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This study investigated the relationship between white matter hyperintensities (WMH) and cerebrospinal ﬂuid (CSF) Alzheimer's disease (AD) biomarkers. Subjects included 180 controls, 107 individuals
with a signiﬁcant memory concern, 320 individuals with early mild cognitive impairment, 171 individuals with late mild cognitive impairment, and 151 individuals with AD, with 3T MRI and CSF Ab1-42,
total tau (t-tau), and phosphorylated tau (p-tau) data. Multiple linear regression models assessed the
relationship between WMH and CSF Ab1-42, t-tau, and p-tau. Directionally, a higher WMH burden was
associated with lower CSF Ab1-42 within each diagnostic group, with no evidence for a difference in the
slope of the association across diagnostic groups (p ¼ 0.4). Pooling all participants, this association was
statistically signiﬁcant after adjustment for t-tau, p-tau, age, diagnostic group, and APOE-ε4 status (p <
0.001). Age was the strongest predictor of WMH (partial R2~16%) compared with CSF Ab1-42 (partial
R2~5%). There was no evidence for an association with WMH and either t-tau or p-tau. These data are
supportive of a link between amyloid burden and presumed vascular pathology.
Ó 2020 Elsevier Inc. All rights reserved.
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1. Introduction
The co-existence of cerebrovascular disease (CVD) and Alzheimer's disease (AD) is increasingly well recognized; patients with
AD often display both AD pathology and underlying vascular pathologies at autopsy such as small vessel disease (SVD), microvascular injury, and cerebrovascular lesions (Brayne et al., 2009; Esiri
et al., 2014; Jellinger and Attems, 2006; Kapasi et al., 2017;
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Schneider et al., 2007, 2009). Cerebrovascular pathology is well
established as an important contributor to cognitive decline, acting
as the primary cause of at least 20% of dementias (Gorelick et al.,
2011). However, the relationship between CVD and the hallmark
Alzheimer's pathologies including tau and amyloid beta (Ab) is yet
to be fully characterized.
Ab deposition in the brain can be globally measured in vivo by
analyzing cerebrospinal ﬂuid (CSF) levels of Ab1-42, whereby an
increase in parenchymal Ab is signiﬁed by a decrease in CSF Ab1-42
(Blennow et al., 2010). Cerebral tau levels can also be assessed using
CSF analysis, with the levels of total tau (t-tau) and phosphorylated
tau (p-tau) thought to indicate neuronal damage and pathological
tau deposition, respectively (Jack et al., 2018). Markers of CVD are
visible and quantiﬁable on magnetic resonance imaging (MRI), with
perhaps the best characterized being white matter hyperintensities
(WMH) that appear hyperintense on T2-weighted or FLAIR imaging
and hypointense on T1-weighted imaging (Wardlaw et al., 2013).
WMH have numerous histopathological correlates, including
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ependymal loss, cerebral ischemia, and demyelination (Gouw et al.,
2011). However, it may be that WMH are not only a marker of CVD,
but also occur as a result of Alzheimer's pathologies (McAleese
et al., 2015, 2017).
Research studies are now moving toward a more biomarker led
approach to AD (Jack et al., 2018), making it important to understand how possible biomarkers are interrelated at different stages
of disease. Although no cerebrovascular biomarkers have been
included in the research framework proposed by Jack et al. (2018),
WMH are a good candidate marker to enhance our understanding
of the associations between AD and vascular pathology.
WMH have shown associations with amyloid accumulation, as
measured by positron emission tomography (Kandel et al., 2016;
Marnane et al., 2016) and CSF biomarkers (Marnane et al., 2016;
Pietroboni et al., 2018). Tau aggregation has also been linked to
WMH burden (McAleese et al., 2015, Tosto et al., 2015), although
results are somewhat less consistent (Kester et al., 2014; Osborn
et al., 2018). The aim of this study was to add evidence to further
characterize these complex relationships between AD and vascular
biomarkers, and to extend the current literature by examining these
relationships across the full spectrum from normal aging to AD. We
used continuous as opposed to binary measures of AD biomarkers,
to more sensitively examine relationships with WMH. To the best of
our knowledge, this study is the ﬁrst to look at relationships between traditional biomarkers of AD (CSF Ab1-42, t-tau, and p-tau)
and WMH in controls, individuals with a signiﬁcant memory
concern (SMC), individuals with early MCI (EMCI), individuals with
late MCI (LMCI), and individuals with AD. We hypothesize that
WMH will show associations with CSF Ab1-42, t-tau, and p-tau
biomarkers, reﬂecting the potential relationships between vascular
dysfunction, amyloid deposition, neurodegeneration, and tau
deposition. Because WMH are likely to represent different admixtures of pathology at different disease stages, with recent evidence
suggesting in later disease stages WMH associations with tau may
be stronger (McAleese et al., 2017) and Ab1-42 may be weaker
(Zhou et al., 2009), we also hypothesize that the relationships between Ab and tau biomarkers and WMH may change throughout
the disease course with stronger associations between tau markers
and WMH at later disease stages, and weaker associations between
Ab1-42 and WMH at the more advanced stages.
2. Materials and methods
2.1. Cohort
The demographic, imaging, and biological data used for this
study were downloaded from the ADNI database (http://adni.loni.
usc.edu/). Both ADNIGO and ADNI2 data were used. ADNI is a
multicenter, longitudinal public-private funded partnership, with
the primary goal of using demographic, biomarker, neuropsychological, and MRI data to monitor progression of AD. Since 2003,
Principle Investigator Michael W. Weiner, MD, has overseen
recruitment of healthy controls, MCI and AD subjects from over 60
sites across the United States and Canada. (For up-to-date information, see www.adni-info.org).
Ethical approval was obtained by the institutional review board
at each participating center. All study participants provided written
informed consent. Participants took part in the baseline and followup clinical, neuropsychometric, and MRI assessments. CSF data
were collected from all subjects where possible.
Five diagnostic groups were used for this study: control, SMC,
early MCI, late MCI, and AD. A diagnosis of MCI was based on a
signiﬁcant memory concern (by participant or informant) and a
clinical dementia rating of 0.5, but a Mini-Mental State Examination
no lower than 24. Level of MCI (early or late) was determined by the

Wechsler Memory Scale Logical Memory II. The SMC group was
developed by ADNI to bridge the gap between controls and MCI
participants, and is characterized by individuals who have selfreported a memory complaint but score within a normal range
for cognition.
2.2. CSF measurements
CSF Ab1-42, t-tau, and p-tau were measured at the ADNI
biomarker core (University of Pennsylvania) using the microbeadbased multiplex immunoassay, the INNO-BIA AlzBio3 RUO test
(Fujirebio, Ghent, Belgium), on the Luminex platform (Luminex
Corp, Austin, TX, USA). Raw, untransformed CSF values were used
for all analyses.
Additional analyses were carried out on CSF data obtained using
the Roche Elecsys cobas e 601 fully automated immunoassay platform at the ADNI biomarker core (University of Pennsylvania).
2.3. Images and image processing
MRI (3T) was acquired across sites using a standardized protocol
that was validated across platforms and described in the study by
Jack (2015). Images underwent quality control at the Mayo Clinic
(Rochester, MN) which included assessments for protocol compliance and image quality, as well as checks for any signiﬁcant
neurological/radiological abnormalities. Baseline T1-weighted and
FLAIR images from newly recruited individuals (i.e., with a ﬁrst visit
in ADNI2 or GO) were downloaded from the ADNI database.
Bayesian Model Selection, a fully automated lesion segmentation pipeline, was applied to the coregistered image pairs (T1 and
FLAIR) (Sudre et al., 2015). Brieﬂy, Bayesian Model Selection uses a
Gaussian mixture model to jointly model healthy tissue and unexpected intensity observations for the different anatomical brain
tissue. The number of Gaussian components required to appropriately model each tissue type is dynamically optimized using a split
and merge strategy. After ﬁtting the model, candidate hyperintense
WMH voxels are selected and the formed connected components
classiﬁed as lesion or artifacts in a postprocessing step based on
anatomy rules. The resultant probability map of WMH was integrated to calculate the WMH volume. Only supratentorial WMH
were included which were located in the white matter and
subcortical gray matter. Total intracranial volumes (TIV) were
calculated using the Geodesic information ﬂows (GIF) label fusion
framework, using T1-weighted images only (Cardoso et al., 2015).
All automated WMH segmentations were visually inspected by a
single rater who had been trained to segment WMH manually. The
postprocessing stage of the lesion classiﬁcation was iteratively
improved so as to limit the number of unusable segmentations and
improve segmentations where large sections of lesion had been
excluded. 22 cases were improved in this way and rechecked by a
single rater, 21 of which were useable. Altogether, 12 regions were
considered unusable of 944 regions in separate individuals. 3
further individuals were excluded because of lack of demographic/
diagnostic information.
To calculate the parietal and nonparietal WMH, Euclidean distance maps from the cortical lobar parcellation obtained from GIF
were used to assign each WM voxel to the closest associated lobe.
2.4. Statistical analyses
All statistical analysis was performed using STATA v13 (Stata
Corp.). For WMH, most analyses were performed on loge transformed values to reduce skewness. To estimate differences in
means across groups for demographic, imaging, and CSF variables,
linear regression models were used for continuous variables. For
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logeWMH, linear regression models were used with group as the
predictor of interest and adjustment for TIV. We also present untransformed WMH volumes and again test for differences in these
across diagnostic groups, using linear regression with adjustment
for TIV.
For analyses involving associations between WMH volume and
CSF biomarkers, CSF biomarker values were standardized using the
pooled within-group standard deviations (SDs) calculated from a
linear regression model for each biomarker that allowed for differences in mean levels by group. Because WMH volumes were
analyzed on a logarithmic scale the resulting coefﬁcients were
back-transformed so that they expressed percentage increases or
decreases in WMH for each 1SD increase in CSF biomarkers.
To explore whether CSF Ab1-42 was associated with WMH
across diagnostic groups, separate diagnostic group-speciﬁc linear
regression models were ﬁtted with logeWMH as the dependent
variable and standardized Ab1-42 and TIV as predictors. Betweengroup differences in slope were assessed by ﬁtting a further
model in the combined diagnostic groups, with interactions between diagnostic group and Ab1-42, and carrying out a joint
interaction test. All models were also reﬁtted with age at the
baseline as an additional covariate. Analyses including age were
secondary, since age at the baseline may be on the causal pathway
(theoretically a proxy for the number of vascular events that may
have happened to an individual and the ability to clear amyloid).
Analogous procedures were used with Ab1-42 values being
replaced by t-tau and then by p-tau.
Scatter plots of logeWMH volume against CSF Ab1-42, t-tau, or
p-tau in each group were also generated to show unadjusted
associations.
We decided that should the joint interaction terms between
participant group and Ab1-42 in the above models not be statistically signiﬁcant then any further analysis would be carried out in
the cohort as a whole, adjusting for participant group but without
including the interaction terms. In a ﬁrst set of linear regression
models, we explored the Ab1-42-WMH relationship adjusting for
(1) nothing; (2) TIV; (3) TIV and diagnostic group; (4) TIV, group
and age; (5) TIV, group age and APOE-ε4 status. This was repeated
in a second set of models adding t-tau as a covariate to all models in
the set (1) to (5) and in a third set of models by adding p-tau to all
models in the set (1) to (5). Partial R2 values for these potential
confounders were also calculated for each covariate from model (5)
in each set.
Supplementary analyses were also performed assessing the
relationship between age and WMH using linear regression models
with logeWMH being the dependent variable and age and TIV being
predictors. This was initially performed in each diagnostic group
separately, with one further model ﬁtted that allowed for an
interaction between diagnostic group and age. To assess the impact
of vascular risk factors on the WMH-age relationship, smoking,
hypertension, body mass index (BMI), and diabetes were added as
covariates into separate diagnostic group-speciﬁc models and then
in a combined model. To examine relationships between age and
CSF variables, linear regression models were initially performed
with Ab1-42 as the dependent variable and age as the predictor,
before replacing Ab1-42 with t-tau and then p-tau. We also
assessed associations between CSF biomarkers and parietal lobe
WMH volumes versus nonparietal WMH. These analyses used CSF
Ab1-42, t-tau, or p-tau as the dependent variable and loge transformed parietal and nonparietal WMH volumes as predictor variables. The main analyses were repeated using the Elecsys
biomarker data. These included the group-speciﬁc linear regression
models with logeWMH as the dependent variable and standardized
biomarker and TIV as predictors, and the analysis of CSF Ab1-42 and
WMH in the cohort as a whole.
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3. Results
3.1. Group demographics
There were 929 subjects with useable WMH values and available
demographic data. Table 1 shows demographic, imaging, and CSF
biomarker summary statistics for each diagnostic group. Betweengroup differences were seen in age, with the AD group being the
oldest and the EMCI group being the youngest. Participants differed
as expected in terms of Mini-Mental State Examination, APOE-ε4
status, WMH volume, CSF Ab1-42, CSF t-tau, and CSF p-tau with
poorer scores, greater ε4 carriage, and CSF biomarkers indicative of
more pathology from controls to EMCI to LMCI to AD. In terms of
vascular risk factors, differences were only observed between
groups in BMI, with a lower BMI observed in the AD group. Summary CSF marker statistics for the subgroup with Elecsys CSF Ab142 measures are shown in Supplementary Table 1.
3.2. CSF biomarkers and WMH
Table 2 shows the estimated percentage decreases in WMH for
increases in CSF Ab1-42 after adjustment for TIV and Fig. 1 shows
the corresponding scatter plots. Although the estimated slope of
the association in the 5 diagnostic groups varied somewhat (and
was not formally statistically signiﬁcant in the LMCI and AD
groups), 95% conﬁdence intervals were relatively wide and the
variability in estimates was consistent with chance (joint tests for
differences in slopes among groups were not statistically signiﬁcant). The effect of CSF Ab1-42 on WMH was typically reduced after
adjustment for age, but we did not ﬁnd any material changes in
effects after adjustment for gender (Supplementary Table 2).
Supplementary Table 3 shows equivalent results to Table 2 using
the Elecsys CSF Ab1-42 assay. These results demonstrate similar
ﬁndings using this alternative assay.
Table 3 shows the percentage increases in WMH for increases in
CSF t-tau and Fig. 2 shows the corresponding scatter plots. With
adjustment for TIV, WMH burden was borderline positively associated with t-tau only in the EMCI group. This association was no
longer signiﬁcant after adjusting for age. There was no evidence for
an interaction between t-tau and group.
Table 4 shows the percentage increases in WMH for increases in
CSF p-tau and Fig. 3 shows the corresponding scatter plots. There
was no evidence for an association between WMH and p-tau in any
diagnostic group. There no evidence for an interaction between
group and p-tau.
3.3. Relationships of CSF Ab1-42 with WMH
Table 5a shows the percentage reductions in WMH volume for a
1 SD increase in CSF Ab1-42 adjusting for group, age, APOE-ε4
status, t-tau, and p-tau. The relationship between WMH and Ab142 remains signiﬁcant and materially unchanged (between a 16%
and 22% reduction in WMH per 1SD change in Ab1-42) after progressive adjustment for covariates. This association between CSF
Ab1-42 and WMH was also shown to be independent of the effects
of CSF t-tau and p-tau.
Table 5b shows partial R2 values for all the covariates in each
model set. Ab1-42 consistently uniquely explained approximately 5% of the variance in WMH across all models. Age
explained the largest variance in WMH at ~15%, compared with
tau biomarkers, group, and APOE-ε4 status, with each only
explaining only around 1%.
Supplementary Table 4 shows analogous results to Table 5 using
the Elecsys assay. The results are not materially changed by the use
of this alternative CSF Ab1-42 measurement.
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Table 1
Demographic, imaging, and CSF summary statistics
Characteristic

Controls

SMC

EMCI

LMCI

AD

N (total ¼ 929)
Age
Male (%)
MMSE/30
APOE-ε4 positive (%)
TIV (mL)
WMH volume (mL)
Median (IQR)
LogeWMH (mL)
CSF Ab1-42 (pg/mL)b
Median (IQR)
CSF t-tau (pg/mL) c
Median (IQR)
CSF p-tau (pg/mL) d
Median (IQR)
History of hypertension (%)
Smoking: never (%)
Previous (%)
Current (%)
BMI
History of diabetes (%)

180
73.4
46
29.0
33
1403
3.4

107
72.3
43
29.0
36
1414
3.4

320
71.0
54
28.3
47
1423
3.8

171
72.4
56
27.6
60
1436
3.7

151
75.0
56
23.1
71
1416
5.8

1.3
270.5
287.5
62.5
53.0
21.8
19.6
49
58
37
4
27.4
7

(6.2)
(1.3)
(134)
(4.8)
(0.9)
(80.2)
(120.5)
(29.0)
(33.6)
(10.0)
(11.1)

(4.6)

1.3
308.3
318.0
59.6
53.6
21.6
18.3
47
53
45
2
28.4
10

(5.5)
(1.3)
(125)
(4.4)
(0.9)
(91.2)
(157.0)
(24.7)
(27.3)
(10.6)
(10.6)

(6.3)

1.4
251.0
255.0
70.9
59.2
23.0
20.4
50
59
39
2
28.2
11

(7.5)
(1.6)
(136)
(6.1)
(1.0)
(79.0)
(136.0)
(42.3)
(39.1)
(11.0)
(12.9)

(5.3)

1.4
212.0
190.5
93.3
81.3
28.6
25.5
45
65
33
2
27.4
9

(7.7)
(1.8)
(132)
(8.1)
(1.0)
(77.3)
(103.0)
(50.2)
(72.6)
(14.3)
(17.0)

(4.9)

1.7
181.1
169.0
120.1
108.0
34.2
31.3
52
61
34
4
26.2
15

p Value across groups
(8.0)
(2.1)
(151)
(9.0)
(1.0)
(64.3)
(53.0)
(56.3)
(71.2)
(17.8)
(17.9)

<0.001
0.08
<0.001
<0.001
0.2
0.005a
0.002a
<0.001
<0.001
<0.001
0.8
0.4

(5.3)

<0.001
0.2

Values are mean (SD) unless reported. Bold values denote statistical signiﬁcance at the p < 0.05 level.
Key: SMC, signiﬁcant memory concern; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer's disease; MMSE, Mini Mental State
Examination; TIV, total intracranial volume; WMH, white matter hyperintensities; BMI, body mass index.
a
Adjusted for TIV.
b
Available in 144 controls, 92 SMC, 265 EMCI, 150 LMCI, 125 AD.
c
Available in 139 controls, 92 SMC, 252 EMCI, 145 LMCI, 119 AD.
d
Available in 143 controls, 92 SMC, 265 EMCI, 149 LMCI, 125 AD.

4. Discussion
In this study, we found strong evidence for a consistent association between CSF Ab1-42 and WMH in all diagnostic groups,
whereby a decrease in CSF Ab1-42 was associated with an increase
in WMH, that was independent of CSF t-tau and independent of CSF
p-tau. Furthermore, this relationship remained signiﬁcant in the
pooled cohort when adjusting for age, diagnostic group, TIV, and
APOE-ε4 status. There was very little evidence for a relationship
between t-tau pathology and WMH, with a borderline positive association only in the EMCI group. No association of p-tau with
WMH was observed. To our knowledge, this is the ﬁrst study to look
for a direct association between Ab1-42 and tau CSF biomarkers
and WMH volumes across the disease spectrum, from normal aging
to AD, including patients with EMCI and SMC.
Our ﬁndings provide evidence for a link between WMH and
amyloid pathology, from normal aging through to clinical AD.
Notably, evidence from autosomal dominantly inherited familial AD
suggests that changes in WMH could occur in the presymptomatic

stage of disease, deviating from normal controls around 6 years
before symptom onset (Lee et al., 2016). Our observations from
groups at higher risk of developing sporadic AD dementia add
further weight to the notion that WMH are a core feature of AD.
We did not ﬁnd any evidence for differing relationships in WMH
and Ab1-42, p-tau, or t-tau between diagnostic groups. WMH are
heterogeneous and are likely to represent multiple pathologies that
could potentially vary throughout the disease course. Given the
recent evidence that WMH may be more related to neurodegenerative and tau pathologies in clinical AD (McAleese et al., 2017), it
would have been reasonable to propose stronger relationships with
tau at later disease stages. Because Ab1-42 levels are thought to be
relatively stable in clinical AD stages (Zhou et al., 2009), it could also
be expected that there might be less of an association with WMH in
later disease stages. The fact that we did not ﬁnd any differences
between disease stages suggests that WMH relationships with AD
CSF biomarkers actually remain consistent across the disease course.
Age at the baseline was a stronger independent predictor of
WMH than Ab1-42, which likely reﬂects the contributions of

Table 2
Regression model results for the relationship between WMH and CSF Ab1-42, by group
WMH and Ab1-42

Controls

SMC

EMCI

TIV adjusted
% reduction in WMH (mL) per 1SD change in Ab1-42
30.4
20.0
22.0
95% Conﬁdence intervals
(20.3e39.3)
(6.4e31.6)
(12.5e30.5)
p Value
<0.001
0.006
<0.001
TIV and age adjusted
% reduction in WMH (mL) per 1SD change in Ab1-42
26.7
18.7
12.3
95% Conﬁdence intervals
(15.7e36.2)
(5.2e30.2)
(2.5e21.0)
p Value
<0.001
0.009
0.02
Between group differences in % reductions per 1SD change in Ab1-42 : p value ¼ 0.4 (0.4 with age adjustment)

LMCI

AD

14.9
(-0.5e28.0)
0.06

18.0
(-0.2e32.8)
0.05

9.4
(-5.5e22.2)
0.2

21.7
(6.8e34.2)
0.006

Estimates are percentage decrease in WMH volume per one SD change (1 SD ¼ 78.3 pg/mL) in Ab1-42. The SD is the pooled within-group SD, calculated from a linear regression
model that allowed for differences in mean levels of Ab1-42 by group. Bold values denote statistical signiﬁcance at the p < 0.05 level.
Key: SMC, signiﬁcant memory concern; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer's disease; TIV, total intracranial volume;
WMH, white matter hyperintensities.
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Fig. 1. Scatter plots showing the relationship between WMH and CSF Ab1-42 in controls, signiﬁcant memory concern (SMC), early mild cognitive impairment (EMCI), late mild
cognitive impairment (LMCI), Alzheimer's disease (AD) groups. WMH volume is shown on a log scale and is unadjusted for any covariates. Abbreviations: WMH, white matter
hyperintensities.

vascular risk factors, vascular events, and comorbidities that accrue
with age. Taken together, although our study is purely correlative,
our results are compatible with the theory that some WMH are part
of the AD pathological process, and some are the result of an aging/
vascular process (McAleese et al., 2015, 2017). Although we did not
ﬁnd any evidence for contributions from smoking, hypertension,
BMI, and diabetes to the relationship between WMH and age
(Supplementary Table 5), a more comprehensive examination of
the effects of vascular risk factors, vascular disease, and vascularrelated events on the age-WMH relationship may provide greater
insight into the potential causes of WMH associated with age.

In studies of Ab and WMH, there have been mixed ﬁndings;
some have reported a lack of any association (Kalheim et al., 2017;
Kester et al., 2014), while several studies conﬁrm our ﬁndings that
lower CSF Ab1-42 is associated with higher WMH in both controls
and disease groups (Marnane et al., 2016; Pietroboni et al., 2018).
Some have reported that lower levels of CSF Ab1-42 were particularly associated with WMH in AD subjects, as opposed to controls or
MCI subjects (Shams et al., 2016; Van Westen et al., 2016). Results
from amyloid PET studies have also demonstrated signiﬁcant associations with WMH in controls (Kandel et al., 2016; Marnane
et al., 2016), MCI and AD groups (Zhou et al., 2015). Although a

Table 3
Regression model results for the relationship between WMH and CSF t-tau, by group
WMH and t-tau

Controls

SMC

EMCI

TIV adjusted
% Increase in WMH (mL) per 1SD change in t-tau
5.1
3.8
13.2
95% Conﬁdence intervals
(16.4 to 32.0)
(24.9 to 43.5)
(0.2 to 27.7)
p Value
0.7
0.8
0.05
TIV and age adjusted
% Increase in WMH (mL) per 1SD change in t-tau
7.3
5.1
2.4
95% Conﬁdence intervals
(26.2 to 16.3)
(31.2 to 30.9)
(8.0 to 14.0)
p Value
0.5
0.8
0.7
Between group differences in % increases per 1SD change in t-tau : p value ¼ 0.4 (0.7 with age adjustment)

LMCI

AD

4.0
(16.9 to 11.1)
0.6

3.3
(15.2 to 10.2)
0.6

3.9
(15.7 to 9.5)
0.6

3.6
(7.9 to 16.5)
0.6

Estimates are percentage increase in WMH volume per one SD change (1 SD ¼ 42.8 pg/mL) in t-tau. The SD is the pooled within-group SD, calculated from a linear regression
model that allowed for differences in mean levels of t-tau by group.
Key: SMC, signiﬁcant memory concern; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer's disease; TIV, total intracranial volume;
WMH, white matter hyperintensities.
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Fig. 2. Scatter plots showing the relationship between WMH and CSF t-tau in controls, signiﬁcant memory concern (SMC), early mild cognitive impairment (EMCI), late mild
cognitive impairment (LMCI), and Alzheimer's disease (AD) groups. WMH volume is shown on a log scale and is unadjusted for any covariates. Abbreviation: WMH, white matter
hyperintensities.

studies are suggestive of an additive effect of combined pathology on
neurodegeneration (Bos et al., 2018) and/or cognitive decline (Lopez
et al., 2014; Vemuri et al., 2015; Vemuri and Knopman, 2016). Several
studies have investigated the possibility of an interactive effect between the 2 pathologies, whereby there is a direct inﬂuence of one
pathology on the other. One study found that WMH predicted hippocampal atrophy in preclinical AD subjects with abnormal CSF Ab
(Freeze et al., 2016), and another found that low CSF Ab predicted
greater WMH accrual over time (Scott et al., 2016).

recent systematic review concluded that most studies demonstrate
a lack of signiﬁcant relationship between amyloid PET and WMH
burden (Roseborough et al., 2017).
This study adds to the expanding body of literature attempting to
characterize the complex relationship between AD and presumed
vascular pathology at different disease stages. As well as evidence
that both Ab deposition and WMH independently predict cognitive
impairment or brain atrophy (Barnes et al., 2013; Gordon et al., 2015;
Haight et al., 2013; Provenzano et al., 2013), a growing number of

Table 4
Regression model results for the relationship between WMH and CSF p-tau, by group
WMH and p-tau

Controls

TIV adjusted
% Increase in WMH (mL) per 1SD change in p-tau
13.6
95% Conﬁdence intervals
(6.6 to 38.3)
p Value
0.2
TIV and age adjusted
% Increase in WMH (mL) per 1SD change in p-tau
7.3
95% Conﬁdence intervals
(11.3 to 29.9)
p Value
0.5
Between group differences in % increases per 1SD change in p-tau : p Value ¼ 0.4

SMC

EMCI

LMCI

AD

14.1
(8.8 to 42.8)
0.3

3.5
(10.0 to 18.9)
0.6

8.7
(21.3 to 5.9)
0.2

0.5
(10.8 to 13.3)
0.9

3.0
(15.3 to 11.1)
0.7

8.0
(3.0 to 20.3)
0.1

13.1
3.9
(9.0 to 40.5)
(14.8 to 8.4)
0.3
0.5
(0.5 with age adjustment)

Estimates are percentage increase in WMH volume per one SD (1SD ¼ 12.8 pg/mL) change in p-tau. The SD is the pooled within-group SD, calculated from a linear regression
model that allowed for differences in mean levels of p-tau by group.
Key: SMC, signiﬁcant memory concern; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer's disease; TIV, total intracranial volume;
WMH, white matter hyperintensities.
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Fig. 3. Scatter plots showing the relationship between WMH and CSF p-tau in controls, signiﬁcant memory concern (SMC), early mild cognitive impairment (EMCI), late mild
cognitive impairment (LMCI), and Alzheimer's disease (AD) groups. WMH volume is shown on a log scale and is unadjusted for any covariates. Abbreviation: WMH, white matter
hyperintensities.

Hypotheses into mechanistic links between Ab and WMH have
mainly focused on the proposed vascular origin of WMH and reﬂect
the idea that there may be positive feedback between the 2 pathologies (Smith and Greenberg, 2009; Zlokovic, 2011). Cerebral
amyloid angiopathy (CAA) may be a potential mediator of the
relationship between WMH and Ab, whereby SVD could lead to
reduced clearance of Ab from brain parenchyma, enhancing its
deposition in cerebral vessel walls. This in turn may result in cerebrovascular dysfunction, leading to eventual hypoperfusion and
ischemia and subsequent white matter lesions that appear as WMH
(Grinberg and Thal, 2010; Hawkes et al., 2014; Weller et al., 2008).
Previous research has demonstrated associations of CAA with WMH
(Ryan et al., 2015) and with CSF Ab (Renard et al., 2012; Verbeek
et al., 2009). A recent paper has shown that WMH related to Ab
are associated with cerebral microbleeds (a surrogate of CAA pathology) (Graff-Radford et al., 2019). In addition to the vascular
origin of WMH, recent evidence suggests that parietal WMH could
be a result of degenerative axonal loss caused by AD pathology
(McAleese et al., 2015, 2017). In this study though, we did not ﬁnd
any evidence for a stronger association between CSF biomarkers
and WMH in the parietal lobe (Supplementary Table 6).
There are comparatively fewer studies regarding the association
with tau and WMH and results are often conﬂicting. A positive
association has been demonstrated neuropathologically (McAleese
et al., 2015) and with PET (Vemuri et al., 2017); more direct measures of brain tau load than CSF measures. A positive association has
been demonstrated over time in CSF, but the relationship is less

clear with baseline measures of tau (Tosto et al., 2015). Our study
did not ﬁnd much evidence of a relationship between tau pathology
and WMH, which is in line with several other studies (Guzman
et al., 2013; Kester et al., 2014; Osborn et al., 2018).
The fact that age was the strongest predictor of WMH is
consistent with previous studies (de Leeuw et al., 2001, Raz et al.,
2012, Schneider et al., 2009). We also found that the association
between biomarkers and age was not uniform between diagnostic
groups (Supplementary Table 7). In controls and EMCI groups, older
ages were associated with lower Ab1-42 and higher tau, but in the
AD group, younger ages were associated with higher tau. This differential effect of age on CSF biomarkers between AD groups and
controls has been previously reported (Mattsson et al., 2012).
Investigations of the associations between AD CSF biomarkers
and WMH in previous studies have either been performed on small
samples or in studies with variable acquisition and analysis protocols. (Bos et al., 2018; Freeze et al., 2016; Kalheim et al., 2017;
Pietroboni et al., 2018; Tosto et al., 2015). Using the ADNI cohort
therefore provides the beneﬁts of a multicenter standardized data
acquisition protocol, as well as participants who have been systematically evaluated. Our study adds to previous ﬁndings using the
ADNI cohort (Guzman et al., 2013; Haight et al., 2013; Marnane
et al., 2016; Scott et al., 2016), in that data from all diagnostic
groups are used and biomarkers for both tau and Ab are compared
with quantitative WMH. We also treated both our biomarker and
WMH data as continuous variables; most previous studies have
dichotomized variables.
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Table 5
Regression model results examining the association between CSF Ab1-42 and WMH
with various covariates
(a)
Model set Covariates

% Reduction
95% Conﬁdence p Value
in WMH
interval
per 1SD change
in Ab1-42

1 n ¼ 776 i) None
ii) TIV
iii) TIV, group
iv) TIV, group, age
v) TIV, group, age,
APOE-ε4 status
2 n ¼ 747 i) T-tau
ii) T-tau, TIV
iii) T-tau, TIV, group
iv) T-tau, TIV, group, age
v) T-tau, TIV, group, age,
APOE-ε4 status
3 n ¼ 774 i) P-tau
ii) P-tau, TIV
iii) P-tau, TIV, group
iv) P-tau, TIV, group, age
v) P-Tau, TIV, group, age,
APOE-ε4 status

21.9
21.5
21.6
16.4
17.9

17.1
16.7
16.2
11.2
12.2

to
to
to
to
to

26.5
26.0
26.6
21.3
23.2

<0.001
<0.001
<0.001
<0.001
<0.001

24.5
23.2
23.1
18.0
18.8

19.2
17.9
17.5
12.6
13.0

to
to
to
to
to

29.5
28.1
28.3
23.1
24.2

<0.001
<0.001
<0.001
<0.001
<0.001

24.1
23.8
23.8
17.7
18.9

18.7
18.6
18.2
12.2
12.9

to
to
to
to
to

29.1
28.7
29.0
23.0
24.4

<0.001
<0.001
<0.001
<0.001
<0.001

(b)
Model set

Covariates from v)

Partial R2

1

Ab1-42
TIV
Group
Age
APOE-ε4 status
Ab1-42
t-tau
TIV
Group
Age
APOE-ε4 status
Ab1-42
p-tau
TIV
Group
Age
APOE-ε4 status

0.05
0.05
0.003
0.16
0.002
0.05
0.005
0.06
0.005
0.16
0.0007
0.05
0.003
0.06
0.004
0.15
0.001

2

3

All models assess associations between WMH and Ab1-42 with various covariates,
with model 2 additionally adjusting for t-tau and model 3 additionally adjusting for
p-tau. In a) estimates are percentage changes in WMH volume per one SD change (1
SD ¼ 78.3 pg/mL) in Ab1-42. The SD is the pooled within-group SD, calculated from a
linear regression model that allowed for differences in mean levels of Ab1-42 by
group. In b) partial R2 are shown for each covariate in the fully-adjusted model v)
from each of the 3 model sets. R2 values are shown to 2 signiﬁcant ﬁgures for values
>0.1 and 1 signiﬁcant ﬁgure for values <0.1.
Key: TIV, total intracranial volume; WMH, white matter hyperintensities.

There are several limitations to this work, which include the
selection criteria for the ADNI cohort meaning any generalizations
to the wider population must be made cautiously. ADNI participants tend to be of high socioeconomic status, well-educated and,
importantly for this study, free of large amounts of cerebrovascular
disease (a score of 4 or lower on the Hachinski Ischemic
Scale) (https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2procedures-manual.pdf). This study was also only carried out using
baseline data; longitudinal studies are necessary to characterize the
relationship between WMH and AD biomarkers over time, an
approach which will be facilitated by the increasing use of volumetric FLAIR imaging providing more precise measures of change.
There are limitations surrounding the use of CSF biomarkers in
this study to investigate AD pathology. CSF biomarkers can now be
measured by several different assays, introducing the possibility

that these methodological differences may inﬂuence study ﬁndings.
However, Supplementary Tables 3 and 4 demonstrate that analyses
carried out using another assay platform, Elecsys, conﬁrm our
ﬁndings of the associations between CSF biomarkers and WMH. In
addition, despite the beneﬁts of using continuous biomarker variables, it would be interesting to look at associations within
biomarker-negative and biomarker-positive individuals to explore
whether associations may be driven by those on the amyloid
pathway (Jack et al., 2018) or those who are not. CSF biomarkers are
increasingly used to provide information about underlying
biochemical changes associated with disease, with Ab1-42 and ptau well established as markers of AD pathology and t-tau as an
established marker of neurodegeneration (Blennow et al., 2010;
Jack et al., 2018). However, measures of actual brain Ab and tau
burden and their local distribution, through PET imaging or pathological investigations, were either not available or not used.
This study only examined associations between WMH and the
well-established AD biomarkers of CSF Ab1-42, t-tau, and p-tau. The
existence of additional copathologies in AD suggest that further
biomarkers are needed to complement these classical measurements. One biomarker of particular relevance is neuroﬁlament
light, a marker of large caliber axonal injury (Skillback et al., 2014).
Previous studies of associations between WMH and neuroﬁlament
light have reported mixed results (Mattsson et al., 2019; Osborn
et al., 2018; Zetterberg et al., 2016), and therefore future analysis
across the full spectrum of the disease course using our wellcharacterized WMH segmentation tool would be highly pertinent.
A lack of pathological conﬁrmation of cases in the ADNI cohort
may, in part, explain our ﬁndings. Diagnostic groups may be
bimodal in nature; control groups may contain atypical or early
stage AD subjects along with the cognitively normal, and a significant proportion of MCI subjects supposedly at high risk for conversion to AD will not have any underlying AD pathology (Jicha
et al., 2006; Petersen et al., 2006). Indeed in our study, this may
have been a contributing factor to the lack of observed differences
in biomarker and WMH relationships between diagnostic groups.
In addition, although the 4 measures of vascular risk used in this
study are unlikely to fully characterize all aspects of SVD, they are
among the most notable risk factors, as well as being the most
consistently documented for the ADNI cohort.
5. Conclusion
In summary, our study suggests that CSF Ab1-42 is a consistent
predictor of WMH across all diagnostic groups, in a manner that is
not dependent on CSF tau. As WMH are thought to be largely
vascular in origin, this study adds to the literature exploring the
complex relationship between amyloid and presumed vascular
pathologies. Understanding the different relationships between
disease markers are important to build more realistic models of
biomarkers changes across the full spectrum of normal aging to AD.
Disclosure statement
The authors have no actual or potential conﬂicts of interest.
CRediT authorship contribution statement
Phoebe Walsh: Conceptualization, Data curation, Methodology,
Writing - original draft, Writing - review & editing. Carole H. Sudre:
Methodology, Software. Cassidy M. Fiford: Methodology, Data
curation. Natalie S. Ryan: Supervision. Tammaryn Lashley: Supervision. Chris Frost: Methodology, Formal analysis, Writing review & editing. Josephine Barnes: Conceptualization, Writing review & editing, Supervision.

P. Walsh et al. / Neurobiology of Aging 91 (2020) 5e14

Acknowledgements
Data collection and sharing for this project was funded by the
Alzheimer's Disease Neuroimaging Initiative (National Institutes of
Health Grant U01 AG024904) and DOD ADNI (Department of Defense award number W81XWH-12-2-0012). ADNI is funded by the
National Institute on Aging, the National Institute of Biomedical
Imaging and Bioengineering, and through generous contributions
from the following: AbbVie, Alzheimer's Association; Alzheimer's
Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc; Biogen; Bristol-Myers Squibb Company; CereSpir, Inc; Cogstate; Eisai
Inc; Elan Pharmaceuticals, Inc; Eli Lilly and Company; EuroImmun;
F. Hoffmann-La Roche Ltd and its afﬁliated company Genentech,
Inc; Fujirebio; GE Healthcare; IXICO Ltd; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson
Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck & Co, Inc; Meso Scale Diagnostics, LLC.; NeuroRx
Research; Neurotrack Technologies; Novartis Pharmaceuticals Corporation; Pﬁzer Inc; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to support ADNI
clinical sites in Canada. Private sector contributions are facilitated
by the Foundation for the National Institutes of Health (www.fnih.
org). The grantee organization is the Northern California Institute
for Research and Education, and the study is coordinated by the
Alzheimer's Therapeutic Research Institute at the University of
Southern California. ADNI data are disseminated by the Laboratory
for Neuro Imaging at the University of Southern California.
P Walsh is supported by the Wolfson Foundation. J Barnes and C
Fiford were funded by an Alzheimer's Research UK Senior Fellowship. C Sudre is supported by an Alzheimer's Society Junior
Fellowship (AS-JF-17-011). N Ryan is supported by a University of
London Chadburn Academic Clinical Lectureship. T Lashley is supported by an Alzheimer's Research UK senior fellowship. The Dementia Research Centre is supported by Alzheimer's Research UK,
Brain Research Trust, and The Wolfson Foundation. This work was
supported by the NIHR Queen Square Dementia Biomedical
Research Unit and the National Institute for Health Research
Biomedical Research Centre (BRC).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neurobiolaging.2020.03.008.
References
Barnes, J., Carmichael, O.T., Leung, K.K., Schwarz, C., Ridgway, G.R., Bartlett, J.W.,
Malone, I.B., Schott, J.M., Rossor, M.N., Biessels, G.J., Decarli, C., Fox, N.C., Alzheimer's Disease Neuroimaging, I., 2013. Vascular and Alzheimer's disease
markers independently predict brain atrophy rate in Alzheimer's Disease
Neuroimaging Initiative controls. Neurobiol. Aging 34, 1996e2002.
Blennow, K., Hampel, H., Weiner, M., Zetterberg, H., 2010. Cerebrospinal ﬂuid and
plasma biomarkers in Alzheimer disease. Nat. Rev. Neurol. 6, 131e144.
Bos, I., Verhey, F.R., Ramakers, I.H.G.B., Jacobs, H.I.L., Soininen, H., Freund-Levi, Y.,
Hampel, H., Tsolaki, M., Wallin, Å.K., Van Buchem, M.A., Oleksik, A.,
Verbeek, M.M., Rikkert, M.O., Van Der Flier, W.M., Scheltens, P., Aalten, P.,
Visser, P.J., Vos, S.J.B., 2018. Correction to: cerebrovascular and amyloid pathology in predementia stages: the relationship with neurodegeneration and
cognitive decline (Alzheimer's Res. Ther. (2017) 9 DOI: 10.1186/s13195-0170328-9). Alzheimer's Res. Ther. 10, 1e10.
Brayne, C., Richardson, K., Matthews, F.E., Fleming, J., Hunter, S., Xuereb, J.H.,
Paykel, E., Mukaetova-Ladinska, E.B., Huppert, F.A., O'sullivan, A., Dening, T.,
Cambridge City Over-75s Cohort Cc75c Study Neuropathology, C., 2009.
Neuropathological correlates of dementia in over-80-year-old brain donors
from the population-based Cambridge city over-75s cohort (CC75C) study.
J. Alzheimers Dis. 18, 645e658.
Cardoso, M.J., Modat, M., Wolz, R., Melbourne, A., Cash, D., Rueckert, D., Ourselin, S.,
2015. Geodesic information ﬂows: Spatially-Variant Graphs and their Application to segmentation and fusion. IEEE Trans. Med. Imaging 34, 1976e1988.

13

De Leeuw, F.E., DE Groot, J.C., Van Gijn, J., 2001. [Cerebral white matter lesions in the
elderly: vascular risk factors and cognitive consequences]. Ned Tijdschr Geneeskd 145, 2067e2071.
Esiri, M.M., Joachim, C., Sloan, C., Christie, S., Agacinski, G., Bridges, L.R.,
Wilcock, G.K., Smith, A.D., 2014. Cerebral subcortical small vessel disease in
subjects with pathologically conﬁrmed Alzheimer disease: a clinicopathologic
study in the Oxford Project to Investigate Memory and Ageing (OPTIMA). Alzheimer Dis. Assoc. Disord. 28, 30e35.
Freeze, W.M., Jacobs, H.I.L., Gronenschild, E.H., Jansen, J.F.A., Burgmans, S., Aalten, P.,
Clerx, L., Vos, S.J., VAN Buchem, M.A., Barkhof, F., Van Der Flier, W.M.,
Verbeek, M.M., Rikkert, M.O., Backes, W.H., Verhey, F.R., 2016. White matter
hyperintensities potentiate hippocampal volume reduction in non-demented
older individuals with abnormal amyloid-b. J. Alzheimer's Dis. 55, 333e342.
Gordon, B.A., Najmi, S., Hsu, P., Roe, C.M., Morris, J.C., Benzinger, T.L.S., 2015. The
effects of white matter hyperintensities and amyloid deposition on Alzheimer
dementia. NeuroImage Clin. 8, 246e252.
Gorelick, P.B., Scuteri, A., Black, S.E., Decarli, C., Greenberg, S.M., Iadecola, C., Launer, L.J.,
Laurent, S., Lopez, O.L., Nyenhuis, D., Petersen, R.C., Schneider, J.A., Tzourio, C.,
Arnett, D.K., Bennett, D.A., Chui, H.C., Higashida, R.T., Lindquist, R., Nilsson, P.M.,
Roman, G.C., Sellke, F.W., Seshadri, S., 2011. Vascular contributions to cognitive
impairment and dementia: a statement for healthcare professionals from the
american heart association/american stroke association. Stroke 42, 2672e2713.
Gouw, A.A., Seewann, A., van der Flier, W.M., Barkhof, F., Rozemuller, A.M.,
Scheltens, P., Geurts, J.J., 2011. Heterogeneity of small vessel disease: a systematic review of MRI and histopathology correlations. J. Neurol. Neurosurg.
Psychiatry 82, 126e135.
Graff-Radford, J., Arenaza-Urquijo, E.M., Knopman, D.S., Schwarz, C.G.,
Brown Jr., R.D., Rabinstein, A.A., Gunter, J.L., Senjem, M.L., Przybelski, S.A.,
Lesnick, T., Ward, C., Mielke, M.M., Lowe, V.J., Petersen, R.C., Kremers, W.K.,
Kantarci, K., Jack Jr., C.R., Vemuri, P., 2019. White matter hyperintensities:
relationship to amyloid and tau burden. Brain.
Grinberg, L.T., Thal, D.R., 2010. Vascular pathology in the aged human brain. Acta
Neuropathologica 119, 277e290.
Guzman, V.A., Carmichael, O.T., Schwarz, C., Tosto, G., Zimmerman, M.E.,
Brickman, A.M., 2013. White matter hyperintensities and amyloid are independently associated with entorhinal cortex volume among individuals with
mild cognitive impairment. Alzheimer's Dement. 9, S124eS131.
Haight, T.J., Landau, S.M., Carmichael, O., Schwarz, C., Decarli, C., Jagust, W.J., 2013.
Dissociable effects of Alzheimer disease and white matter hyperintensities on
brain metabolism. JAMA Neurol. 70, 1039e1045.
Hawkes, C.A., Jayakody, N., Johnston, D.A., Bechmann, I., Carare, R.O., 2014. Failure of
perivascular drainage of b-amyloid in cerebral amyloid angiopathy. Brain Pathol.
24, 396e403.
Jack, C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B.,
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L.,
Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E.,
Snyder, H.M., Sperling, R., Elliott, C., Masliah, E., Ryan, L., Silverberg, N., 2018.
NIA-AA Research Framework: toward a biological deﬁnition of Alzheimer's
disease. Alzheimer's Dement. 14, 535e562.
Jack Jr., C.R., Barnes, J., Bernstein, M.A., Borowski, B.J., Brewer, J., Clegg, S., Dale, A.M.,
Carmichael, O., Ching, C., Decarli, C., Desikan, R.S., Fennema-Notestine, C.,
Fjell, A.M., Fletcher, E., Fox, N.C., Gunter, J., Gutman, B.A., Holland, D., Hua, X.,
Insel, P., Kantarci, K., Killiany, R.J., Krueger, G., Leung, K.K., Mackin, S., Maillard, P.,
Malone, I.B., Mattsson, N., Mcevoy, L., Modat, M., Mueller, S., Nosheny, R.,
Ourselin, S., Schuff, N., Senjem, M.L., Simonson, A., Thompson, P.M.,
Rettmann, D., Vemuri, P., Walhovd, K., Zhao, Y., Zuk, S., Weiner, M., 2015.
Magnetic resonance imaging in Alzheimer's Disease Neuroimaging Initiative 2.
Alzheimer's Dement. 11, 740e756.
Jellinger, K.A., Attems, J., 2006. Prevalence and impact of cerebrovascular pathology
in Alzheimer's disease and parkinsonism. Acta Neurol. Scand. 114, 38e46.
Jicha, G.A., Parisi, J.E., Dickson, D.W., Johnson, K., Cha, R., Ivnik, R.J., Tangalos, E.G.,
Boeve, B.F., Knopman, D.S., Braak, H., Petersen, R.C., 2006. Neuropathologic
outcome of mild cognitive impairment following progression to clinical dementia. Arch. Neurol. 63, 674e681.
Kalheim, L.F., Bjørnerud, A., Fladby, T., Vegge, K., Selnes, P., 2017. White matter
hyperintensity microstructure in amyloid dysmetabolism. J. Cereb. Blood Flow
Metab. 37, 356e365.
Kandel, B.M., Avants, B.B., Gee, J.C., Mcmillan, C.T., Erus, G., Doshi, J., Davatzikos, C.,
Wolk, D.A., 2016. White matter hyperintensities are more highly associated with
preclinical Alzheimer's disease than imaging and cognitive markers of neurodegeneration. Alzheimer's Dement. Diagn. Assess. Dis. Monit. 4, 18e27.
Kapasi, A., Decarli, C., Schneider, J.A., 2017. Impact of multiple pathologies on the
threshold for clinically overt dementia. Acta Neuropathol. 134, 171e186.
Kester, M.I., Goos, J.D.C., Teunissen, C.E., Benedictus, M.R., Bouwman, F.H.,
Wattjes, M.P., Barkhof, F., Scheltens, P., van der Flier, W.M., 2014. Associations
between cerebral small-vessel disease and Alzheimer disease pathology as
measured by cerebrospinal ﬂuid biomarkers. JAMA Neurol. 71, 855e862.
Lee, S., Viqar, F., Zimmerman, M.E., Narkhede, A., Tosto, G., Benzinger, T.L.S.,
Marcus, D.S., Fagan, A.M., Goate, A., Fox, N.C., Cairns, N.J., Holtzman, D.M.,
Buckles, V., Ghetti, B., Mcdade, E., Martins, R.N., Saykin, A.J., Masters, C.L.,
Ringman, J.M., Ryan, N.S., Förster, S., Laske, C., Schoﬁeld, P.R., Sperling, R.A.,
Salloway, S., Correia, S., Jack, C., Weiner, M., Bateman, R.J., Morris, J.C.,
Mayeux, R., Brickman, A.M., 2016. White matter hyperintensities are a core
feature of Alzheimer's disease: evidence from the dominantly inherited Alzheimer network. Ann. Neurol. 79, 929e939.

14

P. Walsh et al. / Neurobiology of Aging 91 (2020) 5e14

Lopez, O.L., Klunk, W.E., Mathis, C., Becker, J.T., Aizenstein, H.J., Snitz, B., Cohen, A.,
Ikonomovic, M., McDade, E., Dekosky, S.T., Weissﬁeld, L., Kuller, L., 2014. Amyloid, neurodegeneration, and small vessel disease as predictors of dementia in
the oldest-old. Neurology 83, 1804e1811.
Marnane, M., AL-Jawadi, O.O., Mortazavi, S., Pogorzelec, K.J., Wang, B.W.,
Feldman, H.H., Hsiung, G.Y.R., 2016. Periventricular hyperintensities are associated with elevated cerebral amyloid. Neurology 86, 535e543.
Mattsson, N., Cullen, N.C., Andreasson, U., Zetterberg, H., Blennow, K., 2019. Association between longitudinal plasma neuroﬁlament light and neurodegeneration in patients with alzheimer disease. JAMA Neurol. 76, 791e799.
Mattsson, N., Rosen, E., Hansson, O., Andreasen, N., Parnetti, L., Jonsson, M.,
Herukka, S.K., van der Flier, W.M., Blankenstein, M.A., Ewers, M., Rich, K.,
Kaiser, E., Verbeek, M.M., Olde Rikkert, M., Tsolaki, M., Mulugeta, E., Aarsland, D.,
Visser, P.J., Schroder, J., Marcusson, J., de Leon, M., Hampel, H., Scheltens, P.,
Wallin, A., Eriksdotter-Jonhagen, M., Minthon, L., Winblad, B., Blennow, K.,
Zetterberg, H., 2012. Age and diagnostic performance of Alzheimer disease CSF
biomarkers. Neurology 78, 468e476.
McAleese, K.E., Firbank, M., Dey, M., Colloby, S.J., Walker, L., Johnson, M.,
Beverley, J.R., Taylor, J.P., Thomas, A.J., O'brien, J.T., Attems, J., 2015. Cortical tau
load is associated with white matter hyperintensities. Acta Neuropathologica
Commun. 3, 60.
McAleese, K.E., Walker, L., Graham, S., Moya, E.L.J., Johnson, M., Erskine, D.,
Colloby, S.J., Dey, M., Martin-Ruiz, C., Taylor, J.P., Thomas, A.J., Mckeith, I.G., DE
Carli, C., Attems, J., 2017. Parietal white matter lesions in Alzheimer’s disease are
associated with cortical neurodegenerative pathology, but not with small vessel
disease. Acta Neuropathol. 134, 459e473.
Osborn, K.E., Liu, D., Samuels, L.R., Moore, E.E., Cambronero, F.E., Acosta, L.M.Y.,
Bell, S.P., Babicz, M.A., Gordon, E.A., Pechman, K.R., Davis, L.T., Gifford, K.A.,
Hohman, T.J., Blennow, K., Zetterberg, H., Jefferson, A.L., 2018. Cerebrospinal
ﬂuid beta-amyloid42 and neuroﬁlament light relate to white matter hyperintensities. Neurobiol. Aging 68, 18e25.
Petersen, R.C., Parisi, J.E., Dickson, D.W., Johnson, K.A., Knopman, D.S., Boeve, B.F.,
Jicha, G.A., Ivnik, R.J., Smith, G.E., Tangalos, E.G., Braak, H., Kokmen, E., 2006.
Neuropathologic features of amnestic mild cognitive impairment. Arch. Neurol. 63,
665e672.
Pietroboni, A.M., Scarioni, M., Carandini, T., Basilico, P., Cadioli, M., Giulietti, G.,
Arighi, A., Caprioli, M., Serra, L., Sina, C., Fenoglio, C., Ghezzi, L., Fumagalli, G.G.,
de Riz, M.A., Calvi, A., Triulzi, F., Bozzali, M., Scarpini, E., Galimberti, D., 2018. CSF
b-amyloid and white matter damage: a new perspective on Alzheimer's disease.
J. Neurol. Neurosurg. Psychiatry 89, 352e357.
Provenzano, F.A., Muraskin, J., Tosto, G., Narkhede, A., Wasserman, B.T., Grifﬁth, E.Y.,
Guzman, V.A., Meier, I.B., Zimmerman, M.E., Brickman, A.M., 2013. White matter
hyperintensities and cerebral amyloidosis: necessary and sufﬁcient for clinical
expression of Alzheimer disease? JAMA Neurol. 70, 455e461.
Raz, N., Yang, Y., Dahle, C.L., Land, S., 2012. Volume of white matter hyperintensities
in healthy adults: contribution of age, vascular risk factors, and inﬂammationrelated genetic variants. Biochim. Biophys. Acta 1822, 361e369.
Renard, D., Castelnovo, G., Wacongne, A., Le Floch, A., Thouvenot, E., Mas, J.,
Gabelle, A., Labauge, P., Lehmann, S., 2012. Interest of CSF biomarker analysis in
possible cerebral amyloid angiopathy cases deﬁned by the modiﬁed Boston
criteria. J. Neurol. 259, 2429e2433.
Roseborough, A., Ramirez, J., Black, S.E., Edwards, J.D., 2017. Associations between
amyloid b and white matter hyperintensities: a systematic review. Alzheimer's
Demen. 13, 1154e1167.
Ryan, N.S., Biessels, G.J., Kim, L., Nicholas, J.M., Barber, P.A., Walsh, P., Gami, P.,
Morris, H.R., Bastos-Leite, A.J., Schott, J.M., Beck, J., Mead, S., ChavezGutierrez, L., de Strooper, B., Rossor, M.N., Revesz, T., Lashley, T., Fox, N.C., 2015.
Genetic determinants of white matter hyperintensities and amyloid angiopathy
in familial Alzheimer's disease. Neurobiol. Aging 36, 3140e3151.
Schneider, J.A., Arvanitakis, Z., Bang, W., Bennett, D.A., 2007. Mixed brain pathologies account for most dementia cases in community-dwelling older persons.
Neurology 69, 2197e2204.
Schneider, J.A., Arvanitakis, Z., Leurgans, S.E., Bennett, D.A., 2009. The neuropathology of probable Alzheimer disease and mild cognitive impairment. Ann.
Neurol. 66, 200e208.

Scott, J.A., Braskie, M.N., Tosun, D., Maillard, P., Thompson, P.M., Weiner, M.,
Decarli, C., Carmichael, O.T., 2016. Cerebral amyloid is associated with greater
white-matter hyperintensity accrual in cognitively normal older adults. Neurobiol. Aging 48, 48e52.
Shams, S., Granberg, T., Martola, J., Li, X., Shams, M., Fereshtehnejad, S.M.,
Cavallin, L., Aspelin, P., Kristoffersen-Wiberg, M., Wahlund, L.O., 2016. Cerebrospinal ﬂuid proﬁles with increasing number of cerebral microbleeds in a
continuum of cognitive impairment. J. Cereb. Blood Flow Metab. 36, 621e628.
Skillback, T., Farahmand, B., Bartlett, J.W., Rosen, C., Mattsson, N., Nagga, K.,
Kilander, L., Religa, D., Wimo, A., Winblad, B., Rosengren, L., Schott, J.M.,
Blennow, K., Eriksdotter, M., Zetterberg, H., 2014. CSF neuroﬁlament light differs
in neurodegenerative diseases and predicts severity and survival. Neurology 83,
1945e1953.
Smith, E.E., Greenberg, S.M., 2009. Beta-amyloid, blood vessels, and brain function.
Stroke J. Cereb. Circ. 40, 2601e2606.
Sudre, C.H., Cardoso, M.J., Bouvy, W.H., Biessels, G.J., Barnes, J., Ourselin, S.,
2015. Bayesian model selection for pathological neuroimaging data applied
to white matter lesion segmentation. IEEE Trans. Med. Imaging 34,
2079e2102.
Tosto, G., Zimmerman, M.E., Hamilton, J.L., Carmichael, O.T., Brickman, A.M., 2015.
The effect of white matter hyperintensities on neurodegeneration in mild
cognitive impairment. Alzheimer's Dement. 11, 1510e1519.
Van Westen, D., Lindqvist, D., Blennow, K., Minthon, L., Nägga, K., Stomrud, E.,
Zetterberg, H., Hansson, O., 2016. Cerebral white matter lesions - associations
with Aâ isoforms and amyloid PET. Scientiﬁc Rep. 6, 1e9.
Vemuri, P., Knopman, D.S., 2016. The role of cerebrovascular disease when there is
concomitant Alzheimer disease. Biochim. Biophys. Acta Mol. Basis Dis. 1862,
952e956.
Vemuri, P., Lesnick, T.G., Przybelski, S.A., Knopman, D.S., Lowe, V.J., Graff-Radford, J.,
Roberts, R.O., Mielke, M.M., Machulda, M.M., Petersen, R.C., Jack, C.R., 2017. Age,
vascular health, and Alzheimer disease biomarkers in an elderly sample. Ann.
Neurol. 82, 706e718.
Vemuri, P., Lesnick, T.G., Przybelski, S.A., Knopman, D.S., Preboske, G.M., Kantarci, K.,
Raman, M.R., Machulda, M.M., Mielke, M.M., Lowe, V.J., Senjem, M.L., Gunter, J.L.,
Rocca, W.A., Roberts, R.O., Petersen, R.C., Jack, C.R., 2015. Vascular and amyloid
pathologies are independent predictors of cognitive decline in normal elderly.
Brain 138, 761e771.
Verbeek, M.M., Kremer, B.P.H., Rikkert, M.O., Van Domburg, P.H.M.F., Skehan, M.E.,
Greenberg, S.M., 2009. Cerebrospinal ﬂuid amyloid b40 is decreased in cerebral
amyloid angiopathy. Ann. Neurol. 66, 245e249.
Wardlaw, J.M., Smith, E.E., Biessels, G.J., Cordonnier, C., Fazekas, F., Frayne, R.,
Lindley, R.I., O'brien, J.T., Barkhof, F., Benavente, O.R., Black, S.E., Brayne, C.,
Breteler, M., Chabriat, H., Decarli, C., de Leeuw, F.E., Doubal, F., Duering, M.,
Fox, N.C., Greenberg, S., Hachinski, V., Kilimann, I., Mok, V., Oostenbrugge, R.,
Pantoni, L., Speck, O., Stephan, B.C., Teipel, S., Viswanathan, A., Werring, D.,
Chen, C., Smith, C., VAN Buchem, M., Norrving, B., Gorelick, P.B., Dichgans, M.,
Neuroimaging, S. T. F. R. V. C. O., 2013. Neuroimaging standards for research into
small vessel disease and its contribution to ageing and neurodegeneration.
Lancet Neurol. 12, 822e838.
Weller, R.O., Subash, M., Preston, S.D., Mazanti, I., Carare, R.O., 2008. Perivascular
drainage of amyloid-b peptides from the brain and its failure in cerebral amyloid angiopathy and Alzheimer's disease. Brain Pathol. 18, 253e266.
Zetterberg, H., Skillback, T., Mattsson, N., Trojanowski, J.Q., Portelius, E., Shaw, L.M.,
Weiner, M.W., Blennow, K., 2016. Association of cerebrospinal ﬂuid neuroﬁlament light Concentration with alzheimer disease progression. JAMA Neurol. 73,
60e67.
Zhou, B., Teramukai, S., Yoshimura, K., Fukushima, M., 2009. Validity of cerebrospinal ﬂuid biomarkers as endpoints in early-phase clinical trials for Alzheimer's disease. J. Alzheimers Dis. 18, 89e102.
Zhou, Y., Yu, F., Duong, T.Q., 2015. White matter lesion load is associated with resting
state functional MRI activity and amyloid PET but not FDG in mild cognitive
impairment and early Alzheimer's Disease patients. J. Magn. Reson. Imaging 41,
102e109.
Zlokovic, B.V., 2011. Neurovascular pathways to neurodegeneration in Alzheimer’s
disease and other disorders. Nat. Rev. Neurosci. 12, 723e738.

