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A B S T R A C T

The association between white matter hyperintensities (WMH) and amyloid accumulation over time in cognitively normal, amyloid-negative elderly people remains
largely unexplored. In order to study whether baseline WMH were associated with longitudinal subthreshold amyloid accumulation, 159 cognitively normal par-
ticipants from the Alzheimer’s Disease Neuroimaging Initiative who were amyloid-negative at baseline were examined. All the participants underwent a T1 and a
Fluid-Attenuated Inversion Recovery MRI scan at baseline. Amyloid PET imaging was performed at baseline and follow-up visits in 2-year intervals for up to 8 years.
Partial volume correction was applied for quantifying cortical Standardised Uptake Value Ratios (SUVR). The associations between global and regional WMH burden
and amyloid accumulation were assessed using linear mixed models adjusted by demographic characteristics and baseline SUVR. Partial volume correction increased
the measured annual rate of change (þ2.4%) compared to that obtained from non-corrected data (þ0.5%). There were no significant correlations between baseline
WMHs and baseline subthreshold cortical amyloid uptake. In a longitudinal analysis, increased baseline cortical SUVR and increased baseline burden of global (p ¼
0.006), frontal (p ¼ 0.006), and parietal WMH (p ¼ 0.003) were associated with faster amyloid accumulation. WMH-related amyloid accumulation occurred in
parietal, frontal, and, to a lesser extent, cingulate cortices. These results remained unchanged after a sensitivity analysis excluding participants with the highest cortical
SUVRs. This is the first study to identify a specific spatial distribution of WMH which is associated with future amyloid accumulation in cognitively normal elderly
subjects without PET-detectable amyloid pathology. These findings may have important implications in prevention trials for the early identification of amyloid
accumulation.
1. Introduction

White matter hyperintensities (WMH), assessed with Fluid-
Attenuated Inversion Recovery (FLAIR) MRI, are common radiological
findings in the aging brain (Prins and Scheltens, 2015). Although initially
believed to be exclusively associated with small vessel cerebrovascular
disease, an expanding body of literature suggests that the emergence of
WM abnormalities is also secondary to Alzheimer’s disease (AD) patho-
logic changes (Nasrabady et al., 2018; Araque Caballero et al., 2018;
Dean et al., 2017; Strain et al., 2018; Jacobs et al., 2018). In this regard,
WMH were found to be associated with tau burden and neuro-
degeneration in AD (McAleese et al., 2015, 2017; Tosto et al., 2015),
Wallerian degeneration being the most likely mechanism for this white
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matter (WM) disruption (Rotshenker, 2011). However, evidence from
the Dominantly Inherited Alzheimer Network (DIAN) indicates that
WMH in posterior areas of the brain emerge in tandem with changes in
cerebrospinal fluid (CSF) Aβ-42 and p-tau levels (Lee et al., 2016), sug-
gesting that WMH are one of the earliest pathological features of AD and
challenging the Wallerian degeneration hypothesis. These findings were
supported by a recent report showing that a wide pattern of WMH,
concentrated in parietal and frontal regions, was associated with
PET-measured amyloid—but not tau—deposition in cognitively unim-
paired elderly subjects (Graff-Radford et al., 2019). Consistent findings
were also reported in a recent study using CSF-based measures of amy-
loid and tau deposition (Weaver et al., 2019), in which only low CSF
Aβ-42 levels were associated with posterior parieto-occipital WMH.
ease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the
and/or provided data but did not participate in the analysis or the writing of this
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However, it is not clear whether amyloid-related WMH become detect-
able before amyloid deposition in a PET scan. If so, WMHmay potentially
help to identify amyloid ‘accumulators’ with subclinical levels of pa-
thology, who might be optimal candidates for anti-amyloid therapies
(McMillan and Ch�etelat, 2018).

In the present study, we aimed at investigating whether measurable
WMH preceded PET-detectable amyloid deposition. For this, we studied
the associations between baseline global and regional patterns of WMH
and amyloid accumulation over time in cognitively normal, amyloid-
negative participants from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI).

2. Methods

2.1. Study design

Data used in the preparation of this article were obtained from the
ADNI database, at http://adni.loni.usc.edu. The ADNI was launched in
2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to measure the pro-
gression of MCI and early AD. Data were downloaded from the LONI
website in February 2019.

Only ADNIGO-2 participants who were cognitively normal (CN) at
baseline and underwent concurrent baseline T1-weighted, FLAIR, and
amyloid (Florbetapir) PET scans were considered for this study. These
participants were further classified into amyloid-positive or -negative
using a pre-specified cut-point for the Florbetapir PET standardised up-
take value ratio (SUVR) in a cortical summary region of interest (ROI)
normalised to whole cerebellum uptake (SUVR ¼ 1.11) (Landau et al.,
2013). This information was made publicly available by the ADNI PET
core at http://adni.loni.usc.edu/data-samples/access-data/. For the
purposes of this study, only amyloid-negative participants (SUVR< 1.11,
n¼ 190) were included. Of the 190 participants, 159 were subjected to at
least one longitudinal amyloid PET scan. Detailed information about the
eligibility criteria for the different diagnostic cohorts and imaging pro-
tocols can be found at http://adni.loni.usc.edu/methods/documents/.

2.2. Informed consent

All participants provided written informed consent approved by the
institutional review board of each ADNI-participating institution.

2.3. Magnetic resonance imaging acquisition and pre-processing

MRI was performed at 3 T to obtain T1-weighted and FLAIR se-
quences. T1 scans were pre-processed by the ADNI MRI core as previ-
ously described (Jack et al., 2011). Briefly, T1 pre-processing steps
included 1) scanner-specific correction for distortions due to gradient
nonlinearity (Gradwarp) (Jovicich et al., 2006); 2) application of
correction for image intensity non-uniformity (B1) (Jack et al., 2008);
and 3) bias field correction (N3) (Sled et al., 1998). Spatial resolution was
1 mm in the axial plane, with slice thickness of 1.2 mm. FLAIR scans were
obtained with spatial resolution of 0.86 � 0.86 � 5 mm and were
bias-field corrected as part of the automated pipeline for the segmenta-
tion of WMH (see below). Additional details of all MRI T1-weighted and
FLAIR images can be found at http://adni.loni.usc.edu/methods/docum
ents/mri-protocols/.

2.4. Amyloid PET acquisition and pre-processing

Florbetapir scans were performed with a dynamic protocol of four
frames of 5 min acquired 50–70 min after injection. Frames were real-
igned, averaged, resliced to a common grid (1.5 mm3), and smoothed to a
resolution of 8 mm3, corresponding to the lowest scanner resolution in
2

ADNI. Follow-up amyloid PET scans were acquired at approximately 2-
year intervals.

2.5. Image analysis

2.5.1. MRI processing
Pre-processed T1 images were parcellated with FreeSurfer (v6.0) to

derive cortical regions of interest for PET quantification. We inspected
the resulting segmentations to ensure that no gross errors occurred. No
further manual corrections of the parcellations were required.

Binary WMH maps were obtained using the Lesion Segmentation
Toolbox (LST) in SPM12 (Schmidt et al., 2012), using a kappa value of
0.25 and a probability threshold of 1, as previously used with ADNI data
(Sudre et al., 2017). We visually inspected andmanually edited theWMH
maps to remove non-WM voxels labelled as WMH (manual editing was
necessary in n ¼ 25 participants) using Amide (http://amide.sourcef
orge.net/).

In order to measure WMH burden in brain lobes, we first filled lesions
in T1 scans using the LST toolbox (Schmidt et al., 2012) to avoid incorrect
segmentations of WMH as CSF or grey matter. Then, filled T1 scans were
spatially normalised using SPM12 ‘Normalise’with default settings (using
tpm.nii tissue priors included in SPM12). Using the inverse of this
transformation, we brought back the Hammersmith atlas (Hammers
et al., 2003) to patient space and merged the regions which constitute the
frontal, temporal, parietal, and occipital lobes in this atlas. Since WMH
maps are by default generated in co-registration with T1 images, WMH
voxels lying in these lobar regions were used to compute lobar WMH
volumes. The latter were normalised to total intracranial volume (TIV),
as estimated with SPM12-derived segments (using SPM12 function
‘Segment’) by the ‘Tissue Volumes’ tool (Malone et al., 2015).

To conductWMH voxel-wise analyses, we used the previously derived
deformation field to normalise WMH maps with nearest neighbour
interpolation and voxel size of 1.5 � 1.5 � 1.5 mm. Binary normalised
maps were then smoothed using an isotropic 8-mmGaussian filter and re-
binarised so that only voxels with a probability >0.15 of being WMH at
this resolution were labelled as WMH. This threshold was found to pro-
vide a spatial dilation to the lesions which is consistent with the spatial
resolution (8 mm) we set for this analysis, while removing below-
resolution clusters. Voxel-wise results remained almost unchanged
when this threshold was varied over a range of 0.10–0.20.

2.5.2. Amyloid PET processing
Pre-processed Florbetapir images were co-registered to the

FreeSurfer-parcellated T1 image which was closest in time, using Free-
Surfer’s function mri_coreg. Results were visually inspected to ensure
correct co-registration. In four scans, manual reorientation prior to
running mri_coreg was necessary to achieve correct registration. Co-
registered images were corrected by partial volume effects (PVE) using
the Symmetric Geometric Transfer Matrix (SGTM) method (Labb�e et al.,
1998), as implemented in PETSurfer (Greve et al., 2014). A point spread
function of 8 mm was assumed for all PET images, as previously per-
formed with ADNI data (Brendel et al., 2015). Since this study is focused
on amyloid accumulation over time in amyloid-negative participants,
PVE correction is essential for avoiding the confounding effect of spill-in
counts from the WM, the effect of which is more severe for higher con-
trasts between grey andWM (L�opez-Gonz�alez et al, et al; Matsubara et al,
et al). Furthermore, SGTM was previously found to improve longitudinal
amyloid PET measurements (Brendel et al., 2015).

PVE-corrected global amyloid burden was calculated using SUVR in
the ADNI cortical summary region (Landau et al., 2013) normalised by
cerebellar grey matter. Although WM reference regions have been rec-
ommended by the ADNI PET core for longitudinal Amyloid PET imaging
(https://adni.bitbucket.io/reference/docs/UCBERKELEYAV45/ADNI_A
V45_Methods_JagustLab_06.25.15.pdf), recent studies have shown that
tracer uptake in WMH is lower than in normal-appearing WM (Zeydan
et al., 2019; Glodzik et al., 2015). Since we are exploring associations
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Table 1
Demographics and imaging characteristics of the study participants. Results are
displayed as mean (SD) for age and baseline cortical SUVR, and as median
(range) for baseline white matter hyperintensity volume. Cortical SUVR change
was estimated using both fixed and random effects of a linear mixed model with
time as the only fixed effect and random intercepts and slopes per subject. Ab-
breviations: SUVR: Standardized uptake value ratio.

(n ¼ 190)

Age, years 73.1 (6.3)
Females (%) 46.8
APOE ε4 carriers (%) 20.0
Baseline white matter hyperintensity volume, cm3

Global 1.4 (0–41.4)
Frontal 0.6 (0–28.8)
Parietal 0.12 (0–21.8)
Occipital 0.10 (0–3.3)
Temporal 0.02 (0–2.7)

Baseline cortical SUVR 0.92 (0.13)
Cortical SUVR change, SUVR/year 0.022 (0.003)
Number of participants with follow-up amyloid PET scans

N ¼ 0 31
N ¼ 1 43
N ¼ 2 66
N ¼ 3 48
N ¼ 4 2
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between WMH and amyloid accumulation, the use of WM reference re-
gions may result in artificially elevated cortical SUVR values and incor-
rect inferences. Therefore, throughout this study, only PVE-corrected
data and cerebellar grey matter reference regions were used.
2.6. Statistical analysis

Cross-sectional associations between baseline, normalised WMH
volumes (independent variable), and cortical SUVR (dependent variable)
were assessed using linear regression, after covariate adjustment by age,
Fig. 1. Longitudinal trajectories of amyloid accumulation, as a function of age. The di
The embedded histogram represents annual rates of cortical SUVR change, as estimat
only fixed effect and random intercepts and slopes per subject. Abbreviations: SUVR

3

sex, and APOE carriage. Linear mixed models with subject-specific in-
tercepts and time slopes were fitted using the MATLAB function ‘fitlme’ to
investigate whether baseline WMH were associated with longitudinal
changes in amyloid burden. The covariance matrix for random effects
was fully determined using Cholesky parametrisation. We conducted
these analyses for both longitudinal SUVRs in the ADNI cortical aggre-
gate (Landau et al., 2013) as well as for each of the 19 ROIs (left- and
right-averaged) which comprise this cortical aggregate. The models
included age, sex, APOE status, baseline (cortical or regional) SUVR, and
baseline, TIV-normalised WMH volume, as well as their interaction with
continuous time. Inspection of model residuals, QQ plots, and fitted vs.
residuals plots ascertained that non-linear transformation of the variables
was not required. Additionally, these analyses were confirmed by
studying the correlation between baseline WMH and rate of cortical
SUVR annual change. For this, we fitted robust bisquare linear re-
gressions to avoid potential effects of outliers and tested the significance
of the slopes using a 5000-repetition bootstrap procedure. Annual rates of
cortical SUVR change were estimated using both fixed and random ef-
fects of baseline cortical SUVR-adjusted mixed models.

In order to study the spatial WMH patterns associated with amyloid
accrual, we used similar mixed models at the WMH voxel level, replacing
baseline, normalised WMH volume by a binary variable indicating
whether that voxel is a WMH (1) or normal-appearing WM (0) in the
normalised and smoothed WMH maps (Section 2.5.1). Only voxels with
WMH in at least six participants (minimum number required to deter-
mine model coefficients) and with a probability of being WM > 0.90
(according to the WM SPM12 tissue probability map in MNI space) were
considered for the analysis.

A False Discovery Rate (FDR) (Genovese et al., 2002) correction of α
¼ 0.05 was used to correct both the ROI and voxel-based analyses for
multiple comparisons. For sensitivity analysis, key findings were repli-
cated using a more restrictive cut-point for amyloid negativity (5% lower,
PVE-uncorrected SUVR ¼ 1.05, n ¼ 120 participants for the longitudinal
analysis). All the analyses were carried out in MATLAB 2017a.
fferent colours are used to represent the number of follow-up amyloid PET scans.
ed using both fixed and random effects of a linear mixed model with time as the
: Standardized Uptake Value Ratio.



Table 2
Linear mixed model results for the association between baseline WMH normal-
ised volumes and amyloid accumulation over time. Results are expressed as
standardized β0s of the time interaction coefficient of WMH and baseline SUVR.
Model 1 included only adjustment by baseline cortical SUVR (SUVR ~ time-
*(baseline_SUVR þ WMH) þ (time|rid) in Wilkinson notation), while Model 2a

included age, sex, and APOE as well (SUVR ~ time*(baseline_SUVR þ WMH þ
age þ sex þ APOE) þ (time|rid)). Model 2b was the same as 2a but was fitted in
the subset of participants who were amyloid negative with the more restrictive
cut-point of PVE uncorrected SUVR ¼ 1.05, in order to perform a sensitivity
analysis. No significant covariate � time terms were found in Models 2a and 2b.
Abbreviations: WMH: White matter hyperintensities; SUVR: Standardized uptake
value ratio.

WMH
predictor

Model 1 Model 2a Model 2b

β (95%
CI)

p value β (95%
CI)

p value β (95%
CI)

p value

Global
Global
WMH �
time

0.19
(0.09 to
0.29)

<0.001 0.15
(0.04 to
0.26)

0.006 0.19
(0.09 to
0.28)

<0.001

Baseline
SUVR �
time

0.10
(0.04 to
0.16)

0.002 0.12
(0.05 to
0.18)

<0.001 0.03
(�0.04
to 0.10)

0.40

Frontal
Frontal
WMH �
time

0.17
(0.08 to
0.26)

<0.001 0.13
(0.04 to
0.23)

0.006 0.14
(0.05 to
0.22)

0.001

Baseline
SUVR �
time

0.11
(0.05 to
0.17)

<0.001 0.12
(0.06 to
0.19)

<0.001 0.03
(�0.05
to 0.10)

0.48

Parietal
Parietal
WMH �
time

0.23
(0.10 to
0.37)

<0.001 0.20
(0.07 to
0.33)

0.003 0.24
(0.10 to
0.37)

<0.001

Baseline
SUVR �
time

0.08
(0.02 to
0.14)

0.01 0.11
(0.04 to
0.17)

0.001 0.03
(�0.04
to 0.10)

0.40

Occipital
Occipital
WMH �
time

0.03
(�0.06
to 0.11)

0.54 �0.004
(�0.08
to 0.07)

0.92 0.01(-
0.07 to
0.09)

0.78

Baseline
SUVR �
time

0.10
(0.03 to
0.17)

0.003 0.12
(0.06 to
0.19)

<0.001 0.04
(�0.04
to 0.11)

0.36

Temporal
Temporal
WMH �
time

0.008
(�0.09
to 0.10)

0.88 �0.03
(�0.13
to 0.06)

0.49 0.08
(�0.05
to 0.22)

0.21

Baseline
SUVR �
time

0.10
(0.03 to
0.17)

0.003 0.13
(0.06 to
0.19)

<0.001 0.04
(�0.04
to 0.11)

0.32
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2.7. Data and code availability statement

Data used in the preparation of this article were obtained from the
publicly available ADNI database, at http://adni.loni.usc.edu. All the
code used in this manuscript has been written in MatLab and will be
provided to investigators upon request.

3. Results

3.1. Cohort characteristics

Demographic characteristics of the subjects included in this study are
presented in Table 1. Of the study subjects, 159 participants had at least
one follow-up amyloid PET scan. Median amyloid PET follow-up was 4.4
years, with a range from 1 to 8 years. The rate of cortical SUVR annual
change, estimated as the fixed effect of a mixed model with time as the
only fixed effect, was higher with PVE correction (0.022, 95% CI: 0.016
to 0.028, 2.4% when compared to PVE-corrected, mean baseline cortical
SUVR) than without (0.006, 95% CI: 0.003 to 0.009, 0.5% when
compared to PVE-uncorrected, mean baseline cortical SUVR).
4

Accumulation trajectories are depicted in Fig. 1 At follow-up, 21 subjects
were converted to amyloid-positive, as determined by the PVE-
uncorrected cut-point provided by ADNI (SUVR ¼ 1.11).

3.2. Baseline WMH are associated with amyloid accumulation

First, we studied the cross-sectional association between baseline
cortical SUVR and baseline normalised WMHs by running separate linear
regressions for both global and each regional WMH, adjusting by age,
sex, and APOE. Although all the WMH coefficients were positively
associated with baseline cortical SUVR, none reached statistical signifi-
cance (global WMH: β¼ 0.13, p¼ 0.08; frontal WMH: β¼ 0.24, p¼ 0.07;
parietal WMH: β ¼ 0.23, p ¼ 0.23; temporal WMH: β ¼ 0.92, p ¼ 0.44;
occipital WMH: β¼ 0.69, p¼ 0.47). Males presented with higher cortical
SUVR (β¼ 0.62, p< 0.001 in a model with age, sex, and APOE as the only
predictors).

In longitudinal analysis, we assessed whether WMHs were associated
with amyloid accumulation over time. The results of the mixed models
are summarised in Table 2. Apart from the significant effect of baseline
cortical SUVR, higher global, frontal, and parietal WMH burden was
significantly associated with faster rates of global amyloid accumulation,
with and without adjustment by demographic covariates (Table 2, Model
1 and 2a). These significant relationships can be further visualised in
Fig. 2. After repeating the adjusted analysis with a more restrictive cut-
point (n ¼ 120, with uncorrected cortical SUVRs normalised to cere-
bellum < 1.05), the association with baseline cortical SUVR disappeared
but the association with WMH remained almost unchanged (Table 2,
Model 2b).

3.3. Spatial patterns of WMH associated with amyloid accumulation

Here, we aimed at focusing more specifically on the WMH spatial
patterns related to amyloid accumulation. We utilised linear mixed
models at the WMH voxel level, as detailed in Sections 2.5.1 and 2.6,
adjusted by age, sex, and APOE. Fig. 3A and B depicts both the frequency
of WMH lesions and the spatial pattern of WMH associated with amyloid
accumulation, respectively. These WMH clusters spanned parietal and
frontal lobes, confirming the analyses at the ROI level. Compared to the
areas of maximum WMH frequency (Fig. 3A), amyloid accumulation
related-WMH displayed a pattern of more superior accumulation in
frontal and parietal lobes (Fig. 3B, top row).

3.4. Regional distribution of WMH-related amyloid accumulation

We further explored which cortical areas within the ADNI cortical
aggregate (Landau et al., 2013) drove the previously observed faster
accumulation. For this, we fit separate linear mixed models with each
regional SUVR (response variable) and with each of those previously
discovered, significant regional WMH (global, frontal, and parietal; in-
dependent variable), adjusted by baseline regional SUVR and de-
mographics, as described in Section 2.6. Fig. 4 depicts the cortical areas
in which a faster accumulation was significantly associated with higher
WMH burden. As can be seen in Fig. 4A and C, global and parietal WMH
displayed a similar pattern of accumulation, involving mainly frontal,
parietal, and, to a lesser extent, cingulate areas. Fewer regions survived
multiple comparison correction for frontal WMH, which also involve
frontal, parietal, and cingulate regions (Fig. 4B). Fig. 5 illustrates the
effect size of each WMH predictor on each cortical ROI.

4. Discussion

The present study investigated whether WM abnormalities, assessed
as WMH with FLAIR MRI, were associated with faster rates of amyloid
accumulation, as measured with amyloid PET, in cognitively normal,
amyloid-negative elderly subjects. Although we did not uncover cross-
sectional associations between subthreshold amyloid and WMH, our

http://adni.loni.usc.edu


Fig. 2. A) Relationship between change in cortical SUVR and baseline WMH. Change in cortical SUVR was estimated using both fixed and random effects of a linear
mixed model with time and baseline SUVR as fixed effects, and random intercepts and slopes per subject. Solid red lines represent robust bisquare linear regression fits;
dashed lines represent 95% CI derived using a 5000-iteration bootstrap procedure. 95% CI for the slopes of these fits were computed using the same procedure. B)
Modelled amyloid accumulation trajectories over time for subjects with high and low WMH burden. High (Low) WMH burden participants were defined as those above
(below) the 85th percentile normalised WMH volume. Trajectories were estimated with linear mixed models adjusted by age, sex, APOE, and baseline SUVR, evaluated
for a 75-year-old male without APOE ε4 allele and at mean covariate values.
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findings suggest that a characteristic spatial pattern of WMH, spanning
superior areas of the frontal and parietal lobes, is associated with future
amyloid accrual, independently of continuous levels of subthreshold
cortical pathology. This accumulation occurred in cortical regions pre-
viously identified as regions of early accumulation in AD (Palmqvist
et al., 2017; Villeneuve et al., 2015; Mattsson et al., 2019), suggesting
that the observed faster accumulation may be driven by processes related
to early AD pathology. To the best of our knowledge, this is the first study
in which an imaging biomarker is found to be associated with amyloid
accumulation in amyloid-negative, cognitively normal individuals.

Our findings are consistent with prior cross-sectional reports simul-
taneously analysing the role of amyloid and tau in the emergence of
WMH. The tau-independent relationship between WMH and amyloid,
particularly with parietalWMH, was detected in cross-sectional studies of
asymptomatic familial AD (Lee et al., 2016) and in two recent reports in
cognitively unimpaired elderly subjects (Graff-Radford et al., 2019;
Weaver et al., 2019). Here, we add to these previous findings by
observing that a similar pattern of WMH is detectable at subclinical levels
of amyloid pathology, partially supporting the hypothesis that WMH are
secondary to amyloid deposition. Although the link between early am-
yloid deposition and WM damage is still not clear, several potential
mechanisms, such as oligodendrocyte dysfunction and demyelination
induced by amyloid oligomers (Nasrabady et al., 2018; Collins-Praino
et al., 2014), as well as axonal degeneration secondary to amyloid-related
microglia activation (Liddelow et al., 2017; Su�arez-Calvet et al., 2016),
might explain this relationship. However, the findings of the present
study do not exclude the possibility that the observed WMH patterns had
a vascular disease aetiology, with a causal or interactive link between
cerebrovascular pathology and amyloid deposition, as suggested by a
previous study (Hughes et al., 2018). Endothelial dysfunction or a
broader blood-brain barrier dysfunction may be the key links, as they
may lead to both WMH and impaired brain-blood amyloid clearance,
thus favouring brain amyloid accumulation (Yamazaki and Kanekiyo,
5

2017; Tarantini et al., 2017; Koizumi et al., 2016). This hypothesis is also
supported by the observed amyloid-related WMH spatial pattern, which
is similar to the pattern of WMH associated to cerebrovascular disease
(Al-Janabi et al., 2018). It must be noted that this mechanism also implies
that the observed increase in WMH burden with familial AD progression
(Lee et al., 2016) may be a specific feature of familial AD and not of
sporadic AD. More neuropathological and imaging studies are warranted
to understand fully the relationship between early amyloid accumula-
tion, WM disease, and vascular pathology.

At the regional level, the observed topographic pattern is congruent
with patterns observed in previous studies analysing the relationship
between amyloid and WMH in elderly subjects (Graff-Radford et al.,
2019; Weaver et al., 2019; Al-Janabi et al., 2018). Of note, patterns found
in CSF studies (Weaver et al., 2019; Al-Janabi et al., 2018) spanned only
posterior parieto-occipital regions while our findings and those from a
recent cross-sectional PET study (Graff-Radford et al., 2019) cover both
posterior and frontal regions. The fact that CSF studies failed in detecting
associations of frontal WMHwith amyloid pathology can be explained by
a number of reasons such as differences in statistical power or the fact
that CSF Aβ-42 levels are sensitive to other pathologies, including WM
damage (Skoog et al., 2018). Given that theWMH pattern associated with
vascular disease covers frontal regions (Al-Janabi et al., 2018), an even
higher confounding effect in these areas can be expected in CSF studies.
In familial AD, frontal and posterior WMH seem to emerge earlier in the
disease course (Lee et al., 2016), in line with findings from a neuro-
imaging study which suggests that spatial patterns of amyloid-related
WMH are different from those of vascular aetiology (Al-Janabi et al.,
2018) and strengthening the amyloidogenic hypothesis for WMH. Taken
together, all these findings converge in identifying posterior WMH as
related to amyloid plaque deposition. Although we and others (Graf-
f-Radford et al., 2019) have shown that also frontal WMH associate with
amyloid deposition, the fact that WMH of vascular aetiology concentrate
in both frontal and posterior regions (Al-Janabi et al., 2018) suggests that



Fig. 3. A) Spatial frequency of WMH among the study participants. B) Top row: Spatial distribution of WMH (in red) associated with faster amyloid accumulation, for
the same axial slices as on top row. Bottom Row: 3D rendering of the spatial WMH pattern (in red) of middle row. WMH maps associated with amyloid accumulation
were obtained using linear mixed models at the WMH-voxel level. Because for a significant proportion of voxels data was not enough to estimate random slopes, the
model included only random intercepts per subject. Anatomical left/right is on the left/right of the image. Frequency represents the proportion (0–1) of subjects
with WMH.
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the assessment of WMH in posterior regions might be the optimal mea-
sure for the potential identification of early amyloid pathology.

From a mechanistic point of view, it is still unclear why certain WM
regions might be more vulnerable to amyloid-related WMH. Unfortu-
nately, in the absence of a feasible theoretical mechanism, correlational
studies cannot conclude whether the differences in patterns are due to
biological mechanisms or simply due to confounding effects resulting
from overlapping vascular pathology in the elderly. Further investigation
is warranted to understand fully whether the relationship between am-
yloid and the WM is global or region-specific.

We also observed that the dependence of the rate of amyloid accu-
mulation and WMH seems to follow an inverted U-shape. Again, it is
difficult to hypothesize on the origin of this behaviour without a clear
biological mechanism. A potential reason might be the presence of
increased WMH burden due to non-AD pathologies; however, little is
known about amyloid accumulation in the subthreshold regime, and
more complex accumulation trajectories might exist. Further studies are
needed to understand the biological mechanisms behind these findings.

The relationship between amyloid andWMHburden in preclinical AD
has been explored before but findings were often conflicting. Apart from
the three large studies mentioned above that controlled for the influence
of tau (Graff-Radford et al., 2019; Weaver et al., 2019), other previous
smaller studies have investigated howWMH relate to amyloid using both
amyloid PET and CSF. Apparently, the rate of positive findings is
significantly higher in CSF studies than when using amyloid PET. Ac-
cording to a review paper (Roseborough et al., 2017), only 2 out of 13
studies reported a positive correlation between amyloid and WMH
burden, in contrast to the multiple CSF studies which found a positive
association (see, for instance (Kandel et al., 2016; Marnane et al., 2016;
Pietroboni et al., 2018; Scott et al., 2016; Scott et al., 2015),). Potential
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explanations include the non-regional assessment of WMH, small sample
sizes, the higher sensitivity of CSF for early amyloid pathology
(Palmqvist et al., 2016), and the fact that, as we have shown,
amyloid-related WMH might be elevated at subthreshold levels. In this
regard, our results also emphasize the need to redefine current amyloid
PET cut-points to capture early amyloid pathology, as other studies have
pointed out (Villeneuve et al., 2015).

Apart from WMH measured with FLAIR, other studies using diffusion
tensor imaging (DTI) in WM reported changes associated with amyloid
burden at different DTI metrics (Molinuevo et al., 2014). As with WMH,
results are conflicting (Molinuevo et al., 2014; Racine et al., 2014),
probably for the reasons previously discussed. Particularly interesting is a
study in which a DTI measure of myelin was found to be associated with
levels of CSF Aβ-42 (Dean et al., 2017), supporting the hypothesis of
amyloid-related oligodendrocyte dysfunction. Future studies will assess
how white matter integrity and myelin relates to longitudinal amyloid
accumulation in amyloid-negative elderly subjects.

The fact that a regional distribution of WMH might be predictive of
amyloid deposition in amyloid-negative elderly has important implica-
tions for anti-amyloid clinical trials, since the majority of efforts shift
now towards the prevention of amyloid pathology, even in subjects on
the AD pathway but with very mild amyloid burden, the so-called amy-
loid ‘accumulators’ (McMillan and Ch�etelat, 2018). Recent evidence
suggests that ‘accumulators’ experience faster rates of cognitive decline
(Landau et al., 2018; Farrell et al., 2018) and disrupted brain connectivity
(Palmqvist et al., 2017), highlighting the clinical relevance of early am-
yloid accumulation. Beyond the scope of this study is the relative
importance of WMH and amyloid accumulation in cognitive decline in
these subjects, which may be informative for the identification of novel
therapeutic targets on WM. Further studies with longer follow-up times



Fig. 4. Cortical regions in which amyloid accu-
mulation is significantly (after FDR correction)
associated to higher A) global WMH, B) frontal
WMH, and C) parietal WMH. Linear mixed
models with regional cortical SUVR as response
variable, adjusted by demographics and baseline
SUVR, were used. p-values (uncorrected) are
expressed as natural log(p-value). Regions: A)
Pars Triangularis, Caudal Middle Frontal, Inferior
Parietal, Precuneus, Posterior Cingulate, Isthmus
Cingulate, Superior Frontal, Medial Orbitofrontal,
Caudal Anterior Cingulate, Pars Opercularis,
Supramarginal. B) Pars Triangularis, Inferior Pa-
rietal, Caudal Middle Frontal, Posterior Cingu-
late. C) Caudal Middle Frontal, Inferior Parietal,
Precuneus, Medial Orbitofrontal, Posterior
Cingulate, Superior Parietal, Pars Triangularis,
Superior Frontal, Pars Opercularis, Caudal Ante-
rior Cingulate, Supramarginal.

Fig. 5. Effect size (standardized β) of each WMH predictor on each of the 19 regions comprising the cortical aggregate used in this study. Standardized β0s represent
the number of SD that vary in the SUVR of each region of interest with 1 SD variation in WMH, per year. Abbreviations: WMH: White matter hyperintensities.

A. Moscoso et al. NeuroImage 218 (2020) 116944
are needed to assess how useful these WMH patterns are for identifying
‘accumulators’ and for predicting clinically relevant outcomes.

Remarkably, we found that males displayed higher levels of sub-
threshold amyloid pathology. Amyloid-related tau pathology has been
found to be higher in females (Buckley et al., 2019); however, to the best
7

of our knowledge, neither differences in amyloid burden, particularly in
the subthreshold regime, nor potential biological mechanisms have been
reported before. In this regard, our findings might motivate future
research and generate novel hypotheses on this topic.

This study has several strengths. First, our cohort of cognitively
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normal, amyloid-negative elderly subjects was relatively large. A second
strength is the number of repeated amyloid PET scans, with most of the
participants having two or more follow-up scans, and the length of the
follow-up, with amedian time of 4.4 years and longitudinal examinations
of up to 8 years. A third strength is the use of partial volume correction,
which improved the sensitivity for detecting changes without the use of
WM reference regions, the uptake of which varies with WM pathology
(Zeydan et al., 2019; Glodzik et al., 2015). This work also has certain
limitations: First, the ADNI inclusion criteria only allow for participants
relatively free of cerebrovascular pathology and, therefore, of WMH
burden, which might compromise the generalisability of our findings in a
community cohort. However, similar WMH patterns to those found in
this study were found in the community cohort of the Mayo Clinic Study
of Aging (Graff-Radford et al., 2019), suggesting that, despite con-
founding pathology, the patterns may be detectable. Second, we could
not assess how the longitudinal changes in WMH relate to amyloid
accumulation, since the FLAIR protocol changed at the end of ADNI2,
from 2D axial FLAIR to high-resolution 3D FLAIR. Without a harmo-
nisation method, mixing these two protocols, particularly in a longitu-
dinal study, may lead to incorrect inferences. Third, the number of
subjects with WMH in a given voxel is variable and, thus, the statistical
power of voxel-wise analyses varies across the different brain regions.
Although the absence of evidence can never be considered evidence of
absence (Altman and Bland, 1995), this is particularly true for any
voxel-wise analyses, and, therefore, other regions may also emerge as
significantly associated with amyloid accumulation in more powered
studies. Fourth, the pre-specified cut-point we used to select
amyloid-negative participants was derived without PVE correction and
may have been too high (Villeneuve et al., 2015), which may have led to
a significant number of false amyloid-negative individuals. However, the
sensitivity analyses we conducted and the adjustment by baseline uptake
levels suggests that our findings are robust against these limitations.
Fifth, WMH are a non-specific brain imaging finding and are shared by
patient groups with heterogeneous aetiologies. Our findings may
partially agree with those of WMH related to cerebral amyloid angiop-
athy (CAA), which has been shown to closely overlap AD pathology, even
in the absence of conventional vascular risk factors, as observed in pa-
tients with AD and cerebral amyloid angiopathy in the context of Down
syndrome (Carmona-Iragui et al., 2019). Nevertheless, three previous
studies have shown that the relationship between amyloid burden and
WMH is not driven by CAA (Lee et al., 2016; Graff-Radford et al., 2019;
Weaver et al., 2019). Moreover, the prevalence of CAA among
non-demented individuals, as detected by the presence of two or more
lobar cerebral microbleeds, is ~4% (Graff-Radford et al., 2019). We thus
expect an even lower prevalence in our cohort, since our participants
were preselected to be relatively free of vascular pathology and were
cognitively normal and amyloid-negative, making CAA an unlikely
confounder.

In conclusion, we have provided further evidence supportingWMH as
one of the earliest pathological features in AD progression. A specific
spatial pattern of WMH has been found to be associated with future
amyloid accumulation in cognitively normal older individuals with no
evidence of amyloid pathology in amyloid PET. The spatial assessment of
WMH may potentially allow the identification of subjects on the AD
pathway with amyloid burden levels below PET detectability limits.
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