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multimodal neuroimaging biomarkers of
Alzheimer’s disease
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Julie Gonneaud”, Robin de Flores”, Clémence Tomadesso®, Florence Mézenge®, Brigitte Landeau”,
Vincent de la Sayette®, Gaél Chételat® " and Miranka Wirth'™"

Abstract

Background: White matter hyperintensities (WMH) are frequently found in Alzheimer’s disease (AD). Commonly
considered as a marker of cerebrovascular disease, regional WMH may be related to pathological hallmarks of AD,
including beta-amyloid (AB) plagues and neurodegeneration. The aim of this study was to examine the regional
distribution of WMH associated with AP burden, glucose hypometabolism, and gray matter volume reduction.

Methods: In a total of 155 participants (IMAP+ cohort) across the cognitive continuum from normal cognition to
AD dementia, FLAIR MRI, AV45-PET, FDG-PET, and T1 MRI were acquired. WMH were automatically segmented from
FLAIR images. Mean levels of neocortical AR deposition (AV45-PET), temporo-parietal glucose metabolism (FDG-
PET), and medial-temporal gray matter volume (GMV) were extracted from processed images using established AD
meta-signature templates. Associations between AD brain biomarkers and WMH, as assessed in region-of-interest
and voxel-wise, were examined, adjusting for age, sex, education, and systolic blood pressure.

Results: There were no significant associations between global AR burden and region-specific WMH. Voxel-wise
WMH in the splenium of the corpus callosum correlated with greater AR deposition at a more liberal threshold.
Region- and voxel-based WMH in the posterior corpus callosum, along with parietal, occipital, and frontal areas,
were associated with lower temporo-parietal glucose metabolism. Similarly, lower medial-temporal GMV correlated
with WMH in the posterior corpus callosum in addition to parietal, occipital, and fontal areas.
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typical AR deposition and neurodegeneration.

Conclusions: This study demonstrates that local white matter damage is correlated with multimodal brain
biomarkers of AD. Our results highlight modality-specific topographic patterns of WMH, which converged in the
posterior white matter. Overall, these cross-sectional findings corroborate associations of regional WMH with AD-

Keywords: Cerebrovascular disease, Alzheimer's disease, Alzheimer's disease pathology, White matter lesion

Introduction

White matter hyperintensities (WMH), as quantified
using fluid-attenuated inversion recovery (FLAIR) mag-
netic resonance imaging (MRI), are recognized as a
marker of cerebrovascular disease [1] that is robustly as-
sociated with age [2, 3] as well as cardiovascular risk fac-
tors [4, 5]. The presence of WMH is also related to
lower cognitive performance [6, 7] and increased risk of
clinical Alzheimer’s disease (AD) ([8, 9], for review see
[10]), suggesting an involvement of WM damage in AD
pathogenesis.

Previous studies have suggested that WM pathology
could be directly related to pathological hallmarks of
beta-amyloid (AB) plaques, tau tangles, and neurodegen-
eration, measured using sensitive in vivo positron emis-
sion tomography (PET), cerebrospinal fluid (CSF), or
magnetic resonance imaging (MRI) biomarkers. Thus,
greater presence and extend of WMH were previously
associated with greater AP deposition in some cross-
sectional studies [11-15], although not consistently
found [16], as well as lower glucose metabolism [17] and
reduced gray matter volume (GMYV) [2] in brain regions
typically affected by AD. At the same time, tau pathology
was not consistently related to global (whole brain) or
regional WMH, with some authors reporting effects
[18-20], not found by others [11, 12].

In the existing literature, global WMH descriptors are
often used to quantify WM pathology and to assess re-
spective relationships with brain biomarkers of AD. This
methodological approach is masking out specific re-
gional effects. Therefore, voxel-wise mapping methods
were recently used to determine topographic patterns of
WM lesions that are associated with AP and/or tau bur-
den [11, 12]. Findings across these independent cohort
studies provide convergent support for the involvement
of periventricular posterior brain regions in the associ-
ation between AP deposition and regional WMH, which
is not seen for tau burden. Similarly, a recent study dem-
onstrated an age-dependent increase in posterior WM
alterations (as assessed by mean diffusivity and WMH)
in individuals with abnormal AP deposition across the
life span [21].

The present study aimed to extend previous findings
and corroborate a possible link between multimodal
brainbiomarkers of AD and regional WM damage. Here,

we systematically investigated associations of spatial
WMH distribution, as determined using regions-of-
interest (ROIs) and the voxel level approach, with neo-
cortical AP burden, temporo-parietal hypometabolism,
and medial-temporal GMV reduction. All neuroimaging
biomarkers were assessed in the same participants se-
lected to span the broad continuum of cognitive abil-
ities from cognitively normal to mild cognitive
impairment and AD dementia. Our main objective was
to highlight topographic patterns of WM lesions that are
associated with AD-typical Ap deposition and
neurodegeneration.

Material and methods

Participants

All participants took part in a larger multimodal imaging
study of early-stage AD (“Imagerie Multimodale de la
maladie d’Alzheimer a un stade Précoce”, IMAP+) con-
ducted in Caen (France). The subset of cognitively nor-
mal participants was included in our earlier study on
WMH in IMAP+ [3]. Inclusion and exclusion criteria of
the IMAP+ cohort are detailed in our previous publica-
tions [3, 22, 23]. Briefly, participants were all aged =50
years, had at least 7 years of education, and had no his-
tory of alcoholism, drug abuse, head trauma, or psychi-
atric disorders. The IMAP+ study was approved by the
regional ethics committee (Comité de Protection des
Personnes Nord-Ouest III) and registered at http://
clinicaltrials.gov (no. NCT01638949). All participants
gave their written informed consent to the study prior to
enrollment.

Participants were assigned to groups of either older
controls (OC) or individuals with subjective cognitive
decline (SCD), mild cognitive impairment (MCI), or AD
dementia. Diagnostic criteria for all diagnostic groups
are described in a previous publication [22, 23]. In brief,
OC were recruited from the general population through
advertisement or word of mouth. Participants with SCD,
MCI, and AD were recruited from local memory clinics
and selected according to internationally agreed criteria
(see below). Clinical diagnoses were assigned by a multi-
disciplinary panel of senior neurologists and
neuropsychologists.

The OC and SCD participants had cognitive perfor-
mances in the normal age-related range on a
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standardized neuropsychological examination. The pres-
ence of SCD was diagnosed, when cognitive concerns
were self-reported to the clinician during the interview
and on a cognitive complaint questionnaire, as previ-
ously described [24, 25]. Patients with MCI were diag-
nosed according to the criteria of single or multiple
domain amnestic MCI [26, 27], concluding memory
complaints, objective episodic memory deficits, normal
general cognitive status, normal daily functioning, and
absence of dementia. Patients with AD were diagnosed
using standard clinical criteria of the National Institute
of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disor-
ders Association (NINCDS-ADRDA) for probable AD
[28].

Participants were selected from the IMAP+ database,
when both a high-resolution FLAIR and a T1 scan were
available. For PET measurements, no acquisition or bad
image quality resulted in the absence of AV45-PET
scans for 6 OC, 2 participants with SCD, and 2 MCI and
2 AD patients and the absence of FDG-PET scans for 1
OC, 1 participant with SCD, and 1 MCI and 1 AD pa-
tient (Table 1). All MRI and PET assessments were per-
formed in close temporal proximity (within 3 months).

MRI acquisition and processing

All MRI scans were acquired on a 3-T Achieva scanner
(Philips, The Netherlands). Participants first underwent
high-resolution T1-weighted anatomical volume imaging
using a 3D fast field echo (FFE) sequence (3D-T1-FFE
sagittal; repetition time =20 ms, echo time = 4.6 ms, flip
angle = 20°, 180 slices, slice thickness=1mm, no gap,

Table 1 Sample characteristics
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field of view =256 x 256 mm®, matrix = 256 x 256,
plane resolution =1 x 1 mm?). This acquisition was
followed by a FLAIR acquisition using a 3D-IR sagittal
sequence (repetition time = 8000 ms, echo time = 348 ms,
flip angle = 90°, 90 slices with no gap, slice thickness =2
mm, field of view = 250 x 250 mm?, matrix = 320 x 320,
in-plane resolution = .78 x .78 mm?).

Structural MRI data were segmented and warped to
Montreal Neurologic Institute (MNI) template space
using the “Segment” procedure implemented in voxel-
based morphometry (VBM) [29, 30] using multichannel
images (T1 and FLAIR) and Statistical Parametric Map-
ping 12 (SPM) software (Wellcome Trust Centre for
Neuroimaging, London, UK) to obtain maps of gray
matter (GM). After binarizing gray matter maps in tem-
plate space with a threshold of .5, total GMV was ex-
tracted using modality-specific AD meta-signature
regions, as previously established in an independent co-
hort [31]. The gray matter meta-signature regions that
comprised regions in the bilateral medial-temporal corti-
ces found to show reduced GMV in an independent
sample of AD patients from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database. Moreover,
total intracranial volume (TIV) was computed as the
sum of volumes of GM, WM, and CSF using the SPM
“Tissue volume” routine.

Processing of FLAIR scans is described in detail in our
previous publication [3]. Briefly, WMH probability maps
were computed using lesion prediction algorithm (LPA)
as implemented in the lesion segmentation toolbox
(LST) (version 2; https://www.applied-statistics.de/lst.
html) for SPM (www.statistical-modelling.de/Ist.html)

in-

Variable All oC SCD McCl AD p

n =155 n =51 n =28 n =51 n=25
Age, years 69.9 (7.8) 70.8 (64) 67.1 (7.4) 733 (7.2) 68 (10.2) 00279
Sex, n females (%) 86 (55.5) 24 (47.1) 17 (60.7) 29 (56.9) 16 (64) 466
Education, years 119 (37) 122 (38) 134 (3.5) 11 (36) 116 (3.3) 0459
Apok, allele 4 carriers (%)* 49 (336) 10 (196) 3(11) 21 (44.7) 15 (71.4) < 001Pcdef
MMSE, /30* 267 (38) 287 (1.2) 29 (1.1) 267 (19) 20 (4.5) < 001Pcdef
Systolic blood pressure, mmHg" 1424 (21.5) 1452 (20.8) 135.3 (22.6) 145 (23.4) 1384 (16.2) A7
Diastolic blood pressure, mmHg* 80.1 (124) 826 (124) 785 (12.4) 79.1 (13.3) 787 (10.2) 401
AV45-PET SUVR in AD meta-signature® 1.28 (.25) 113 (13) 114 (14) 1.36 (25) 153 (25) < 001Pcdef
FDG-PET SUVR in AD meta-signature” 138 (13) 145 (08) 147 (1) 1.34 (09) 124 (16) < 00o1°cdef
GMV in AD meta-signature, mL 7.81 (1.03) 8.29 (68) 8.31 (68) 732 (1.07) 7.24 (1.15) < 001Pcde
WMH volume, mL 1014 (11.24) 6.34 (6.9) 821 (9.65) 12,98 (15.07) 1427 (1352) 005

OC older controls, SCD participants with subjective cognitive decline, MC/ patients with mild cognitive impairment, AD patients with Alzheimer’s disease, ApoE
apolipoprotein E, MMSE Mini-Mental State Examination, AV45 florbetapir, FDG fluorodeoxyglucose, GMV gray matter volume, WMH white matter hyperintensities,

mmHg millimeter of mercury, mL milliliter

Results are presented as mean (standard deviation) for continuous variables. Percentage of females and percentage of allele 4 carriers are also reported for sex
and ApoE, respectively. Significant differences at p < .05 between 20C and SCD, POC and MCl, <OC and AD, 9SCD and MCI, °5CD and AD, and ‘MCl and AD.
*Missing data for OC/SCD/MCI/AD participants: ApoE, 0/1/4/4; MMSE, 0/0/0/1; blood pressure measures, 3/4/1/0; AV45-PET, 7/2/2/2; FDG-PET, 1/1/1/1
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[32] based on T1 and FLAIR images. Processing in-
cluded a registration of FLAIR images to respective T1
scans and computation of native-space lesion probability
maps. To quantify regional WMH volumes, native-space
lesion probability maps were binarized (threshold =.5)
with a minimal cluster extent of 10 mm?®. Next, two pro-
cessing pipelines were applied to evaluate the distribu-
tion of WMH (see below).

ROI-based processing

Total WMH volume was extracted from different
regions-of-interest (ROIs) in cerebral WM. ROIs were
selected in accordance with the previously published
STRIVE criteria [1]. In total, the following twelve ROIs
were created: the four lobes of the brain (WM in frontal,
temporal, parietal, and occipital), four major WM tracts
(corona radiata, external capsule, internal capsule, and
optic radiation), and three subsections of the corpus cal-
losum (WM of genu, body, and splenium), as reported
by an earlier study [12]. These ROI masks were calcu-
lated by aggregating different WM regions from the
Desikan atlas [33] for lobes and corpus callosum or the
ICBM-DTI-81 WM labels atlas [34] for WM tracts. In
addition, a global cerebral WM mask was created in-
cluding the whole cortex, excluding ventricles, brain-
stem, and cerebellum. Binary ROI masks were computed
in MNI template space and projected back onto individ-
ual native-space images using the inverse transformation
matrices calculated during the VBM procedure. Total
WMH volumes were calculated for each ROI and di-
vided by TIV (described below) to take into account the
variability of brain volumes.

Voxel-based processing

Native-space WMH probability maps were warped to
MNI space using deformation fields previously com-
puted by VBM processing. Then, warped probability
maps were smoothed using an isotropic 6-mm full-width
at half-maximum (FWHM) kernel. A WMH frequency
map across the whole cohort was computed by aver-
aging individual warped WMH probability maps from all
participants binarized at p >.5 and masked by the global
cortical mask (described above).

PET acquisition and processing

Participants also underwent AV45-PET and FDG-PET
scanning within 3 months after MRI. Data was acquired
on a Discovery RX VCT 64 PET-CT scanner (General
Electric Healthcare, USA) with a resolution of 3.76 x
376 x49mm (field of view=157mm). Forty-seven
planes were obtained with a voxel size of 1.95 x 1.95 x
3.27 mm. A transmission scan was performed for attenu-
ation correction prior to PET acquisition. For AV45-
PET acquisition, ~4MBq/kg of AV45 was injected

Page 4 of 11

intravenously to each subject. Then, a 20-min PET scan,
beginning 50 min after the injection, was acquired. For
FDG-PET acquisition, participants were fasted for at
least 6 h before tracer injection. After a 30-min resting
period in a quiet and dark environment, ~ 180 MBq of
FDG was intravenously injected as a bolus. The PET ac-
quisition scan began 50 min post-injection for a duration
of 10 min.

Both AV45- and FDG-PET data were co-registered to
the corresponding T1-weighted MRI image and warped
to MNI space using the deformation fields calculated
during the VBM procedure (described above). PET im-
ages were then semi-quantitatively scaled using whole
cerebellar and brainstem pons as a reference, respect-
ively, for AV45- and FDG-PET [32] to obtain standard-
ized uptake value ratio (SUVR) images.

Mean SUVR values were extracted within brain re-
gions typically affected in AD, using modality-specific
AD meta-signature regions [31]. The AD meta-signature
for AV45-PET included all neocortical regions, exclud-
ing para-hippocampi, pre- and post-central gyri, and oc-
cipital cortices. The FDG-PET meta-signature included
temporo-parietal, precuneal, and posterior cingulate cor-
tices of both hemispheres.

Assessment of additional measures

The Mini-Mental State Examination (MMSE) [35] was
administrated to all participants to measure global cog-
nitive functioning. Education was measured by years of
formal schooling. Systolic blood pressure (SPB) and dia-
stolic blood pressure (DBP) were assessed either before
the MRI or/and PET scans (in the latter case, an average
value was computed). Blood pressure measures were un-
available for eight subjects and were thus replaced by
the mean of all SBP measures over all available partici-
pants. Genotyping of apolipoprotein E (APOE) was
established in accordance with standard procedures: re-
striction of isotyping from genomic DNA extracted from
frozen leukocytes, amplification by PCR, and restriction
with Hhal [36]. Based on this procedure, all participants
were classified as ApoE €4 carrier when at least one al-
lele of €4 was present.

Statistical analyses

Statistical analyses were performed using IBM SPSS Sta-
tistics, version 23.0 (IBM Corp., Armonk, NY). Sample
characteristics were evaluated as follows. One-way ana-
lysis of variance (ANOVA) models with group (OC,
SCD, MCI, or AD) as fixed factor was used for continu-
ous variables and Student’s ¢ test for pairwise differences.
Between-group differences for categorical variables were
assessed using the Freeman—Halton extension of Fisher’s
exact probability test and x* (chi-squared) tests for pair-
wise comparison. The distribution of continuous
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biomarkers measured at the regional level was assessed
for approximate symmetry using visual inspection of Q-
Q plots. Global and regional TIV-adjusted WMH vol-
umes and mean AV45-SUVR values were thereafter log-
transformed to reduce skewness and conform measures
more closely to normal distribution. Statistical analyses
were conducted across the entire cognitive spectrum, in
order to assess a range of individuals in whom there is
sufficient variance in brain pathology due to AB depos-
ition, neurodegeneration, and WM damage.

ROI analyses were performed in the entire sample
using partial correlation analyses to assess the relation-
ship between total log-transformed WMH volumes in
each ROI and each of the AD brain biomarkers (mean
AV45-SUVR, mean FDG-SUVR, and total GMV in
modality-specific AD meta-signature regions). Age, sex,
education, and SBP were added as covariates of non-
interest. Results are presented at p < .05 uncorrected. In
addition, correction for multiple comparisons using Bon-
ferroni correction (corresponds to p <.05/12 =.0042) is
presented.

Voxel-based analyses were performed in the entire
sample using SPM12. Three models of multiple regres-
sions were computed with warped and smoothed prob-
ability maps of WMH as dependent factor; mean AV45-
SUVR (log-transformed), mean FDG-SUVR, and total
GMYV in AD meta-signature regions (one at a time) as
independent variables; and the same covariates of non-
interest as for ROI analyses (i.e., age, sex, education and
SBP, and TIV for the last model). Results are presented
at p <.005 uncorrected at peak level with a cluster ex-
tend of >150 voxels. In addition, a more conservative
threshold at p<.005 uncorrected at peak level in
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combination with a correction for multiple comparisons
(family-wise error [FWE] correction) at the cluster level
p < .05 was applied.

Results

Sample characteristics

Demographic, clinical, and biomarker characteristics of
the sample are presented in Table 1. A total of 155 par-
ticipants, 51 OC, 28 SCD, 51 MCI, and 25 AD patients,
were included in this study. Across diagnostic groups, a
significant effect of age (p=.002) and a minor effect of
years of education (p =.045) were found. Groups were
comparable in gender distribution as well as SBP or DBP
(all p’s >.1). MMSE scores, number of ApoE &4 carriers,
AD neuroimaging biomarkers, and total WMH volumes
significantly differed across groups (all p’s < .01).

Analyses in regions-of-interest

Results of the ROI-based analyses are presented in
Table 2. There were no significant associations between
mean cortical AV45-SUVR values and WMH volumes in
any of the twelve ROIs (all p’s > .1 corrected and uncor-
rected). Lower mean FDG-SUVR was significantly asso-
ciated with greater WMH volume, mainly in the whole
cerebrum, the posterior lobes, corona radiata, internal
capsule, and body and splenium of the corpus callosum
(all p’s < .05 corrected). Lower GMV was significantly
related to greater WMH volume in all ROIs (all p’s < .05
corrected). In addition, both neurodegeneration bio-
markers were related to the optic radiation at the more
liberal uncorrected threshold. No significant positive as-
sociations were observed for FDG-SUVR and GMV
biomarkers.

Table 2 Relationships of AV45-SUVR, FDG-SUVR, and GMV with WMH volume in regions-of-interest

Regional WMH volume AV45-SUVR FDG-SUVR GMV
r p r p r

Global WM 056 517 — 300 < 001°° — 354 < 001°°
Frontal WM - 030 724 - 035 677 - 372 < 001°°
Temporal WM 002 977 - 153 064 - 3% < .001%P
Occipital WM 064 453 — 300 < 001°° — 409 < 001°°
Parietal WM 045 602 - 242 003*° - 380 < 001%P

. Corona radiata 026 763 — 285 < .001%° - 382 <0012k
External capsule 060 485 - 097 245 - 319 < .001%F
Internal capsule 056 513 - 371 < .001%P — 42 < .001%P
Optic radiation 039 647 - 198 016° - 75 032°

iii. Genu corpus callosum 035 684 —.164 047° - 312 < .001%P
Body corpus callosum 114 184 — 256 002%P — 247 002%°
Splenium corpus callosum 130 128 — 443 < 0010 — 442 < .001%P

SUVR standardized uptake value ratio, AV45 florbetapir, FDG fluorodeoxyglucose, GMV gray matter volume, TIV total intracranial volume, WM white matter
Results of the Pearson correlation analysis, adjusted for covariates of age, sex, education, and systolic blood pressure. WMH volumes in regions-of-interest (ROIs)
were adjusted for TIV and log-transformed; AV45-SUVR were also log-transformed. ROI in (i) brain lobes, (ii) WM tracts, and (iii) corpus callosum. ®Significant result

at p < .05 uncorrected. PSignificant result at p < .05 Bonferroni-corrected
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Voxel-based analyses
The frequency map of WMH in our whole cohort is pre-
sented in Fig. la. All lobar regions comprised WMH,
with more than half of the participants presenting
WMH in frontal and parietal mainly periventricular
regions.

Results of voxel-wise analyses are presented in Table 3
and Fig. 1b—d. There was no significant positive
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association between the global AV45-SUVR and regional
WMH distribution (p < .005 uncorrected, p < .05 FWE
cluster-level correction). At a more liberal statistical
threshold (p < .005 uncorrected), WMH in the splenium
extending to the body of the corpus callosum were asso-
ciated with greater AV45-SUVR. No significant negative
associations were found between WMH and AV45-
SUVR at the given statistical thresholds. Regional WMH

(A) WMH frequency map

%
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0415
0.2

0.04
0.0 0.1 0.2 0.3
AV45 (log SUVR)

(mean probability)

WMH

0.8
0.6
0414 -
0.2
0.0

(mean probability)

WMH

1012141618

FDG (SUVR)
208 ¢
§o.e s
O 044 o
2 >
0.2
c
< S oo

(m

345678
GMV (TIV adjusted)

Fig. 1 Frequency map and results of voxel-based analyses. a WMH frequency map across the whole cohort (n = 155) thresholded at 5% used as
an explicit mask in regressions analyses. b—d Relationships between AV45-SUVR (b), FDG-SUVR (c), GMV (d), and spatial WMH distribution at the
voxel level (dependent variable). Topographic patterns are displayed at p < .005 uncorrected. Corresponding scatter plots visualize the respective
relationships using unadjusted values for the whole cohort. Circles represent individual data points (blue = OC, green = SCD, orange = MC|, red =
AD), lines indicate linear trends, gray-shaded areas indicate 95% confidence intervals. e Superposition of the three topographic patterns (b, ¢, and
d) with blue = FDG-SUVR only, green = GMV only, orange = superposition FDG-SUVR/GMV, and red = superposition AV45-SUVR/FDG-SUVR/GMV.
OC older controls, SCD participants with subjective cognitive decline, MCl patients with mild cognitive impairment, AD patients with Alzheimer's
disease, WMH white matter hyperintensities, SUVR standardized uptake value ratio, AV45 florbetapir, FDG fluorodeoxyglucose, GMV gray matter
volume, TIV total intracranial volume.
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Table 3 Relationships of AV45-SUVR, FDG-SUVR, and GMV with WMH at voxel level

Regression Label Hemisphere Cluster Peak of cluster
WMH with p Size z MNI coordinates
value X y z

AV45-SUVR Splenium corpus callosum? Left 392 199 345 -6 -32 18

FDG-SUVR Splenium corpus callosum®® Left 004 2321 737 -4 -33 20
Corticospinal tract®® Right 01 1803 6.09 30 -18 33
Inferior occipital® Left 205 361 428 -20 -87 2
Superior frontal-occipital fasciculus® Right 255 288 333 24 14 22
Superior frontal-occipital fasciculus® Left 173 419 3.07 -22 3 22

GMV Body corpus callosum?® Both 044 1031 7.68 0 27 4
Anterior corona radiata®® Right < .001 6449 6.89 15 30 -10
Anterior corona radiata®® Left < .001 4264 6.54 -18 33 -8

SUVR standardized uptake value ratio, AV45 florbetapir, FDG fluorodeoxyglucose, GMV gray matter volume, MNI Montreal Neurologic Institute, TIV total

intracranial volume

Results of linear regression analysis between AV45-SUVR, FDG-SUVR, and GMV and the smoothed WMH probability maps, adjusted for age, sex, education, systolic
blood pressure, and TIV (only for GMV). Anatomical labels, coordinates in MNI template space, and z values of the cluster peak are provided as well as cluster p
value and cluster size. ®Significant result at p < .005 uncorrected. Significant result at p < .005 uncorrected with family-wise error correction (p < .05) at the

cluster level

were negatively associated with temporo-parietal FDG-
SUVR. This pattern included posterior WM (parietal
and occipital lobes), the splenium of the corpus callosum
extending to the body and genu of the corpus callosum
and the right corticospinal tract (p < .005 uncorrected, p
< .05 FWE cluster-level correction). Medial-temporal
GMYV was also negatively associated with regional WMH
in many brain regions, including posterior regions, the
corpus callosum, and the superior and anterior corona
radiata, but also in the optic radiation and the corticosp-
inal tract. No significant positive associations were ob-
served for FDG-SUVR and GMV biomarkers.

Superposition of the three topographic patterns (Fig.
le), i.e, associations of AV45-SUVR, FDG-SUVR, and
GMV with voxel-based WMH (Fig. 1b—d), converged on
a common region in the posterior part of the corpus cal-
losum (Fig. le, in red). Moreover, most of the WM re-
gions associated with FDG-SUVR overlapped with the
GMV-associated WM pattern (Fig. le, in orange) pre-
dominately in posterior regions.

In a post hoc sensitivity check, we restricted our statis-
tical analyses (ROI-based and voxel-based) to non-
demented participants, excluding participants with AD.
Adjusting for age, sex, education, systolic blood pressure,
and TIV (for GMV), significant associations between re-
gional WM alterations and GMV as well as FDG-SUVR
were maintained, albeit at a less stringent p value thresh-
old. We did not find a significant correlation between
regional WMH and AV45-SUVR, likely reflecting lower
presence of AD pathology in the restricted sample.

Discussion
This study examined associations between regional
WMH, as assessed in regions-of-interest and voxel-wise,

with multimodal brain biomarkers of AD across a broad
cognitive spectrum. WMH in periventricular frontal and
parietal areas were mainly associated with temporo-
parietal hypometabolism as well as medial-temporal at-
rophy. While topographic patterns varied across imaging
modalities, WM alteration in the posterior white matter
was associated with greater manifestation of both neuro-
degeneration and AP pathology (albeit at a more liberal
threshold). Together, these cross-sectional findings cor-
roborate associations between regional WM damage and
brain biomarkers of AD pathophysiology.

Association between WMH and A deposition

There was no significant relationship between neocor-
tical AP burden and region-specific WMH. Voxel-wise
WMH correlated with AP deposition at a more liberal
statistical level in a small posterior cluster localized to
the splenium of the corpus callosum. Interestingly, this
specific topographic pattern was also found in previous
reports, using PET or CSF measures of AP pathology
[12, 37]. Other imaging studies with cognitively normal
or non-demented older participants have shown associa-
tions between regional WMH (frontal and parietal) and
elevated AP deposition at baseline and over time [11,
38]. By contrast, more global descriptorsof WM path-
ology appeared to be unrelated to AP burden in cogni-
tively normal older participants [39, 40], while a
significant relationship was seen in a mixed cohort of
patients with cognitive impairment [13].

In the present study, the association between regional
WMH and AD-typical AP deposition was subtle and
limited in statistical power. When restricting our ana-
lyses to non-demented participants, the relationship was
no longer significant. This could be explained by our
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moderate sample size, the lower range of AD pathology
in the non-demented subgroup, or by the global quanti-
fication of AP deposition using AD meta-signature re-
gions [31]. To re-evaluate the respective relationship,
future studies could be enriched by patients with bio-
logical evidence of AD through inclusion of AD bio-
markers in diagnostic criteria. In addition, existing
variations across studies may be explained by differences
in the manifestation of vascular conditions and other
pathologies in the enrolled participants.

Association between WMH and neurodegeneration

We found that WMH, including regions in the posterior
lobes, the corpus callosum, and anterior areas, were as-
sociated with brain biomarkers of AD-typical neurode-
generation. In accordance with our findings, global
WMH burden was previously associated with metabolic
and structural patterns of brain injury commonly seen in
AD [2, 17, 41]. In more detail, topographic WMH pat-
terns that correlated with temporo-parietal hypometabo-
lism and medial-temporal GMV reduction incorporated
posterior lobes (parietal, occipital), parts of the corpus
callosum (mostly splenium and body), and the corona
radiata. Additional associations were found in bilateral
frontal WM regions and WM tracts, such as external
capsule, though more prominently seen for the GMV
biomarker.

The present neurodegeneration biomarkers are sensi-
tive to AD pathology [42, 43]; however, they are not spe-
cific. Nonetheless, the distribution of associated WM
damage, particularly within posterior brain regions, con-
verges with the topographic pattern detected in a previ-
ous study using CSF biomarkers of AD pathology [12].
Notably, WMH and other vascular factors were previ-
ously associated with lower glucose metabolism in
frontal regions [44—46]. We report a similar relationship
with temporo-parietal glucose metabolism in this and
our earlier study [17]. The latter association was identi-
fied by our specific methodological approach, i.e., correl-
ating glucose metabolism as measured in AD signature
regions (namely temporo-parietal, precuneal and poster-
ior cingulate cortex) with the spatial WMH distribution.
Discrepancies in the regional manifestation of metabolic
dysfunction, associated with WMH, could be explained
by the presence of mixed etiologies underlying WMH
(vascular or AD-related pathology) and need to be fur-
ther investigated.

Synopsis

Overall, this cross-sectional study confirmed associations
between regional WMH distribution and multimodal
brain biomarkers of AD. Interestingly, topographic pat-
terns of the observed WMH effects converged in the
splenium of the corpus callosum, mirroring previous
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findings in clinical samples. In AD patients, significantly
greater WMH were found in posterior periventricular
regions and the splenium of the corpus callosum com-
pared to healthy controls, with MCI patients in the
intermediate range [47]. On the other hand, WM atro-
phy in the posterior corpus callosum was formerly
linked to lower posterior glucose metabolism in AD pa-
tients, a relationship that was independent of WMH
[48]. Together, the evidence appears to support an asso-
ciation between AD pathophysiology and posterior WM
alteration, which is suggested to play a role in cognitive
dysfunctions seen in AD [47].

We cannot specify the sequence of pathophysiological
events underlying our observations. It is possible that
AD pathology disrupts regional WM integrity or, vice
versa, WM injury of presumed vascular origin hastens
AD pathogenesis. For example, it was proposed that pos-
terior WM damage may occur in parallel with or sec-
ondary to AD neurodegenerative alterations through a
loss of intra-cortical neural connections [48, 49]. Depos-
ition of AP may be associated with cerebral amyloid
angiopathy, a small vessel disease frequently seen in AD
patients (for review see, [50]), thought to contribute to
regional WM damage. On the other hand, it is also pos-
sible that a vascular pathogenic event, such as ischemia,
may induce both WM injury and degenerative pathology
or increase the vulnerability of the brain to AD
pathogenesis.

Strengths and limitations

Strengths of our study encompass the inclusion of multi-
modal neuroimaging biomarkers of AD to systematically
investigate associated topographic patterns of WMH
within regions-of-interest and at the voxel level. Also,
the present monocentric cohort incorporated the cogni-
tive continuum from cognitive normality to mild cogni-
tive impairment and AD dementia. All neuroimaging
data were acquired in the same participants using the
same MRI and PET scanners and underwent standard-
ized quality control. Such methodical characteristics are
of advantage for, e.g., automatic segmentation algo-
rithms. We believe that the unique combination of high-
quality multimodal neuroimaging biomarkers outwaits
to some extend the moderate sample size and comple-
ments previous studies using a similar methodological
approach [11, 12].

Limitations of our study include the cross-sectional
nature of the design, which precludes to draw direct
conclusions on causality. Larger longitudinal studies will
be needed to clarify temporal sequences of pathological
events, underlying neurophysiological mechanisms, and
disease stage-dependent specificities. Further, we defined
AD dementia using standard clinical diagnostic criteria,
not including biological markers of AD [51]. Some of
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the enrolled participants may not develop AD dementia,
which, in turn, may affect the specificity of our findings.
We included the automated lesion segmentation tool
LPA to segment FLAIR images. Although this algorithm
is reliable and valid [52], performance of automated seg-
mentation methods is imperfect comprising under- and
overestimations. False positive detections are often re-
ported in the corticospinal tract; thus, results in this
tract should be considered carefully. Our statistical
models were adjusted for systolic blood pressure, in ac-
cordance with a previous study [11]. Additional vascular
risk factors and other cerebrovascular lesions, such as
cerebral lacunes or microbleeds, may also play a role in
the evaluated associations and should be considered in
prospective studies. Even though age was included as a
covariate, it is likely that not all effects of age on the
neuroimaging biomarkers were fully accounted for. This
is especially important for the neurodegeneration bio-
markers, even when derived within AD-typical brain re-
gions. There was a substantial percentage of relatively
young participants in our AD group. Post hoc explora-
tory analyses did not reveal any substantial differences
between AD patients below and above 65 years of age,
considering all imaging biomarkers including WMH
sub-regions. However, due to limited statistical power,
we cannot entirely preclude an influence of age of onset
in the AD group. While regional WMH measures were
inspected for normality and log-transformed, a similar
procedure was not implemented at the voxel level. Given
the exploratory nature of our analyses, we also did not
apply more conservative non-parametric methods. It is
recommended that biomarker associations reported in
our study are further evaluated in follow-up studies in-
cluding neuroimaging data of larger samples and non-
parametric techniques. Finally, it would be worthwhile
to re-assess the topographic association between WMH
and tau accumulation, which was not accessible for the
existing sample.

Conclusion

The present study supports an association between AD-
typical AP deposition and neurodegeneration with topo-
graphic patterns of WMH. Our findings further high-
light that regional WMH associated with the AD brain
biomarkers converged in posterior regions. Longitudinal
studies are necessary to establish the role of regional
WM damage in the pathophysiological sequence of AD.
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