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Abstract

Introduction: White matter hyperintensities (WMH) are often described in

Alzheimer’s disease (AD), but their topography and specific relationships with

cognition remain unclear.

Methods: Regional WMH were estimated in 54 cognitively impaired amyloid beta–

positive AD (Aβpos-AD), compared to 40 cognitively unimpaired amyloid beta–

negative older controls (Aβneg-controls) matched for vascular risk factors. The cross-

sectional association between regional WMH volume and cognition was assessed

within each group, controlling for cerebral amyloid burden, global cortical atrophy, and

hippocampal atrophy.

Results: WMH volume was larger in Aβpos-AD compared to Aβneg-controls in all

regions, with the greatest changes in the splenium of the corpus callosum (S-CC). In

Aβpos-AD patients, larger total and regionalWMHvolume, especially in the S-CC, was

strongly associated with decreased cognition.

Discussion:WMHspecifically contribute to lower cognition inAD, independently from

amyloid deposition and atrophy. This study emphasizes the clinical relevance ofWMH

in AD, especially posteriorWMH, andmost notably S-CCWMH.
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using PubMed. Greater white matter hyperintensi-

ties (WMH) volume is associated with risk and progres-

sion of clinical Alzheimer’s disease (AD), as well as cogni-

tive decline in AD. The regional specificities in AD-related

WMH increases and the links with cognition remain

unclear.

2. Interpretation: Our findings in a group of amyloid beta

(Aβ)-positive AD patients compared to Aβ-negative con-
trols matched for the main vascular risk factors highlight

the clinical relevance of posteriorWMH, and particularly

WMH in the splenium of the corpus callosum (S-CC). S-

CCWMHare themost strongly associatedwith cognitive

performance in AD, independently from Aβ burden and

graymatter loss.

3. Future directions: The current findings emphasize the

clinical relevance of posterior WMH in AD and motivate

future researchon thenature andetiologyofWMHinAD.

They argue for S-CC WMH being a specific pathological

manifestation of AD.

1 BACKGROUND

White matter hyperintensities (WMH), defined with magnetic reso-

nance imaging (MRI) as an hyperintense signal on T2-weighted and

fluid-attenuated inversion recovery (T2-weighted FLAIR) images, are

frequent in cognitively unimpaired older adults. They are associ-

ated with vascular risk factors (VRF), for example, hypertension or

diabetes,1 and with worse cognitive performance, particularly execu-

tive functions and processing speed.2–4

In patients with Alzheimer’s disease (AD), WMH volume appears

to be larger than in cognitively unimpaired older adults,5 particu-

larly in periventricular6–8 and posterior regions. These include parieto-

occipital regions9,10 and the splenium of the corpus callosum (S-CC).7

AD and cerebrovascular diseases share common VRF and often

coexist. Cerebrovascular lesions such asWMH, which are partially due

to small vessel disease,11 are associated with an increased risk of clini-

cal AD. They are likely to add to AD lesions (i.e., amyloid deposition and

neurofibrillary tangles), therefore lowering the threshold for cognitive

impairment,12,13 and/or directly contribute to AD pathophysiology.14

Studies assessing the relationship between WMH and cognition in

AD are scarce, and findings are inconsistent, showing associations in

some5,6,15–22 but not all8,22–26 studies. A recent meta-analysis showed

small to medium-sized associations between WMH and cognition in

patientswithADacross allmajor cognitive domains, with larger effects

on attention and executive functions.27 Little is known, however, about

the regional specificity of these associations asmost studies in AD ana-

lyzed either global WMH volume5,15,17–20,22–24 or periventricular ver-

sus deep WMH,6,16,25 but rarely lobar WMH.28–31 This is particularly

relevant as the spatial distribution of WMH seems to be associated

withpartially distinct etiologies. In fact,while anteriorWMHhavebeen

associated with physiological aging and VRF, posteriorWMHwould be

more specifically associatedwith AD.10,32,33 Moreover, periventricular

WMH seem to be more strongly associated with worse cognition than

deep WMH.4,27,34,35 Finally, studies also showed stronger links with

cognition forWMH in strategicwhitematter tracts, such as the forceps

minor or anterior thalamic radiation, than for totalWMHburden.36–39

As another caveat, previousWMHstudiesmainly used clinical crite-

ria for ADdiagnosis, without inclusion of biomarkers, which can lead to

clinical misdiagnosis, particularly between AD and vascular dementia.

Studies of WMH in the context of AD using a biomarker-based defini-

tion of AD40 are still needed.

The question remains as to if and how the amount and topography

ofWMH in AD differ from age-relatedWMH, andwhetherWMHhave

region-specific effects on cognition in amyloid beta (Aβ)-positive AD

patients. Thepresent study aims to address thesequestions by (1) high-

lighting the regional distribution of WMH in Aβ-positive patients with
AD clinical syndrome (Aβpos-AD), by comparing them toVRF-matched

Aβ-negative controls (Aβneg-controls), considering both lobar and cal-
losal subregions but also periventricular versus deep WMH, and (2)

assessing the specific relationships between regional WMH and cog-

nitive performance, and studying whether these associations remain

after controlling for cortical amyloid burden, hippocampal, and total

graymatter volumes.

2 METHODS

2.1 Study participants

Ninety-four participants from the IMAP+ (Multimodal Neuroimag-

ing of Early Alzheimer’s Disease) cohort were included in the present

study.41,42 The participants consisted of 54 cognitively impaired

patients with AD clinical syndrome (Mini-Mental State Examination

[MMSE] = 23.9±4.75),40 including 21 with dementia and 33 with

amnestic mild cognitive impairment (MCI; details in Table S1 in sup-

porting information). Clinical criteria were used to define MCI and

demented patients.43–46 All patients were Aβ-positive (Aβpos-AD, see
section 2.4.), that is, in the AD continuum, as defined by the National

Institute on Aging-Alzheimer’s Association (NIA-AA) 2018 criteria40

and corresponding to typical AD, as defined by the InternationalWork-

ing Group 2 (IWG-2) criteria.47 They were all recruited from mem-

ory clinics. For the sake of comparison, we also included data from

40 Aβ-negative cognitively unimpaired controls (Aβneg-controls) from
IMAP+. These controlswere selected automatically froma group of 62

cognitively unimpaired Aβ-negative participants to match Aβpos-AD
patients in terms of age, sex, years of education, systolic blood pres-

sure (BP), diastolic BP, and glycated hemoglobin (HbA1C; using the

R package MatchIt). All controls were recruited from the community,

with no history or clinical evidence ofmajor neurological or psychiatric

disorders, and had normal performance on neuropsychological tests.
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The IMAP+ study was approved by local ethics committee (CPP Nord-

Ouest III) and registeredat http://clinicaltrials.gov (NCT01638949). All

participants gave their written informed consent to the study prior to

examinations.

2.2 Cognitive and clinical assessment

The participants underwent a comprehensive neuropsychological

assessment, described elsewhere.41,48 Global cognition was evaluated

with theMattisDementiaRatingScale (Mattis-DRS).49 Oneoutlierwas

identified for the Mattis-DRS, and analyses were performed with and

without this outlier (without substantial differences). To obtain robust

proxies of cognitive performance and reduce the issue ofmultiple com-

parisons, composite scores were computed. Scores at each individual

test were z-scored, using the Aβneg-controls as a reference, and aver-
agedby cognitive domains: episodicmemory (sumof theFree andCued

SelectiveReminding Test50 free recalls; free recalls from the “encoding,

storage, retrieval” paradigm51), working memory (forward and back-

ward digit span52) and executive functions (letter verbal fluency test53;

Trail Making Test53 flexibility score, calculated as the time difference

between parts B and A, divided by time at part A; Stroop Test53 inter-

ference score, representing the time difference between interference

and naming tasks, divided by time at naming). The TrailMaking Test and

Stroop Test z-scores were inverted so that higher values always reflect

better performance. Sociodemographic variables consisted of age, sex,

and years of education. As they are known to be related toWMH,1 the

following VRF were measured and controlled for in our analyses: sys-

tolic and diastolic BP and HbA1C, which corresponds to the 3-month

averaged blood sugar level and is related to diabetes mellitus risk. BP

measureswere averaged over six assessments (three consecutivemea-

sures at two different timepoints).

2.3 Structural MRI

MRI scans were acquired on a Philips Achieva 3T scanner. All exams

were performed at the Cyceron Center (Caen, France). A high-

resolution fast-field echo sequence T1-weighted scan (3D-T1-FFE

sagittal; repetition time TR = 20 ms; echo time TE = 4.6 ms; flip

angle = 10◦; 180 slices with no gap; slice thickness = 1 mm; field

of view = 256 × 256 mm2; in plane resolution = 1 × 1 mm2) and

a high-resolution T2-weighted FLAIR scan (3D-IR sagittal; TR/TE/TI

[inversion time] = 8000/348/2400ms; flip angle = 90◦; 90 slices

with no gap; slice thickness = 2 mm; field of view = 250 × 250

mm2; in-plane resolution = 0.78 × 0.78 mm2; Figure 1) were

acquired. Preprocessing was performed using Statistical Parametric

Mapping 12 (SPM12, MatLab v. 2018b; MathWorks), unless stated

otherwise.

For the automatic segmentation of WMH, raw FLAIR images were

coregistered onto their corresponding T1-weighted scan. Then, WMH

were segmented in the MRI-native space, using the lesion prediction

algorithm (LPA; Schmidt, Chapter 6.154) as implemented in the Lesion

F IGURE 1 Examples of periventricular white matter
hyperintensities (WMH) and subependymalWMH in the region of the
splenium of the corpus callosum (S-CC). The image on the left
corresponds to the axial T2-weighted fluid-attenuated inversion
recoverymagnetic resonance imaging (FLAIRMRI) of a 72-year-old
amyloid beta–positive Alzheimer’s disease (Aβpos-AD) womanwith
mild cognitive impairment. The image on the right corresponds to the
axial T2-weighted FLAIRMRI of a 54-year-old Aβpos-ADmanwith
dementia. Yellow arrows showmild periventricularWMHand red
arrows show subependymal hyperintensities in the region of the S-CC

Segmentation Toolbox version 2.0.15 (www.statistical-modelling.de/

lst.html) for SPM.Thealgorithmcalculates a lesionprobability score for

each voxel. Aminimumextend thresholdwas set to 0.01 cmş and lesion

probability maps were binarized by applying a threshold of 0.5. Result-

ing images were corrected for false positives in corticospinal tracts

if necessary, using a corticospinal tract mask specific to each partici-

pant (corticospinal hyperintensities being common artifacts in WMH

segmentations).55

Anatomic atlases were inversely normalized to native space of each

individual binary lesion map to extract the summed WMH volumes in

the frontal, temporal, parietal, and occipital lobes (Hammers atlas56), in

the corpus callosumand its subregions including thegenu, thebodyand

the splenium (JHU white matter adult atlases57), and in the periven-

tricular versus deep regions (using the standard limit of 10 mm from

the lateral ventricles to define periventricular vs. deepWMH34).WMH

volume in cmşwas defined as the voxel sizemultiplied by the total num-

ber of voxels labeled as lesions.48

Total gray matter volume (tGMV) and total intracranial volume

(TIV), calculatedby summing the tGMV,whitematter volume, and cere-

brospinal fluid volume, were estimated. Hippocampal volumes were

obtained using the ASHS-T1 pipeline (https://sites.google.com/view/

ashs-dox/home) and corresponded to the sum of the anterior and

the posterior bilateral hippocampus volumes. All segmentations were

visually inspected. Failed segmentations were manually edited when

feasible or were discarded. WMH, tGMV, and hippocampal volumes

were normalized by the TIV, to account for inter-individual variabil-

ity in head size. TIV-correctedWMHwere then log-transformed (after

adding a constant of 0.01 to all values to avoid log transformation

of zero values). All references to WMH in what follows correspond

to TIV-corrected and log-transformed volumes, unless otherwise

specified.

http://clinicaltrials.gov
http://www.statistical-modelling.de/lst.html
http://www.statistical-modelling.de/lst.html
https://sites.google.com/view/ashs-dox/home
https://sites.google.com/view/ashs-dox/home
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2.4 Amyloid PET

Florbetapir-PET (F18-AV-45) scans were acquired on a Discovery RX

VCT 64 PET-CT device (General Electric Healthcare) at the Cyceron

Center (Caen, France). Participants underwent a 20-min positron emis-

sion tomography (PET) scan, beginning 50 min after the intravenous

injection of Florbetapir adapted to the weight of the participants (≈

4 MBq/kg). Scans were acquired with a resolution of 3.76 × 3.76 ×

4.9 mm3 (field of view = 157 mm). Forty-seven planes were obtained

with a voxel size of 1.95 × 1.95 × 3.27 mm3. A transmission scan was

performed for attenuation correction before acquisition. After cor-

rection for randoms, decay, deadtime, attenuation, and scatter, raw

data were reconstructed using OSEM 2D and a Gaussian post-filter

(fwhm 2.14 mm) using Discovery VCTHD-64 GEMedical Systems ver-

sion 1.23.V40. PET images were corrected for partial volume effects

(PVE)withPMODTechnologies Ltd, coregisteredonto the correspond-

ing T1-weighted image and spatially normalized using the deforma-

tionparameters derived fromtheMRIprocedure, previously computed

with SPM. The resulting imageswere scaled, using cerebellar graymat-

ter as a reference to obtain standardized uptake value ratio (SUVR)

images. Finally, Florbetapir SUVR imagesweremasked to exclude non–

gray matter voxels. Global cortical SUVR was extracted from normal-

ized, scaled, and masked Florbetapir-PET images using a neocortical

mask (including the entire graymatter, except the cerebellum, occipital

and sensorymotor cortices, hippocampi, amygdala, and basal nuclei).58

Aβ-positivity was defined using a threshold of 0.99, corresponding to

the 99.9th percentile of SUVR distribution among cognitively unim-

paired young adults (< 40 years old, n= 45).59

Of note, PVE-corrected and PVE-uncorrected SUVR were highly

correlated and findings remained largely unchanged when using PVE-

uncorrected SUVR. As a result, only PVE-corrected data are presented

here.

2.5 Statistical analyses

Statistical analyses were performed using the R software version

3.5.2 (R Core Team, www.R-project.org). We compared sociodemo-

graphic, clinical, biological, and neuroradiological variables between

the two groups using Student’s t tests or nonparametric Wilcoxon

Mann-Whitney tests for continuous variables and Pearson χš for cat-
egorical data.

WMHwere then comparedbetweenAβpos-ADpatients andAβneg-
controls using Student’s t tests, and Cohen’s d effect size were cal-

culated. The same analyses were replicated using multivariate linear

models to adjust for age, sex, systolic BP, diastolic BP, andHbA1C.Anal-

yses of sensitivity and specificitywere performed for each regional raw

WMH volume to classify participants as Aβneg-controls or Aβpos-AD
patients (package pROC).

Then, to assess the relationships between regional WMH and cog-

nition in Aβpos-AD patients, multivariate linear models were per-

formed with cognitive performance (Mattis-DRS and the three com-

posite scores) as dependent variables, and each regional WMH mea-

sure separately as independent variables, controlling for age, sex, and

years of education. Analyses were repeated adjusting for cortical Aβ
load (Florbetapir SUVR), hippocampal volume, tGMV, and VRF. Finally,

analyses were conducted adding the interaction between WMH and

disease stage (MCI vs. dementia), to assess if the association between

WMH and cognition differed according to disease stage. The same

analyseswere repeated in the Aβneg-controls and are presented in the
supporting information.

Multiple comparisons errors were controlled for using the false dis-

covery rate (FDR) correction (accounting formultiple testing across the

four cognitive domains). In case of missing data, the participant was

excluded from the corresponding analysis. The significance level was

set to P< .05.

3 RESULTS

3.1 Clinical, demographic, and neuroimaging
characteristics of the population

Participants’ characteristics are summarized in Table 1 and detailed

in Table S1. By design, Aβpos-AD patients did not differ from Aβneg-
controls in terms of age, sex, years of education, systolic BP, dias-

tolic BP, or HbA1C. As expected, Aβpos-AD patients had lower per-

formance than Aβneg-controls on all cognitive tests (Table 1). Aβpos-
AD patients were mildly impaired with an averaged MMSE of ≈ 24/30

(normal range = 26–30). Most (42/54; 78%) showed mild deficits

(MMSE>20/30),while11/54 (20%)weremoderately impaired (MMSE

between 10 and 20), and no patients were severely impaired (MMSE

score<10/30; onemissing data). Compared toAβneg-controls, Aβpos-
AD patients showed larger total WMH, along with lower hippocam-

pal volume and tGMV.Within Aβpos-AD, patients withMCIwere older

than patients with dementia but they did not differ in terms of WMH

(Table S1).

3.2 Comparisons of regional WMH between
Aβpos-AD and Aβneg-controls

Aβpos-AD patients showed larger WMH than Aβneg-controls in all

brain regions (Table 2, Figure S1 in supporting information). The great-

est effect size was observed for the S-CC. Overall, a posteroante-

rior gradient was found with higher effects in posterior than ante-

rior regions. This was true both when considering the CC (S-CC > CC

body>CC genu) or the lobar distribution (largest effect in occipital vs.

lowest effect in frontal lobes; Table 2). Larger WMH concerned both

periventricular and deep WMH with a slightly higher effect in the lat-

ter. The S-CCWMH showed the best accuracy to differentiate Aβpos-
ADpatients fromAβneg-controls, with a sensitivity of 80%and a speci-

ficity of 65% for a threshold of 0.12 cmş forWMH volume (area under

the curve [AUC]= 74.5%, details in Figure S2).

http://www.R-project.org
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TABLE 1 Summary of demographics, cognitive, and imaging data in the Aβpos-AD and Aβneg-controls

Aβpos-AD Aβneg-controls P

Demographics and vascular risk factors

N 54 40

Age 71.02± 9.06 69.72± 6.87 .43

Sex (%male) 59.3 50.0 .37

Years of education 11.57± 3.73 12.47± 3.97 .30

Systolic BP (mmHg) 143.19± 22.08 144.26± 21.58a .82

Diastolic BP (mmHg) 79.19± 12.67 82.41± 12.46a .23

HbA1c (%) 5.81± 0.68b 5.72± 0.34d .48

Cognition

MMSE (raw score; max= 30) 23.94± 4.75a 28.77± 1.23 < .001

MMSE (range) [12–30] [26–30]

Mattis-DRS (raw score; max= 144) 126.10± 11.51c 141.47± 2.86 < .001

Mattis-DRS (range) [84–142] [132–144]

Episodic Memory (z-score) –3.23± 1.10b 0± 0.82 < .001

WorkingMemory (z-score) –0.67± 0.88a 0± 0.83 < .001

Executive Functions (z-score) –1.17± 1.07 0± 0.70 < .001

Neuroimaging

WMH (raw volume, cmş) 13.08± 13.54 5.91± 7.56 < .001

WMH (% of TIV) 0.95± 0.98 0.43± 0.56 .001

WMH (log) –0.59± 1.17 –1.37± 1.05 <.001

Amyloid burden (SUVR) 1.45± 0.29 0.87± 0.05 < .001

tGMV (dmş) 0.63± 0.07 0.65± 0.06 .007*

Hippocampal volume (cmş) 2.90± 0.46a 3.31± 0.36 < .001*

TIV (dmş) 1.37± 0.14 1.37± 0.14 .89

Notes: Values are reported asmean± standard deviation or percentage.

Statistical analyses were performed using Student’s t tests (for age, systolic BP, diastolic BP, Hba1C, MDRS, Episodic memory, Working memory, Executive

function, TIV,WMH [log], tGMV, and hippocampal volume),Wilcoxon rank tests (for level of education,MMSE, rawWMH,WMH [TIV-corrected], andAβ), and
Pearson χš (for sex). *Raw tGMV and hippocampal volumes were reported in the table, but statistical analyses were performed with TIV-corrected volumes.
a Onemissing data; b 2missing data; c 3 missing data ; d 4missing data. Significant p values are in bold.

Abbreviations: Aβ, amyloid beta; BP, blood pressure; MMSE,Mini-Mental State Examination;Mattis-DRS,Mattis Dementia Rating Scale; PET, positron emis-

sion tomography SUVR, standardized uptake value ratio (Florbetapir-PET); tGMV, total graymatter volume; TIV, total intracranial volume;WMH,whitemat-

ter hyperintensities.

3.3 Associations between regional WMH and
cognition

The associations between cognition and regional WMH in Aβpos-
AD patients, adjusted for age, sex, and years of education, are sum-

marized in Table 3. The strongest association was found between

larger S-CC WMH and lower global cognitive performance (Table 3,

Figure 2). The relationships between S-CC WMH and global cog-

nition remained significant after controlling for cortical Aβ load (P

FDR-corrected< .001), hippocampal volume (P FDR-corrected < .001), tGMV

(P FDR-corrected = .004) separately or all together (P FDR-corrected = .008;

Table 3).

The associations between global cognition and total WMH or other

regional WMH were also significant, except for frontal, deep, and CC

genu regions. Moreover, larger WMH in the CC (total, CC body, and

S-CC) were associated with lower executive functions. These relation-

ships remained after controlling for cortical Aβ load and hippocampal

volume, but not after controlling for tGMV (Table 3). After adjusting for

VRF (i.e., systolic BP, diastolic BP, andHbA1C), results remainedmainly

unchanged (Table S2 in supporting information).

Finally, there was an interaction between WMH and disease

stage (MCI vs. dementia) in the total, periventricular, temporal,

occipital, CC, and S-CC regions, with stronger associations between

WMH and cognition in demented patients (Figure S3 in supporting

information).

For the sake of comparison, analyses were repeated in the group of

Aβneg-controls. No significant relationships were found after correc-

tion for multiple comparisons (Table S3 in supporting information).
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TABLE 2 Total and regionalWMH in Aβpos-AD compared to Aβneg-controls

Aβpos-AD Aβneg-controls P * d (effect size)

Total 13.08 (13.54) 5.91 (7.56) < .001 0.71

Periventricular 8.28 (6.71) 4.25 (4.75) .002 0.67

Deep 4.63 (7.81) 1.54 (3.04) < .001 0.78

Frontal 4.29 (5.73) 2.18 (3.12) .022 0.48

Parietal 4.12 (5.04) 1.56 (2.35) .001 0.68

Temporal 1.60 (1.57) 0.69 (0.77) < .001 0.78

Occipital 1.44 (1.37) 0.66 (0.93) < .001 0.89

Corpus callosum 1.66 (1.42) 0.77 (1.02) < .001 0.75

Genu 0.39 (0.42) 0.23 (0.30) .010 0.54

Body 0.69 (0.73) 0.32 (0.44) .003 0.64

Splenium 0.58 (0.56) 0.22 (0.33) < .001 0.91

Notes: Values are reported asmean (standarddeviation) of rawWMHvolumes (cm3). *P-values of the Student’s t tests andCohen’s d (effect size) are indicated
for TIV-corrected and log-transformedWMH. All P values remain< .05 after correction for age, sex, systolic BP, diastolic BP, andHbA1C. Significant p values

are in bold.

Abbreviations: Aβ, amyloid beta; BP, blood pressure; TIV, total intracranial volume;WMH, whitematter hyperintensities.

4 DISCUSSION

Our aim was to assess the regional distribution of WMH and the asso-

ciation with cognitive deficits in Aβpos-AD patients (i.e., Aβ-positive
patients with AD clinical syndrome) compared to Aβneg-controls,
matched for VRF. We found that (1) WMH were larger in Aβpos-AD
patients, particularly in the S-CC and posterior regions, while differ-

ences were more subtle in the frontal lobe and CC genu and (2) larger

WMH were associated with worse cognitive performances in Aβpos-
AD patients, especially for the S-CC, periventricular and posterior

regions, and independently from cortical Aβ load, gray matter loss, or

VRF.

The overall larger volume of WMH in AD has been reported in sev-

eral previous studies.5–9 The regional specificity of WMH has rarely

been investigated. A few studies showed a posterior predominance of

WMH in AD.7,9,10 Moreover, WMH in posterior regions were found

to predict incident AD32,60,61 and to increase several years before the

expected symptom onset in autosomal-dominant AD.62 In line with

these previous reports, we showed that parietal, temporal, and occip-

ital WMH were more strongly associated with AD than frontal WMH.

We observed the same posteroanterior gradient in the CC, with a pre-

dominance of WMH in the posterior section of the CC (i.e., S-CC) in

AD patients. This specific finding is consistent with a previous study

that reported a larger volume of S-CCWMH in AD patients compared

to cognitively unimpaired participants, without significant differences

in the CC genu.7 WMH in the anterior subependymal region of the

S-CC (Figure 1) are sometimes mentioned in the literature63–65 but

rarely further assessed. Our study provides new evidence that poste-

riorWMH, andmore particularly S-CCWMH, are a core feature of AD.

They seem to occur relatively early in the disease progression, as most

of our patients were only mildly impaired (MMSE of 24 on average)

and there were no differences in WMH between MCI and dementia.

Interestingly, studies using diffusion tensor imaging evidenced early

microstructural alterations of the S-CC inAD.66–71 One previous study

specifically showedagreater involvementof theS-CC, compared to the

rest of the CC, in AD and proposed that this subregion could be par-

ticularly relevant to discriminate AD from vascular dementia,67 as the

CC genu is more vulnerable to cerebrovascular injuries.67,72,73 Finally,

we observed group differences both in periventricularWMH, as previ-

ously described,6–8 and deepWMH.

Regarding the relationships with cognition, stronger links were

found in the periventricular and posterior regions. As for callosal sub-

regions, S-CC WMH showed the strongest association with cognitive

deficits, independently fromamyloidburden, total graymatter, andhip-

pocampal atrophy. Our results align with a very recent study highlight-

ing voxel-wise associations between S-CC WMH and cognition (par-

ticularly attention deficits), in AD.74 In the present study, global cog-

nition was associated with periventricular WMH, while it was associ-

ated with deep WMH only when adjusting for amyloid burden or hip-

pocampal volume. This is in line with previous studies highlighting the

relevanceof deepversusperiventricularWMHdistinction,4,27,34 which

usually found a stronger link with cognitive deficits for periventricular

WMHthan for deepWMH.4,27 Thismight reflect the fact that the S-CC

(in whichWMHwere strongly associated with cognition) is included in

periventricular regions. We found WMH to be associated with global

cognition and executive functions (to a lesser extent), but not with

episodic or working memory. This is consistent with previous studies

showing the strongest effect size for the association with executive

functions.27 As regard to episodic memory, a link was found in some

previous studies, but the effect size was lower,27 which might explain

why it was not replicated here. Despite early development of posterior

WMH in AD (see above), associations between WMH and cognition

were stronger in demented patients compared toMCI patients, that is,

the downstream effects of WMH on cognition seem to appear at the
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TABLE 3 Association between total and regionalWMHand cognition in Aβpos-AD patients

Global cognition Episodic memory

β 95%CI P β 95%CI P

Total –0.50 [–0.80, –0.19] .01*†‡§ –0.09 [–0.45, 0.27] .62

Periventricular –0.53 [–0.83, –0.23] .00*†‡§ –0.12 [–0.48, 0.24] .51

Deep –0.39 [–0.70, –0.08] .06¶*† –0.01 [–0.35, 0.32] .93

Frontal –0.38 [–0.71, –0.05] .08¶ 0.00 [–0.37, 0.37] .99

Parietal –0.48 [–0.79, –0.18] .01*†‡§ –0.02 [–0.37, 0.33] .91

Temporal –0.46 [–0.76, –0.15] .02*†‡§ –0.12 [–0.47, 0.23] .50

Occipital –0.47 [–0.74, –0.20] .00*†‡ –0.15 [–0.46, 0.16] .34

Corpus callosum –0.47 [–0.75, –0.19] .01*†‡§ –0.16 [–0.50, 0.17] .33

Genu –0.24 [–0.54, 0.06] .14 –0.04 [–0.37, 0.29] .81

Body –0.41 [–0.70, –0.11] .03*† –0.15 [–0.49, 0.20] .40

Splenium –0.54 [–0.79, –0.29] .00*†‡§ –0.19 [–0.50, 0.12] .22

Workingmemory Executive functions

β 95%CI P β 95%CI P

Total –0.30 [–0.61, 0.01] .08 –0.35 [–0.67, –0.03] .07¶

Periventricular –0.26 [–0.57, 0.05] .14 –0.35 [–0.67, –0.02] .07¶

Deep –0.31 [–0.61, –0.02] .07¶ –0.30 [–0.61, 0.02] .08

Frontal –0.33 [–0.65, –0.02] .08¶ –0.27 [–0.61, 0.08] .17

Parietal –0.27 [–0.58, 0.04] .11 –0.35 [–0.67, –0.03] .07¶*

Temporal –0.16 [–0.47, 0.15] .40 –0.24 [–0.57, 0.08] .27

Occipital –0.24 [–0.52, 0.04] .11 –0.29 [–0.57, 0.00] .10

Corpus callosum –0.29 [–0.57, 0.00] .07 –0.40 [–0.69, –0.10] .02*†

Genu –0.26 [–0.55, 0.03] .14 –0.32 [–0.63, -0.02] .14¶

Body –0.26 [–0.56, 0.03] .11 –0.37 [–0.67, –0.06] .04*†

Splenium –0.24 [–0.52, 0.03] .11 –0.39 [–0.66, –0.11] .01*†

Notes: Standardized betas (β) with 95% confidence interval (95%CI) and corrected P-values are reported from regressionmodels where cognitive scores are

regressed ontoWMH (TIV-corrected and log-transformed), adjusted for age, sex, and level of education. Significant p values are in bold.

* Corrected P-values< .05 whenmodels were also adjusted for cortical Aβ.
†Corrected P-values< .05 whenmodels were also adjusted for hippocampal volume.

‡Corrected P-values< .05 whenmodels were also adjusted for tGMV.

§ Corrected P-values< .05 whenmodels were also adjusted for cortical Aβ, hippocampal volume, and tGMV.

¶ P-values< .05 before correction for multiple tests.

Abbreviations: Aβ, amyloid beta; tGMV, total graymatter volume; TIV, total intracranial volume;WMH, whitematter hyperintensities.

dementia stage. Future longitudinal studies with larger sample sizewill

be needed to further address this question.

Several hypotheses can be proposed to account for the larger vol-

ume of WMH in AD (compared to controls), particularly in the S-CC,

and their associations with cognition. WMH, as other cerebrovascular

lesions, could either add up to or interactwith ADpathology, leading to

AD clinical syndrome.14 Alternatively, WMH in AD could reflect spe-

cific non-vascularmechanisms, includingneurodegeneration causedby

AD pathology, as previously suggested by neuropathological75–77 or

neuroimaging studies,71 particularly in posterior white matter. In line

with this hypothesis, a recent study showed that anterior WMH were

associated with VRF, while posterior WMH were associated with Aβ-
positivity.10 Moreover, larger posterior WMH were found in middle-

aged autosomal dominant AD patients62 and patients with Down

syndrome,78 independently from VRF, reinforcing the idea that pos-

terior WMH lesions could have, at least partially, a nonvascular ori-

gin and be involved in AD pathophysiology. Our results align well with

this hypothesis for twomain reasons. First, the CC is known to be rela-

tively resistant to hypoperfusion,79 and the two groups of participants

(Aβpos-AD and Aβneg-controls) were matched in terms of VRF, mak-

ing vascular mechanisms less likely to be responsible for the observed

differences. Second, the S-CC is an important hub in AD, located at

the vicinity of brain areas that are the most sensitive to AD pathol-

ogy (e.g., posterior cingulate cortex and posterior hippocampus).42 It

is therefore possible that S-CCWMH are secondary to AD-pathology,

reflecting for instance Wallerian degeneration due to neurofibrillary

tangles in the hippocampal region. Studies assessing WMH per white

matter tracts would further test this hypothesis, that is, showwhether
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F IGURE 2 Associations between global cognition and regional white matter hyperintensities (WMH) in amyloid beta–positive Alzheimer’s
disease (Aβpos-AD). Association between regionalWMHand global cognition (Mattis Dementia Rating Scale [DRS]). Plots represent global
cognition regressed onto regionalWMH (total intracranial volume–corrected and log-transformed), controlling for age, sex, level of education
(with 95% confidence intervals). Standardized betas (β) were added. For the sake of illustration one outlier (Mattis-DRS= 84/144) was removed
from the figure (results were unchangedwith or without the outlier). Anatomic atlases were represented on the left panel for illustration purposes
(Hammers atlas for lobes at the top and JHU atlas for CC at the bottom)
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WMH in AD occur more specifically in tracts emanating from medio-

temporal regions. Although not directly assessing this question, Rizvi

et al. showed an association between memory function and larger

WMHwithin associationandprojection tracts rather than commissural

tracts, but not with the cingulum-hippocampus tract.39

Studies assessing the association between S-CC WMH and AD

pathologies (amyloid or tau) provided mixed results. A link was found

between S-CC WMH and cerebrospinal fluid (CSF) Aβ1-4280 and

amyloid-PET,81 but not CSF phosphorylated tau,80 while a recent

study found a significant association between globalWMHand plasma

total tau.82 Cerebral amyloid angiopathy may at least partially explain

the association between WMH and AD as well as the posteroanterior

gradient of WMH in AD.83–85 However, previous studies showed that

the larger volumeofWMH inADwas not entirelymediated by cerebral

amyloid angiopathy,86 and the relationship between CSF Aβ levels and
posterior WMH was independent from the presence of lobar cerebral

microbleeds, a key marker of cerebral amyloid angiopathy.80 Finally,

there are emerging evidences from animal82,87 and human studies82,88

that associate cerebrovascular disease with tau pathology, and it is

possible thatWMH, as a cerebrovascularmarker, promote tau accumu-

lation. Further studies, assessing the regional relationships between

cerebral tau burden, amyloid load, and WMH—especially in the S-CC

and/or in relevant white matter tracts—are needed to address these

issues. Altogether, our results highlight regional variability in the etiol-

ogy of WMH, with differential effects on cognition. Indeed, whatever

the specific nature (vascular and/or neurodegenerative) of posterior

WMH and notably of S-CC WMH, the predominance of these lesions

in Aβpos-AD patients and their strong association with cognitive

deficits shown in the present study highlight their clinical relevance

in AD.

The present study has some strengths and limitations. First, the

cross-sectional and observational design of the study prevents us from

assessing thedynamic evolutionofWMHinADand frommaking causal

interpretations. Second, VRF other than age, sex, BP, andHbA1c levels,

such as cholesterol level and smoking habits, were not considered; also,

other biomarkers of small vessel disease and cerebral amyloid angiopa-

thy, including cerebral microbleeds or lacunes, were not assessed. Our

cohort was relatively young (≈70 years), all White, highly educated,

with a higher range of VRF and WMH than in previous studies1,33,89

and all patients were recruited from memory clinics (and not from the

community). For these reasons, findings cannot be generalized to the

general population of older adults. Third, our sample sizewas relatively

limited, which could have prevented us from showing subtler effects

(e.g., associations between WMH and episodic memory). Finally, the

lack of tau measurement prevented us from assessing whether our

patients were tau-positive or not40 and did not allow us to address the

influence of tau pathology onWMH and their links with cognition. On

the other hand, strengths of this study include the systematic assess-

ment of WMH topography in terms of lobar and depth distribution,

and across the CC longitudinal axis. Moreover, patients were selected

to be in the AD continuum as defined by the NIA-AA 2018 Research

Framework,40 that is, with a significant amount of amyloid deposition

in the brain as measured with Florbetapir-PET, thus increasing the

likelihood of AD etiology and decreasing the risk of clinical misdiag-

nosis, particularly between AD and vascular dementia. Controls were

selected to be Aβ-negative, which reduced the risk of including indi-

viduals in the preclinical phase of AD,47, even if we cannot exclude the

presence of tau pathology in these participants. Amajor concern about

theWMH evidenced in AD patients is that they may be driven by VRF.

This issue has been addressed in our study by selecting VRF-matched

controls and by further adjusting our models for VRF. Finally, special

attention has been given to the statistical framework, adjusting the

models for possible confounding factors (i.e., cortical Aβ, hippocampal

volume, and tGMV, in addition to age, sex and education) and correct-

ing for multiple comparisons (accounting for multiple testing across

the four cognitive domains, but not for the multiple brain regions

analyzed).

In this study, we assessed the topography of WMH in AD and

the links with cognition in a well-characterized group of Aβ-positive
patients with AD clinical syndrome, compared to a group of Aβ-
negative controls, matched for the main VRF. We highlighted the clini-

cal relevance of posteriorWMH, and particularly of S-CCWMH, as the

region of most significant increase in AD, and of strongest associations

with cognition, independently from cortical Aβ, gray matter loss, and

VRF. Those results reinforce the importance of WMH in AD and pave

theway for further investigation of S-CCWMH inAD, andmore specif-

ically the nature of these lesions, to better understand their role in the

pathophysiological cascade of the disease.
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