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a b s t r a c t

White matter hyperintensities (WMHs) are a common manifestation of cerebral small vessel disease.
WMHs are also frequently observed in patients with familial and sporadic Alzheimer’s disease, oftenwith a
particular posterior predominance.Whether amyloid and tau pathologies are linked toWMHoccurrence is
still debated. We examined whether cerebral amyloid and tau burden, reflected in cerebrospinal fluid
amyloid-beta 1-42 (Ab-42) and phosphorylated tau (p-tau), are related toWMH location in a cohort of 517
memory clinic patients. Two lesionmapping techniqueswere performed: voxel-based analyses and region
of interest-based linear regression. Voxelwise associations were found between lower Ab-42 and parieto-
occipital periventricularWMHs. Regression analyses demonstrated that lowerAb-42 correlatedwith larger
WMH volumes in the splenium of the corpus callosum and posterior thalamic radiation, also after con-
trolling for markers of vascular disease. P-tau was not consistently related to WMH occurrence. Our
findings indicate that cerebral amyloid burden is associatedwithWMHs located in specific posterior white
matter regions, possibly reflecting region-specific effects of amyloid pathology on the white matter.
� 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

White matter hyperintensities (WMHs) are a common radiolog-
icalfinding in older subjects and inpatientswith dementia (Gorelick
et al., 2011). In this context,WMHs are often considered to primarily
represent ischemic damage caused by cerebral small vessel disease
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(SVD) (Pantoni, 2010; Wardlaw et al., 2015). There are also clear in-
dications for a relationship betweenWMHs and Alzheimer’s disease
(AD) (Brickman, 2013). WMH burden predicts the clinical risk of AD
(Brickman et al., 2012; Lindemer et al., 2015; Prins et al., 2004; Smith
et al., 2008; Vermeer et al., 2003; Wolf et al., 2000), and WMHs are
more prevalent and severe in patients diagnosedwith AD compared
with nondemented elderly (Kalaria, 2000; Rezek et al., 1987;
Scheltens et al., 1992). Of note, increased WMH volume is an early
imaging feature inmonogenic hereditary formsof AD, particularly in
presenilin 1 (PSEN1), presenilin 2 (PSEN2), and amyloid precursor
protein (APP) mutation carriers, also at an age at which “normal”
aging-related WMHs are still uncommon (Lee et al., 2016).
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The nature of the relationship between WMHs and AD is still
under debate. From an etiological perspective, this debate centers
on the question whether WMHs and AD pathologies should be
regarded as independent processes with additive effects on de-
mentia risk, or whether one contributes to the other (Koncz and
Sachdev, 2018). Current biological models suggest involvement of
cerebral SVD in pathways that lead to the accumulation of cerebral
amyloid and tau (Kisler et al., 2017). Further indications that
amyloid-related processes and WMHs are interrelated comes from
recent studies that show that lower cerebrospinal fluid (CSF)
amyloid-beta 1-42 (Ab-42) levelsdreflective of a higher amyloid
burden in the brain (Blennow et al., 2015; Molinuevo et al., 2018)d
are associated with larger WMH volumes in patients with sporadic
AD (Osborn et al., 2018; Pietroboni et al., 2018; Shams et al., 2016;
Van Westen et al., 2016), mild cognitive impairment (MCI)
(Osborn et al., 2018), and cognitively healthy individuals (Kandel
et al., 2016; Marnane et al., 2016; Pietroboni et al., 2018; Scott
et al., 2016). By contrast, studies on the relationship between
WMH burden and CSF p-tau are scarce and provide conflicting re-
sults (Hertze et al., 2013; Marnane et al., 2016).

In the context of AD,WMHsmay have particular spatial features,
which is particularly evident in patients with rare genetic forms of
AD. For example, in PSEN1mutation carriers,WMHs can extend into
the subcortical U-fibers (Ryan et al., 2015), while this location is
typically spared in SVD-relatedWMHs (Chao et al., 2006). In PSEN1,
PSEN2, and APP mutation carriers, parietal and occipital WMHs are
an early imaging feature that occurs around the same time as early
changes in CSF Ab-42 (Lee et al., 2016). WMHs also show a posterior
predominance in patients with sporadic AD (Yoshita et al., 2006)
and cerebral amyloid angiopathy (CAA) (Thanprasertsuk et al., 2014;
Zhu et al., 2012). This posterior WMH distribution pattern stands in
contrast to the frontotemporal predominance of WMH that is seen
in patients with cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy,which is considered a
model of pure cerebral SVD (Auer et al., 2001; Singhal et al., 2005).

These observations raise the question whether amyloid pathol-
ogy itself, as pathological hallmark of AD, is linked to WMH occur-
rence in specific white matter regions. Modern “lesion mapping”
techniques can determine the relationship between brain lesion
location and clinical measures at very high spatial resolution (de
Haan and Karnath, 2017). One recent study found associations be-
tween lower CSF Ab-42 levels and WMHs located in the posterior
corona radiata in individuals with normal cognition or MCI (Al-
Janabi et al., 2018). However, these findings were restricted by
limited lesion coverage in the brain, and limited statistical power for
voxelwise analyses, both related to the small sample size (n ¼ 62)
(Al-Janabi et al., 2018). Importantly, subjects with dementia were
excluded, thus the relationship between amyloid and WMH loca-
tion in individuals at more severe disease stages remains unclear.
These limitations can be overcome by applying lesion mapping
techniques on a much larger cohortdpreferably with hundreds of
subjects (Weaver et al., 2019)dwith individuals across the full
spectrum of clinical disease stages.

In the present study, we aimed to determine whether cerebral
amyloid burden relates to specific WMH locations using lesion
mapping approaches. For this purpose, we selected a large memory
clinic population with available CSF biomarkers for AD pathology
and manifestations of vascular brain injury on magnetic resonance
imaging (MRI), including WMHs. We studied the relation between
CSF Ab-42 andWMH location on MRI using voxel-based and region
of interestebased lesion mapping analyses. We hypothesized that
lower CSF Ab-42 levels would be associated with WMHs located in
posterior white matter regions. As secondary objective, we
explored whether CSF measures of phosphorylated tau (p-tau) are
related to WMH location, using the same lesion-mapping
approaches. As the second core biomarker of AD, phosphorylated
tau coulddalternatively or concurrently with Ab-42dbe related to
particular WMH locations.

2. Methods

2.1. TRACE-VCI cohort

Patients were selected from the TRACE-VCI study cohort
(Utrecht-Amsterdam clinical features and prognosis in Vascular
Cognitive Impairment), which consists of 860 memory clinic pa-
tients from Dutch outpatient clinics at two university hospitals
(Amsterdam UMC location VUMC and University Medical Center
Utrecht [UMCU]). Detailed inclusion and exclusion criteria were
previously described (Boomsma et al., 2017). In short, patients were
eligible for inclusion if they showed at least a minimal burden of
vascular brain injury on MRI, meaning that either WMHs or other
vascular brain lesions such as infarcts or hemorrhageswere present.
Co-occurrence of neurodegenerative disorders and depression,
together with this vascular injury, was accepted, in line with pro-
posed criteria for possible vascular cognitive impairment (O’Brien
et al., 2003). Patients with primary nonvascular and non-
degenerative causes of cognitive dysfunction or psychiatric disease
other than depression were excluded. Patients with monogenic
vascular or nonvascular causes of cognitive impairment (e.g.,
NOTCH3mutations) were also excluded. All patients first visited the
memory clinic between September 2009 and December 2013 and
underwent a standardized one-day memory clinic evaluation,
consisting of an interview, physical and neurological examination,
laboratory testing, neuropsychological assessment, and brain MRI.
Clinical diagnoses were established at multidisciplinary consensus
meetings using internationally established diagnostic criteria,
without knowledge of CSF biomarkers or APOE genotyping
(Boomsma et al., 2017).

The study was approved by the institutional review board of the
VUMC and the UMCU. All patients provided informed consent
before research related procedures.

2.2. Study sample

A flowchart of patient selection for present study is presented in
Fig. 1. Thirty-seven patients were excluded during preprocessing of
imaging data, mostly because of MRI data were not available or of
insufficient quality, or if technical errors occurred during data pro-
cessing. One additional patient was excluded because of failed
lesion registration. Finally, 305 patients were excluded because CSF
biomarkers were not available. This resulted in the final study
sample of 517 patients.

2.3. Imaging protocol

The MRI protocol of the TRACE-VCI study is described exten-
sively elsewhere (Boomsma et al., 2017). In short, brain MRI scans
were made using 1.5 tesla (n ¼ 29; 5.6%) or 3.0 tesla (n ¼ 488;
94.4%) MRI scanners. The standardized scanning protocol consisted
of 3D T1-weighted, 2D T2-weighted, 2D T2*-weighted or
susceptibility-weighted imaging, and 2D or 3D fluid-attenuated
inversion recovery sequences.

2.4. Lesion segmentation

Lesion segmentation was performed on fluid-attenuated
inversion recovery sequences, using T1 as an anatomical refer-
ence for proper lesion classification. Cerebrovascular lesions were
rated in accordance with the internationally established STRIVE



Fig. 1. Flowchart of study sample selection.
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criteria, which provide neuroimaging standards for classification
of cerebral small vessel disease (Wardlaw et al., 2013). Automated
WMH segmentation was performed using the k-nearest neighbor
classification with tissue type priors method. This method has
shown excellent performance for different scanners and patient
populations (Steenwijk et al., 2013). The resulting WMH seg-
mentations underwent a visual check for accuracy by two inde-
pendent raters (NAW and TD). Manual corrections were
performed in 6 subjects (<1% of the TRACE-VCI cohort) when
important inaccuracies were found, such as missed WMHs, or
incorrect or incomplete WMH segmentation. Presence of other
lesion types (e.g., lacunar infarcts, nonlacunar infarcts, and
hemorrhages) was rated visually by neuroradiologists. Manual
segmentation of these lesions was performed with in-house
developed software using MeVisLab (MeVis Medical Solutions
AG, Bremen, Germany) (Ritter et al., 2011).
2.5. Generation of lesion maps

The RegLSM image-processing pipeline (publicly available at
www.metavcimap.org (most recent version described in [Weaver
et al., 2019]) was used to transform all lesion maps to the T1 1-
mm MNI-152 (Montreal Neurological Institute) brain template
(Fonov et al., 2011). The registration procedure consisted of linear
registration followed by nonlinear registration, using the elastix
toolbox (Klein et al., 2010). As an intermediate step, registration to
an age-specific MRI template was performed (Rorden et al., 2012),
which provides a more accurate registration in cases of severe brain
atrophy. These registration steps were combined into a single step
in which the original lesion maps were registered directly to MNI-
152 space, to prevent intermediate interpolations and thereby
improve registration accuracy. Quality checks of all registration
results were performed by one rater (NAW). One patient (0.14%)
was ultimately excluded because of unsuccessful lesion registra-
tion. As final step, voxels that were also labeled as other lesions
were discarded from the WMH lesion maps, to prevent that
hyperintense signals resulting from such lesions (e.g., gliotic scar
tissue from infarcts or hemorrhages) would be misclassified as
WMHs. This allowed us to create reliable WMH lesion maps even
when other lesions, such as infarcts or hemorrhages, were present
on MRI.
2.6. Cerebrospinal fluid biomarkers

CSF concentrations of Ab-42 and phosphorylated tau at threo-
nine 181 (p-tau) were measured at the Neurochemistry laboratory
at the Department of Clinical Chemistry of the VUMC (Mulder et al.,
2010). CSF biomarkers were assessed using Sandwich ELISAs
(Fujirebio, Ghent, Belgium) (Lewczuk et al., 2006). CSF was obtained
from patients at the VUMC as part of the clinical workup (76.8% of
TRACE-VCI VUMC subjects), and less frequently at the UMCU
(16.3%). Two measures for CSF biomarker burden were used: CSF
levels as continuous measure, and the presence or absence of CSF
abnormality based on validated cutoff scores of<640 ng/L for Ab-42
(Zwan et al., 2014) and >52 ng/L for p-tau (Mulder et al., 2010).
Because p-tau is considered amore specific marker of AD pathology
than total tau (Blennow et al., 2010), total tau was not assessed in
this study.
2.7. Statistical analysis

IBM SPSS Statistics for Windows (Released 2016, Version 24.0,
Armonk, NY: IBM Corp) was used for statistical analyses unless
otherwise indicated. Differences between included and excluded
patients from the TRACE-VCI cohort were assessed using inde-
pendent sample t-tests, Mann-Whitney U tests or Pearson’s c2 tests
where appropriate.

Two assumption-free analysis methods were used to assess the
relation between CSF biomarker levels and WMH location: voxel-
based lesion symptom mapping (VLSM), to determine the relation
between CSF biomarker levels and presence ofWMHs for individual
voxels in the brain; and region of interest (ROI)-based analyses, to
analyze the relation between CSF biomarker levels and regional
WMH volumes in predefined white matter regions. Each method
has a different modeling approach, thereby providing comple-
mentary information on WMH location. VLSM offers higher spatial
resolution, at the cost of statistical power due to control formultiple
comparisons. Meanwhile, ROI-based analyses can take cumulative
lesion burden in particular brain regions into account. CSF
biomarker levels as continuous measure were analyzed in both
lesion mapping methods. The dichotomous measure for presence
or absence of CSF abnormality was used in the ROI-based analyses
but not for VLSM. Dichotomization leads to a significant loss of
statistical power, and VLSM with dichotomized data was not ex-
pected to survive the strict correction for multiple testing.

2.7.1. Voxel-based lesion-symptom mapping
VLSM was performed using the Non-Parametric Mapping soft-

ware (version May 2016; settings: univariate analysis, Brunner-
Munzel test) (Rorden et al., 2007). Z-scores for CSF Ab-42 and p-
tau levels were used, after correction for age and sex. Next, to
determine whether voxelwise associations were independent of
global WMH burden, the analyses were repeated after additional
correction for normalized total WMH volume (i.e., volumes calcu-
lated from lesion maps in MNI-152 space) and a vascular risk
summary score. This score reflects the number of vascular risk
factors that is present, from a total of six (diabetes mellitus, hy-
pertension, hypercholesterolemia, smoking, obesity, and history of
vascular events other than stroke), similar to a previous study (Lee
et al., 2016). Presence of these risk factors was based on medical
history and/or medication use and for hypertension or diabetes also
based on results from clinical and laboratory testing at the baseline
assessment. Further details were previously described (Boomsma
et al., 2017). Voxels affected in less than 10 (2%) patients were
excluded from the analyses. False discovery rate control (q < 0.05)
was applied to correct for multiple comparisons.

http://www.metavcimap.org
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2.7.2. Region of interestebased analysis
Regional WMH volumes were calculated (in milliliters) using the

ICBM-DTI-81 white matter atlas inMNI-152 space (Mori et al., 2008;
Oishi et al., 2008). Because we had no a priori hypotheses about lat-
erality, bilateral regions were merged to create a single ROI by
combining the left and right volumes to reduce the number of com-
parisons. ROIs that were affected by WMHs in less than 25 patients
were excluded. WMH volumes underwent cube root transformation
to meet the normality assumptions of multiple linear models.

Total and regional WMH volumes were entered as dependent
variables in the linear regression models. First, age and sex were
entered as independent variables into a model for each ROI sepa-
rately (model 1). Next, CSF Ab-42 and p-tau levels as continuous
measures (model 2) and the presence of CSF abnormality (model 3)
were independently added to the initial model. Standardized betas
(stdb) and explained variances (adjusted R2) of each model were
calculated. Bonferroni correction for multiple comparisons was
applied (i.e., 16 comparisons, p < 0.0031).

Several supplementary analyses were performed. First, to
explore whether the associations differed between clinical di-
agnoses (i.e., subjective cognitive decline [SCD], MCI, AD-type de-
mentia, and noneAD-type dementia), interaction terms (dummy-
diagnosis*CSF measure) were added to the model if a significant
association between a CSF biomarker and regional WMH volumes
Table 1
Demographic and clinical characteristics of the study sample

Characteristics Study sample (n ¼ 517) SCD (n ¼ 121)

Demographic characteristics
Age, mean � SD 66.8 � 7.6 63.5 � 7.5
Female, n (%) 237 (45.8) 56 (46.3)
Education (Verhage scale)a,
median (IQR)

5 (2) (n ¼ 512)b 5 (2)

Vascular risk factors
Diabetes mellitus, n (%) 79 (15.3) 12 (9.9)
Hypertension, n (%) 421 (81.4) 94 (77.7)
Hypercholesterolemia, n (%) 208 (40.2) 42 (34.7)
Current smoker, n (%) 106 (20.5) (n ¼ 513)b 24 (20.0) (n ¼ 120)
Obesity (BMI �30), n (%) 95 (18.4) (n ¼ 509)b 32 (26.4)
History of reported stroke, n (%) 23 (4.4) 6 (5.0)
History of vascular event other
than stroke, n (%)

43 (8.3) 5 (4.1)

Cerebrospinal fluid AD biomarkers
CSF Ab-42 (ng/L), median (IQR) 618 (466) 916 (342)
CSF p-tau (ng/L), median (IQR) 56 (43) 47 (24)
CSF Ab-42 abnormal at cutoff
<640 ng/L, n (%)

271 (52.4) 24 (19.8)

CSF p-tau abnormal at cutoff
>52 ng/L, n (%)

279 (54.0) 44 (36.4)

Cognitive characteristics
MinieMental State Examination,
median (IQR)

25 (7) (n ¼ 515)b 28 (2)

Clinical Dementia Rating,
median (IQR)

0.5 (0.5) 0 (0.5)

Imaging characteristics
WMH volume in millilitersc,
median (IQR)

9.0 (16.6) 4.9 (8.9)

Patients with at least one
lacune, n (%)

81 (15.7) (n ¼ 505)b 10 (8.3) (n ¼ 119)b

Patients with at least one
strictly lobar
microbleed, n (%)

153 (31.2) (n ¼ 491)b 36 (31.6) (n ¼ 114)

Patients with cortical brain
infarct, n (%)

33 (6.4) 3 (2.5)

Patients with intracranial
hemorrhage, n (%)

3 (0.6) 0 (0.0)

Key: AD, Alzheimer’s disease; Ab-42, amyloid-beta 1-42; BMI, body mass index; CSF, ce
phosphorylated tau at threonine 181; SCD, subjective cognitive decline; SD, standard de

a Verhage scale: 1 ¼ <6 y of primary education; 2 ¼ finished 6 y of primary education;
level secondary education; 5 ¼ 4 y of average level secondary education; 6 ¼ 5 y of high

b Missing data; available sample size (n) is noted behind the respective variable.
c Standardized WMH volumes were calculated from lesion maps after transformation
was found. Subsequently, when this interaction termwas significant
(p < 0.05), regression analyses were stratified for clinical diagnosis,
and standardized betas were calculated for each diagnostic sub-
group separately. Second, we repeated the ROI-based analyses in a
subgroup of patients with biologically defined AD. This subgroup
was selected based on the concurrent presence of CSF Ab-42 and p-
tau abnormality (cutoffs defined in section 2.6), following the AT(N)
criteria for AD (Jack et al., 2018). Finally, the analyses on CSF Ab-42
were additionally adjusted for vascular risk factors and for presence
of strictly lobar cerebral microbleeds as markers for arterio-
losclerosis and CAA, respectively, in a subgroup of 491 patients.
Vascular risk factors were added to the model in two forms: as a
vascular risk summary score (described in section 2.7.1), and also as
separate factors to determine their individual contribution in the
ROI-based analyses. Presence of one or more strictly lobar cerebral
microbleeds was taken as indicator of “possible CAA” in accordance
with the modified Boston criteria (Linn et al., 2010).

3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of the present study
sample are shown in Table 1. The mean age was 66.8 years, and 237
MCI (n ¼ 118) AD (n ¼ 184) Other dementia (n ¼ 94)

68.0 � 7.4 68.5 � 7.6 66.4 � 6.7
47 (39.8) 97 (52.7) 37 (39.4)
5 (2) (n ¼ 115)b 5 (2) (n ¼ 183)b 5 (2) (n ¼ 93)b

26 (22.0) 27 (14.7) 14 (14.9)
94 (79.7) 154 (83.7) 79 (84.0)
58 (49.2) 75 (40.8) 33 (35.1)

b 25 (21.2) 37 (20.3) (n ¼ 182)b 93 (21.5) (n ¼ 93)b

13 (11.2) (n ¼ 117)b 29 (16.1) (n ¼ 180)b 21 (22.8) (n ¼ 92)b

8 (6.8) 3 (1.6) 6 (6.4)
13 (11.0) 15 (8.2) 10 (10.6)

628 (445) 476 (172) 822 (456)
60 (40) 75 (52) 39 (28)
61 (51.7) 157 (85.3) 29 (30.9)

68 (57.6) 137 (74.5) 30 (31.9)

27 (3) 20 (7) 24 (6) (n ¼ 92)b

0.5 (0) 1.0 (0.5) 0.5 (0.5)

11.6 (17.7) 11.6 (19.3) 8.5 (23.0)

26 (23.2) (n ¼ 112)b 22 (12.2) (n ¼ 181)b 23 (24.7) (n ¼ 93)b

b 30 (26.1) (n ¼ 115)b 62 (35.6) (n ¼ 174)b 25 (28.4) (n ¼ 88)b

5 (4.2) 7 (3.8) 7 (7.4)

1 (0.8) 2 (1.1) 0 (0.0)

rebrospinal fluid; IQR, interquartile range; MCI, mild cognitive impairment; p-tau,
viation; WMH, white matter hyperintensity.
3 ¼ 6 y primary education and <2 y of low level secondary education; 4 ¼ 4 y of low
level secondary education; 7 ¼ university degree (Verhage, 1964).

to the MNI-152 brain template.
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patients (46%) were women. 121 patients (23.4%) had a clinical
diagnosis of SCD, 118 patients (22.8%) had MCI, 184 patients (35.6%)
had AD type dementia, and 94 patients (18.2%) had other types of
dementia (vascular dementia: n ¼ 19; frontotemporal dementia:
n ¼ 20; Lewy body dementia: n ¼ 13; other or unknown etiology:
n ¼ 42). 196 patients (37.9%) were amyloid- and tau-positive,
thereby fulfilling the criteria for biologically defined AD (Jack
et al., 2018). WMHs were present in all included patients; there
was substantial variation in the number of voxels affected, with a
right-skewed distribution across the study sample (normalized
total WMH volumes: median: 9.0 mL, IQR: 16.6 mL, 5th percentile:
1.4 mL, 95th percentile: 57.5 mL).

Characteristics stratified by diagnostic group are also presented.
Of note, total WMH volumes were higher in patients with MCI and
dementia compared with SCD. CSF Ab-42 levels were lowest in
patients with AD type dementia, followed by patients withMCI. CSF
p-tau levels were highest in patients with AD type dementia, fol-
lowed by patients with MCI. CSF Ab-42 and p-tau abnormalities
were present in most patients with AD type dementia (85.3% and
74.5%, respectively), and also to a large extent in other diagnostic
groups (20%e58%).

The vascular risk summary score showedweak correlations with
CSF Ab-42, CSF p-tau, and total WMH volume (Spearman’s coeffi-
cient: 0.117, 0.142 and�0.088, respectively). Individual vascular risk
factors were not related to significant differences in total WMH
volume, lower Ab-42 levels or higher p-tau levels (data not shown).
Compared with the excluded TRACE-VCI subjects, the selected
study sample was younger, had lowerWMH burden, and had lower
Fig. 2. Lesion prevalence map and voxel-based lesion-symptom mapping results. (A) Lesio
Institute 152 T1 template (Fonov et al., 2011). The color of each voxel indicates the number o
(red). Only voxels that were damaged in at least 10 subjects (2%) are shown here because this
analyses (see Fig. 2B). (B) Voxel-based lesion-symptom mapping results for the relationship
10 subjects (2%) were included in the analyses, as shown in Fig. 2A. Significant voxels after c
after additional correction for normalized total WMH volume and the vascular risk summary
threshold: q < 0.05). Nonsignificant voxels are not shown. The right hemisphere is shown
breviations: FDR, false discovery rate; L, left; R, right; VRSS, vascular risk summary score; W
figure legend, the reader is referred to the Web version of this article.)
prevalence of vascular risk factors and cerebrovascular lesions on
MRI (Supplementary Table 1).

3.2. Spatial distribution of WMHs

The spatial distribution ofWMHs is shown in Fig. 2A. WMHs had
a symmetrical distribution, with most lesions located in periven-
tricular and frontoparietal regions. 26% of the white matter on the
MNI-152 template (153,626 of 596,258 voxels; including brain stem
and cerebellum) was affected in at least 10 subjects, and could
therefore be included in the VLSM analyses. For the ROI-based
analyses, 16 white matter regions were affected in sufficient num-
ber of patients to be included (Tables 2 and 3). Regional WMH
volumes per ROI are shown in Supplementary Table 2.

3.3. Relation between Ab-42 and WMHs

Overall, lower CSF Ab-42 levels correlated with larger total
WMH volume (stdb ¼ �0.131, p ¼ 0.002) (Table 2). VLSM identified
voxels in bilateral parieto-occipital periventricular regions, where
lower CSF Ab-42 levels, that is, reflecting a higher load of cerebral
amyloid pathology (Blennow et al., 2015; Molinuevo et al., 2018),
were related to prevalence of WMH, after correction for age, sex,
and multiple comparisons (Fig. 2B). Multiple-voxel clusters within
these regions remained significant after additional correction for
total WMH volume and the vascular risk summary score.

In the ROI-based analyses, lower CSF Ab-42 levels (continuous
measure) and the presence of CSF Ab-42 abnormality (dichotomous
n prevalence map of WMH in the study sample, shown on the Montreal Neurological
f subjects that had WMH in this voxel, ranging from at least 10 (purple) to 250 or more
was the minimum threshold for inclusion in the voxel-based lesion-symptommapping
with lowered amyloid-beta levels, shown in the axial plane. Voxels damaged in at least
orrection for multiple comparisons, age and sex are depicted in blue; significant voxels
score are depicted in red (nonparametric mapping settings: Brunner Munzel test; FDR
on the right. Z-coordinates (axial plane): 63, 73, 78, 83, 88, 93, 98, 108, and 118. Ab-
MH, white matter hyperintensity. (For interpretation of the references to color in this



Table 2
Region of interest-based analyses: cerebrospinal fluid amyloid-beta 1-42 levels or presence of abnormality in relation to regional WMH volumes

Regional WMH volumes Model 1: age þ sex Model 2: model 1 þ CSF Ab-42
levels

Model 3: model 1 þ CSF Ab-42
abnormality (<640 ng/L)

Adj R2 Adj R2 Stdb Adj R2 Stdb

Total 0.143 0.157 �0.131a 0.147 �0.080
Genu corpus callosum 0.122 0.124 �0.065 0.121 �0.035
Body corpus callosum 0.138 0.138 �0.050 0.136 �0.015
Splenium corpus callosum 0.141 0.170 �0.180a 0.157 �0.136a

Anterior limb internal capsule 0.096 0.096 0.044 0.099 0.067
Posterior limb internal capsule 0.067 0.072 0.085 0.074 0.095
Retrolenticular limb internal capsule 0.056 0.055 �0.031 0.054 �0.006
Anterior corona radiata 0.149 0.154 �0.082 0.149 �0.043
Superior corona radiata 0.137 0.138 �0.051 0.136 �0.012
Posterior corona radiata 0.126 0.135 �0.108 0.128 �0.061
Posterior thalamic radiation 0.113 0.142 �0.180a 0.129 �0.135a

Sagittal striatum 0.059 0.069 �0.108 0.062 �0.073
External capsule 0.098 0.101 0.066 0.105 0.094
Superior longitudinal fasciculus 0.091 0.094 �0.071 0.089 �0.019
Superior fronto-occipital fasciculus 0.086 0.085 0.002 0.085 0.014
Tapetum 0.087 0.091 �0.076 0.089 �0.035

This linear regression analysis served to identify strategic whitematter regions in which CSF Ab-42 levels or abnormality are associated with regionalWMH volumes. The ICBM
DTI-81 white matter atlas (Mori et al., 2008; Oishi et al., 2008) was used to calculate regionalWMH volumes (in milliliters) for each subject. Bilateral white matter regions were
merged to create a single ROI by combining the volumes of the left and right ROI. WMH volumes underwent cube root transformation before statistical analyses. First, age and
sex were entered as independent variables into a linear regression model for each ROI (model 1). Next, Ab-42 was added as continuous measure of CSF levels (model 2), or as
dichotomousmeasure using<640 ng/l as cutoff for abnormal Ab-42 (model 3). Explained variances (Adj R2) and standardized betas are shown for both measures of CSF Ab-42.
For model 3, standardized betas are multiplied by �1, so negative values correspond with higher WMH volumes being related to abnormal CSF Ab-42, to allow for better
comparison with model 2.
Key: Adj R2, adjusted, R2; Ab-42, amyloid-beta 1-42; CSF, cerebrospinal fluid; ROI, region of interest; Stdb, standardized beta; WMH, white matter hyperintensity.

a Statistically significant after Bonferroni correction for 16 comparisons (i.e., p < 0.0031), shown in bold.
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at<640 ng/L) were both associatedwith largerWMH volumes in the
splenium of the corpus callosum (stdb ¼ �0.180 p < 0.001;
stdb ¼ �0.136, p ¼ 0.001, respectively) and the posterior thalamic
radiation (stdb ¼ �0.180, p < 0.001; stdb ¼ �0.135, p ¼ 0.001,
respectively), after correction for age and sex (Table 2;
Supplementary Fig. 1). The observed associations were independent
of clinical diagnosis (interaction terms all nonsignificant). Results
remained unchanged after additional correction for the vascular risk
summary score and the presence of strictly lobar microbleeds
Table 3
Region of interest-based analyses: cerebrospinal fluid phosphorylated tau levels or prese

Regional WMH volumes Model 1: age þ sex

Adj R2

Total 0.143
Genu corpus callosum 0.122
Body corpus callosum 0.138
Splenium corpus callosum 0.141
Anterior limb internal capsule 0.096
Posterior limb internal capsule 0.067
Retrolenticular limb internal capsule 0.056
Anterior corona radiata 0.149
Superior corona radiata 0.137
Posterior corona radiata 0.126
Posterior thalamic radiation 0.113
Sagittal striatum 0.059
External capsule 0.098
Superior longitudinal fasciculus 0.091
Superior fronto-occipital fasciculus 0.086
Tapetum 0.087

This linear regression analysis served to identify strategic white matter regions in which C
DTI-81 white matter atlas (Mori et al., 2008; Oishi et al., 2008) was used to calculate region
merged to create a single ROI by combining the volumes of the left and right ROI. WMH vo
sex were entered as independent variables into a linear regression model for each ROI (m
dichotomous measure using >52 ng/l as cutoff for abnormal p-tau (model 3). Explained v
Key: Adj R2, adjusted R2; CSF, cerebrospinal fluid; p-tau, phosphorylated tau at thre
hyperintensity.

a Statistically significant after Bonferroni correction for 16 comparisons (i.e., p < 0.003
(Supplementary Table 3). Individual vascular risk factors also did not
affect these associations (data not shown). In the subgroup with
biologically defined AD (i.e., amyloid- and tau-positive), associations
between CSF Ab-42 levels and WMH volume were similar in these
ROIs (splenium: stdb ¼ �0.178, p ¼ 0.007; posterior thalamic radi-
ation: stdb ¼ �0.253, p < 0.001). Two additional parieto-occipital
white matter ROIs also showed significant associations in this sub-
group analysis, namely the sagittal striatum and superior longitu-
dinal fasciculus (Supplementary Table 4).
nce of abnormality in relation to regional WMH volumes

Model 2: model 1 þ CSF p-tau
levels

Model 3: model 1 þ CSF p-tau
abnormality (>52 ng/L)

Adj R2 Stdb Adj R2 Stdb

0.144 �0.059 0.142 �0.021
0.121 �0.033 0.121 �0.022
0.144 �0.094 0.138 �0.042
0.140 �0.018 0.140 �0.006
0.113 L0.140a 0.100 �0.073
0.086 L0.148a 0.073 �0.088
0.058 �0.065 0.056 �0.045
0.152 �0.068 0.148 �0.011
0.153 L0.134a 0.140 �0.069
0.132 �0.087 0.129 �0.073
0.113 0.046 0.112 0.029
0.057 0.008 0.057 0.010
0.114 L0.137a 0.099 �0.053
0.095 �0.079 0.091 �0.039
0.105 L0.146a 0.090 �0.075
0.085 0.008 0.085 �0.007

SF p-tau levels or abnormality are associated with regional WMH volumes. The ICBM
alWMH volumes (in milliliters) for each subject. Bilateral white matter regions were
lumes underwent cube root transformation before statistical analyses. First, age and
odel 1). Next, p-tau was added as a continuous measure of CSF levels (model 2), or as
ariances (Adj R2) and standardized betas are shown for both measures of CSF p-tau.
onine 181; ROI, region of interest; Stdb, standardized beta; WMH, white matter

1), shown in bold.
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3.4. Relation between p-tau and WMHs

Overall, CSF p-tau levels were not associated with total WMH
volume (Table 3). In VLSM, CSF p-tau levels showed no voxelwise
correlations with WMH location after correction for sex, age, and
multiple comparisons.

In the ROI-based analyses, lower CSF p-tau levels (continuous
measure) were associated with larger WMH volumes in fronto-
parietal regions, including the internal and external capsule, su-
perior corona radiata, and superior fronto-occipital fasciculus. An
interaction between CSF p-tau levels and clinical disease severity
was found for WMHs in the posterior limb of the internal capsule;
diagnostic subgroup analysis showed that these associations were
driven by patients withMCI (stdb for SCD:�0.002;MCI:�0.319; AD
dementia: 0.019; other dementia: �0.006). By contrast, the pres-
ence of CSF p-tau abnormality (dichotomous at >52 ng/L) showed
no associations with regional WMH volumes (Table 3). In the sub-
group with biologically defined AD, no significant associations be-
tween CSF p-tau levels and regional WMH volumes were observed
(Supplementary Table 4).

4. Discussion

We found that lower CSF Ab-42 levels are related to WMHs
located in the splenium of the corpus callosum and the posterior
thalamic radiation in memory clinic patients, also after controlling
for markers of vascular disease. This suggests that increased cere-
bral amyloid burden is linked to WMH occurrence in specific pos-
terior white matter regions.

Previous studies already found indications for a posterior pre-
dominance of WMHs in patients with AD as a clinical or genetic
diagnosis. One study found that patients with a clinical diagnosis of
ADdwithout information on CSF biomarkersdhad significantly
higher WMH volumes in posterior periventricular regions and the
splenium of the corpus callosum than cognitively normal in-
dividuals (Yoshita et al., 2006). Another study showed thatWMHs in
parietal and occipital lobes are a very early finding in autosomal-
dominant AD mutation carriers, occurring more than two decades
before symptom onset (Lee et al., 2016). In recent years, a more
direct link between cerebral amyloid burden and global WMH
burden was suggested by observations in various patient pop-
ulations (Kandel et al., 2016; Marnane et al., 2016; Osborn et al.,
2018; Pietroboni et al., 2018; Scott et al., 2016; Shams et al., 2016;
Van Westen et al., 2016). Taking this emerging evidence together,
we hypothesized that the burden cerebral amyloid patholo-
gydparticularly in the context of clinical ADdcontributes toWMHs
in posterior brain regions. One recent study indeed found a rela-
tionship between lower CSF Ab-42 levels and WMHs located in the
posterior corona radiate using voxel-based analyses, in subjects
with normal cognition or MCI (Al-Janabi et al., 2018). However, this
study had a small sample size (n ¼ 62) and did not include in-
dividuals with dementia. In addition, the analyses in this studywere
not corrected for total WMH burden or markers of vascular disease.
With this large-scale lesion-mapping study in 517 memory clinic
patients, we have nowestablished a direct relationship between the
actual cerebral amyloid burden and WMH location in specific pos-
terior brain regions. Furthermore, we have determined that this link
between amyloid burden and posterior WMH is present across the
full spectrum of clinical disease stages and pathologies that is seen
at the memory clinic, and also applies specifically to patients with
biologically defined AD.

The observed relationship between lower CSF Ab-42 levels and
posterior WMHs in specific white matter regions may suggest an
amyloidogenic source of white matter damage. Although our study
was not designed to establish causality, we speculate that this could
arise through two potential pathways. First, our findings could
represent an interaction between cerebral SVD, as manifested in an
increased WMH burden, and amyloid pathology, in line with the
two-hit vascular hypothesis of AD (Kisler et al., 2017). This hy-
pothesis states that vascular damage leads to accumulation of ce-
rebral amyloid, which in turn causes further damage to small
arteries and arterioles. CAA is considered to be one of the key
manifestations of this process. CAA is present in over 90% of patients
with AD (Esiri et al., 2015), CSF Ab-42 is decreased to similar extent
in both CAA and AD (Charidimou et al., 2018) and CAA vascular
pathology is most abundant in blood vessels located in posterior
brain regions (Esiri et al., 2015; Reijmer et al., 2016). Thus the
occurrence of posterior WMHs could be related to CAA-related
ischemic damage. However, this is challenged by our observation
that associations between CSF Ab-42 levels and posterior WMH
volumes were independent from the presence of strictly lobar ce-
rebral microbleeds, which is a key imaging marker for CAA (Linn
et al., 2010). Alternatively, WMHs could be related to direct effects
of amyloid pathology on the white matter. We found that the as-
sociations between CSF Ab-42 and WMH were independent
of a vascular risk summary score (representing risk of arterio-
losclerosis), which agrees with a recent report on patients with
autosomal-dominant AD (Lee et al., 2016). Recent evidence suggests
that WMHs have heterogeneous features and could represent
different underlying pathological processes, particularly in the
context of AD pathology (Brickman et al., 2009; Wardlaw et al.,
2015). Notably, a postmortem study found that parietal white
matter lesions (i.e., the histological equivalent of WMHs) were
associated with pathological markers of Wallerian neuro-
degeneration in patients with AD, whereas ischemic changes
related to hypoperfusion were selectively found in nondemented
controls. In this same study, neurodegenerative markers were
associated with increased burden of cortical AD pathology, but not
with SVD-related ischemia (McAleese et al., 2017). This suggests
that parietalWMHsmay have a distinct pathological composition in
the context of AD pathology. Whether these neurodegenerative
effects are directly related to amyloid pathology, and whether these
changes are region-specific, remain to be determined.

Our findings contribute to a growing body of evidence that
proposes that SVD and AD pathologies drive progression to de-
mentia through regionally distinct pathways. This hypothesis states
that frontal white matter is preferentially vulnerable to
arteriolosclerosis-related SVD, whereas posterior white matter
changes are more related to neurodegenerative diseases (Kalaria
and Ihara, 2013). WMHs appear to follow this spatial distribution:
WMHs have an anterior distribution in patients with cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (Auer et al., 2001; Singhal et al., 2005), and a
posterior distribution in patients with clinical AD (Lee et al., 2016;
Yoshita et al., 2006). From a clinical perspective, it is relevant to
establish whether WMH features can help distinguish between
underlying etiologies. Although the stand-alone value of WMH
distribution appears to be limited (R2 for CSF Ab-42 is 3%), it is
conceivable that other WMH features might provide additional in-
formation. For example, a recent study presented a WMH shape
features algorithm, which could be used to compare WMH shapes
and sizes in patients with and without amyloid abnormality (De
Bresser et al., 2018).

Our secondary objectivewas to explore the relation between CSF
p-tau andWMH location.We found that lower CSF p-tau levelswere
associated with larger regional WMH volumes, but no associations
were found when cutoff scores for CSF abnormality was used. Pre-
vious studies on associations between WMH burden and CSF p-tau
are scarce and provide conflicting results. One study found that
patients with prodromal AD and normal CSF p-tau levels (cutoff for
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abnormality: >51 ng/L) had higher parietal WMH burden (Hertze
et al., 2013). By contrast, another study found that cognitive
normal individuals and patients withMCI who had increased CSF p-
tau levels (>23 ng/L) showed more extensive occipital periven-
tricular WMH (NB: graded with a semiquantitative visual rating
scale, not WMH volume) (Marnane et al., 2016). Our inconclusive
findings in the present study could result from the issue that CSF p-
tau levels, as continuous measure, do not necessarily reflect tau
pathology burden in the brain. While some neuropathological
studies showed a relation between higher CSF p-tau levels and
cortical tau pathology (Buerger et al., 2006; Tapiola et al., 2009),
these are contested by an equal number of negative studies (Buerger
et al., 2007; Engelborghs et al., 2007). Therefore the findings for CSF
p-tau levels (i.e., model 2) should be interpreted with caution, and
the presence of p-tau pathology should be primarily based on the
validated cutoff scores for CSF p-tau abnormality (i.e., model 3).
Thus, no clear evidence for any association between CSF p-tau and
WMH locationwas found. PET-taumeasuresmight bemore suitable
to represent cerebral tau pathology.

Some limitations to our studymust also be noted. First, our cross-
sectional design does not allow us to make formal causal inferences
on the relationship between CSF biomarkers andWMHs. Second, our
memory clinic population was included from tertiary referral cen-
ters, and participants were only included if they had a minimal
burden of vascular brain injury on MRI. This could cause selection
bias toward different pathologies than would be seen in regular
memory clinics, which could limit the generalizability of our find-
ings. Further studies in other cohorts are therefore recommended.
Third, although we achieved much better brain coverage than in
previous studies, it should be taken into account that the ROI-based
analyses results are based on only parts of each ROI (Supplementary
Table 2). For example, althoughWMHs in the splenium of the corpus
callosumwere significantly associatedwith lower CSFAb-42,WMHs
were only present in the periventricular parts of this ROI (as seen in
Fig. 2A and Supplementary Fig. 1). Fourth, the potential relevance of
other Ab species was not addressed. A previous study found that
decreased CSFAb-38 and Ab-40 levels, indicative of Ab deposition in
the cerebral vessel walls, were more strongly associated with
regional WMHs than CSFAb-42 (VanWesten et al., 2016). This could
be relevant in the context of CAA (Charidimou et al., 2018) and
warrants further investigation. Fifth, MRI data were collected from
various scanner types and imaging protocols. We accounted for this
by using a WMH segmentation algorithm and image-processing
pipeline that were validated for different types imaging data, but
this remains a potential source of heterogeneity. Finally, CSF bio-
markers cannot provide information on the location of amyloid or
tau abnormalities in the brain. Studies on positron emission to-
mography imaging of amyloid and tau could help determine
whether posterior WMHs colocalize with AD pathology.

In conclusion, our findings indicate that cerebral amyloid
burden is associated withWMHs located in specific posterior white
matter regions, possibly reflecting region-specific effects of amyloid
pathology on the white matter. CSF-pathologicaleimaging studies
are necessary to further establish the pathways that link amyloid
pathology to WMHs.
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