58 theVRCS thatwe used as proxy

for arteriolosclerosis of the cerebral small vessels has not been vali-

dated for this purpose. Brain autopsy remains the gold standard for

diagnosing arteriolosclerosis of cerebral small vessels. Arteriolosclero-

sis is strongly associated with cardiovascular risk factors, in particular

hypertension.59 However, we cannot rule out the possibility that the

WMH locations associated with the VRCS reflect other vascular (or

non-vascular) disease mechanisms than arteriolosclerosis. Achieving

the large sample sizes required for the analyses that we performed

in the current study would be challenging if brain autopsy is used to

diagnose arteriolosclerosis.

In conclusion, arteriolosclerosis and Aβ42 pathology have distinct

signature WMH patterns. In this study, we provide the most compre-

hensive overview of WMH locations associated with either of these

disease processes thus far. The findings provide leads for further

research to unravel the mechanisms behind regional vulnerability and

resilience to arteriolosclerosis and amyloid pathology.
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