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a b s t r a c t

Blood-brain barrier (BBB) leakage is considered an important underlying process in both cerebral small
vessel disease (cSVD) and Alzheimer's disease (AD). The objective of this study was to examine associ-
ations between BBB leakage, cSVD, neurodegeneration, and cognitive performance across the spectrum
from normal cognition to dementia. Leakage was measured with dynamic contrast-enhanced magnetic
resonance imaging in 80 older participants (normal cognition, n ¼ 32; mild cognitive impairment, n ¼
34; clinical AD-type dementia, n ¼ 14). Associations between leakage and white matter hyperintensity
(WMH) volume, hippocampal volume, and cognition (information processing speed and memory per-
formance) were examined with multivariable linear regression and mediation analyses. Leakage within
the gray and white matter was positively associated with WMH volume (gray matter, p ¼ 0.03; white
matter, p ¼ 0.01). A negative association was found between white matter BBB leakage and information
processing speed performance, which was mediated by WMH volume. Leakage was not associated with
hippocampal volume. WMH pathology is suggested to form a link between leakage and decline of in-
formation processing speed in older individuals with and without cognitive impairment.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The neuropathology of Alzheimer's disease (AD) is characterized
by amyloid plaques and neurofibrillary tau tangles, which both
contribute to neurodegenerative processes (Jack et al., 2013).
However, several neuroimaging and autopsy studies have sug-
gested that vascular pathology in the form of cerebral small vessel
disease (cSVD) also plays a significant role in the pathological AD
cascade (Arvanitakis et al., 2016; Kester et al., 2014). Actually, most
cases with clinical dementia have mixed AD and vascular pathology
in the brain (Schneider et al., 2007). A pathological process that
could link cSVD and AD is blood-brain barrier (BBB) dysfunction
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(Zlokovic, 2008). The BBB controls the homeostasis of the brain
tissue environment, which is essential for neuronal vitality and
signaling (Iadecola, 2017). Dysfunction of the BBBmay lead to an ill-
conditioned microenvironment with eventual neuronal dysfunc-
tion, tissue damage, or even cell loss.

Detailed information about localized functional BBB dysfunction
can be obtained with dynamic contrast-enhanced MRI (DCE-MRI)
by measuring the leakage of gadolinium contrast medium into the
cerebral tissue. A number of recent studies have applied this tech-
nique to demonstrate involvement of BBB dysfunction in normal
aging (Montagne et al., 2015), cSVD (Wardlaw et al., 2017; Zhang
et al., 2017), mild cognitive impairment (MCI) (Montagne et al.,
2015; Nation et al., 2019), and AD (van de Haar et al., 2016). These
studies suggest involvement of BBB leakage in the pathophysiology
of cSVD-related MRI abnormalities such as white matter hyper-
intensities (WMHs) (Wardlaw, 2010; Wardlaw et al., 2017) and
also contributions of BBB dysfunction to early neurodegenerative
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processes associated with AD (Iturria-Medina et al., 2016; van de
Haar et al., 2016). The associations between BBB dysfunction,
cSVD, neurodegeneration, aging, and cognition are extremely
complex and not yet well understood (Yamazaki and Kanekiyo,
2017). Further clarification of these associations is pivotal to in-
crease our understanding of vascular contributions to dementia and
to find novel diagnostic and therapeutic strategies.

The primary aim of this study was to examine links between
quantitative measures of BBB dysfunction (i.e., leakage rate and
volume), cSVD burden (i.e., WMH volume), neurodegeneration (i.e.,
hippocampal volume [HV]), and cognition in cognitively normal
(CN) individuals and memory clinic patients. The emphasis of the
present study was not on individual diagnostic groups or group
differences, but we rather took a continuous approach by including
older individuals within the range from normal cognition to clinical
dementia with variability in neurodegenerative and cSVD pathol-
ogy. Because BBB dysfunction directly reflects cerebrovascular dis-
integrity, we (i) hypothesized that increased cSVD burden (i.e.,
larger WMH volume) was associated with increased BBB dysfunc-
tion in both gray and white matter (GM andWM). Because previous
work suggested that BBB dysfunction is increased within the hip-
pocampus in individuals with MCI (Montagne et al., 2015), we (ii)
also hypothesized that neurodegeneration (i.e., smaller HV) was
associated with increased BBB dysfunction within the hippocam-
pus. Finally, to examine the potential clinical relevance of regional
BBB dysfunction, we (iii) performed mediation analyses to examine
whether WMH volume or HV mediated the potential associations
between cognition and BBB dysfunction.
2. Methods

2.1. Participants

To obtain representative variation in WMH volume, HV, and
cognitive function across the spectrum from normal cognition to
dementia, CN older individuals as well as memory clinic patients
with various degrees of cognitive impairment were included in this
study. Memory clinic patients who underwent standard clinical
assessments (including a complete neuropsychological assessment)
were recruited at the Maastricht University Medical Center and
Zuyderland Medical Center Heerlen. CN controls were enrolled
through an advertisement in the local newspaper and an online
advertisement and underwent a similar neuropsychological
assessment. For all participants, educational level (8-level scale; De
Bie, 1987), medical history, and current medication were recorded.
Raw scores on neuropsychological tests were converted to Z-scores,
adjusted for age, sex, and education using normative data (Van der
Elst et al., 2005; Van der Elst et al., 2006a; van der Elst et al., 2006b;
Van der Elst et al., 2006c), and (objective) cognitive impairmentwas
defined as Z-score < �1.5.

Inclusion criteria for patients were a clinical diagnosis of either
MCI (Petersen, 2004) or clinical AD (McKhann et al., 2011) and a
MinieMental State Examination (MMSE) score of �20. Diagnosis of
MCI was made when concern about cognitive functioning was re-
ported by the patient or an informant, cognitive impairment was
detected on at least one cognitive domain, and dementia was ab-
sent (Petersen, 2004). We did not aim to target MCI due to AD
specifically as this study was not designed to measure BBB
disruption as an (early) marker for AD.Wewere rather interested in
including a heterogeneous sample of individuals with various
amounts of cognitive impairment and variability in cSVD and
neurodegenerative burden, and therefore we did not apply the NIA-
AA research criteria for MCI (Albert et al., 2011), but rather a clinical
MCI diagnosis (Petersen, 2004). AD diagnosis was made when
individuals met the NIA-AA core clinical criteria for AD (McKhann
et al., 2011).

Besides the MCI and AD groups, we included a CN participant
group, which included CN participants whowere recruited through
newspaper advertisements. These individuals had no cognitive
complaints, had not visited a memory clinic, had no impairment in
memory performance, and had an MMSE score of �27. In addition,
the CN group consisted of individuals who visited the memory
clinic and had received a diagnosis of subjective cognitive decline
(Jessen et al., 2014). These individuals reported self-experienced
cognitive decline in comparison with a previously normal status
and unrelated to an acute event, but no objective cognitive
impairment was detected on any of the neuropsychological tests
(Jessen et al., 2014).

Additional inclusion criteria for all participants were age �
55 years and eligibility for undergoing 3 Tesla MRI and gadolinium
contrast medium administration. Exclusion criteria for all partici-
pants included impaired renal function (estimated glomerular
filtration rate < 30 mL/min), and presence of psychiatric or
neurological disorders other than AD, cSVD, or non-invalidating
stroke, that might be related to the cognitive impairment. Partici-
pants with structural abnormalities on MRI and those with recent
(e.g., <3 months before inclusion) ischemic or hemorrhagic stroke
were excluded.

Written informed consent was obtained from all participants
before inclusion. This study was approved by the local institutional
review boards and approved by the medical ethics committee in
Maastricht.
2.2. MR imaging

Images were acquired on a 3.0 Tesla MRI system with a 32-
channel head coil (Philips, Achieva TX; Philips Healthcare, Best,
the Netherlands). The imaging protocol was split into 2 sessions
to reduce the burden of the long acquisition time and to mini-
mize discomforts. During the first session, 3D T1-weighted
gradient-echo (repetition time [TR] 8 ms; echo time [TE] 4 ms;
flip angle 8�; 1 mm cubic voxel size) images were acquired for
anatomical reference, 3D T2-weighted fluid attenuation inversion
recovery (FLAIR; TR/TE/inversion time [TI] of 4800/290/1650 ms;
1 mm cubic voxel size) for determination of WMH volume, and
multislice T2-weighted turbo spin echo and T2-weighted
gradient-echo images with a section thickness of 5 mm in the
transverse plane were acquired for detection of other tissue ab-
normalities (i.e., microbleeds, lacunar infarcts, hemorrhages and
other infarcts). During the second session (median time between
sessions 0 days, interquartile range 0e4 days), dual-time reso-
lution DCE-MRI was acquired (van de Haar et al., 2016; Zhang
et al., 2017). The dual-time DCE-MRI protocol had a short dy-
namic scan time (3.2 seconds) during the steep signal changes in
initial circulations of the contrast agent and longer scan times
(dynamic scan time, 30.5 seconds) during the longer leakage
phase with much slower signal changes. Before contrast admin-
istration, (precontrast) scans of both sequences were acquired.
Subsequently, a bolus injection was administered during the fast
sequence (0.1 mmol/kg gadobutrol, Gadavist; Bayer AG, Lev-
erkusen, Germany), intravenously in the antecubital vein (injec-
tion rate 3 mL/s, 20 mL saline flush). The fast sequence consisted
of 29 volumes (TR/TE 5.3/2.5 ms, voxel size 2 � 2 � 5 mm), and
the slow sequence consisted of 35 volumes (TR/TE 5.6/2.5 ms,
voxel size 1 � 1 � 2 mm). T1 mapping was performed before
contrast administration and dynamic imaging to enable the
conversion of the contrast-enhanced tissue signal intensities to
concentrations (Larsson et al., 2009).
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2.3. Brain region segmentation

Automated software (FreeSurfer, version 5.1.0) was used with
default settings as described previously (Fischl, 2012). The seg-
mentation was visually checked by one author (W.M.F.), and
manual adjustments were applied to correct for overestimation or
underestimation of the GM/WM boundaries and to identify brain
areas erroneously in or excluded during skull stripping. From the
segmented brain regions, the estimated intracranial volume (ICV),
overall GM volume (including cortical GM, deep GM [thalamus,
caudate nucleus, putamen, pallidum, amygdala, and accumbens
area], and hippocampus), HV, and total WM volume (including
WMH) were extracted (Fischl, 2012).

WMH volume was semiautomatically determined using an in-
house developed, segmentation tool (GIANT) to differentiate be-
tween normal appearing white matter (NAWM) and WMH (Jacobs
et al., 2014). Manual corrections were performed where necessary.
Thewhole procedurewas performed by a single rater (I.C.M.V.) who
was trained until excellent inter-rater variability was achieved
(intraclass correlation coefficient > 0.999) on an independent
practice set of scans (n ¼ 20) that were also semiautomatically
segmented by an experienced neuroradiologist. Total WMH volume
was normalized to ICV. WMH volume was first divided by ICV, then
multiplied by a factor 10,000, and subsequently log-transformed to
better approximate a normal distribution.

2.4. Pharmacokinetic modeling and histogram analysis

The vascular input function was extracted from manually
selected voxels (n~20) within the superior sagittal sinus of each
individual. Pharmacokinetic modeling was applied for each voxel
using the Patlak graphical approach to obtain the local BBB leakage
rate (Ki in minute�1 as the slope of the Patlak plot) (Patlak et al.,
1983; van de Haar et al., 2016; Zhang et al., 2017). As leakage was
very subtle, noisy Patlak graphs were obtained, which resulted in
voxels with positive and negative Ki values (van de Haar et al., 2016;
van de Haar et al., 2017). To discern the measurable leakage from
noise, a histogram analysis was applied to each investigated tissue
region (van de Haar et al., 2016). The histograms were skewed to
positive Ki values, and the negative bins were subtracted from the
positive part to exclude voxels in which no substantial leakage
could be measured (van de Haar et al., 2016). Subsequently, the
mean Ki of all voxels within each region was calculated. The BBB
leakage volume Vl was calculated as the percentage of remaining
voxels after the histogram subtraction out of the total number of
voxels within a specified ROI, which is a similar approach to the one
published previously (van de Haar et al., 2016). Note that after
subtracting the part with negative Ki values in the histogram, the
mean Ki remains the same as all voxels are considered, including
the subtracted voxels for which Ki was set to zero. This step differs
from our previous study (van de Haar et al., 2016), as now all tissue
voxels are included for the calculation of the leakage rate to
represent the entire tissue region.

2.5. Visual rating MRI markers of neurodegeneration and
cerebrovascular damage

Several MRI markers of cerebrovascular damage and neuro-
degeneration were visually rated by an experienced neuroradiolo-
gist (W.M.P.) who was blinded to the clinical data. Medial temporal
lobe atrophy (MTA) was rated bilaterally on coronal T1-weighted
images using a previously described rating scale (range 0e4 for
the average of left and right) (Scheltens et al., 1992). WMH load was
scored according to the Fazekas scale (Fazekas et al., 1987). Lacunes
were identified on FLAIR and T2-weighted spin echo images
(Wardlaw et al., 2013). Cerebral microbleeds were identified on T2-
weighted gradient-echo images in cortical or subcortical regions
(Greenberg et al., 2009). Old cortical infarcts of>15mm in diameter
were identified on T2-weighted spin echo and FLAIR images, and
old cerebral hemorrhage was identified on T2-weighted gradient
echo images.

2.6. Neuropsychological assessment

We focused on 2 cognitive outcomes in our analysis. Memory
performance was evaluated because it is the primary cognitive
domain that is affected in AD (Jahn, 2013), and information pro-
cessing speed was chosen because of its previously reported close
association with vascular cognitive impairment, in particular WMH
(Wiseman et al., 2018). Memory performancewas assessedwith the
15-word verbal learning task (VLT) (Van der Elst et al., 2005), of
which the delayed memory recall (VLTdr) (number of correctly
recalled words after a 20-minute delay) was used as outcome
measure. The letter-digit substitution test (LDST) was used to
measure information processing speed, with the number of correct
items used as outcome measure (van der Elst et al., 2006b).

2.6.1. Additional neuropsychological assessment
Additional neuropsychological tests were only used for diag-

nostic purpose and included memory performance measured as
immediate (sum of the number of correctly recalled words directly
after each of the 5 trials) memory recall according to the 15-word
VLT (Van der Elst et al., 2005). Attention was measured using the
average of the Stroop Color Word Test cards 1 and 2 (Stroop, 1935;
Van der Elst et al., 2006c) and using the average of the concept
shifting test part A and B (Van der Elst et al., 2006a). Executive
functioning was measured using the interference index from the
Stroop ColorWord Test and the interference index from the concept
shifting test (Stroop, 1935; Van der Elst et al., 2006a; Van der Elst
et al., 2006c). These tests measured 2 components of executive
functioning, sensitivity to interference, and concept shifting,
respectively. The median [interquartile range] time between neu-
ropsychological assessment and MRI acquisition was 3 [0e8]
months. Z-scores on cognitive tests according to diagnostic group
are outlined in Table 1.

2.7. Vascular risk factor assessment and laboratory measurements

Hypertension was defined as current use of antihypertensive
medication, and hypercholesterolemia was defined as current use
of cholesterol-loweringmedication. Diabetes was defined as known
history of diabetes type 1 or 2 and cardiovascular disease as known
history of myocardial infarction, angina pectoris, and/or cardiac
arrhythmia. Blood samples were collected and analyzed to measure
hematocrit levels and renal function. Apolipoprotein E (ApoE)
genotyping was performed using a method of polymerase chain
reaction. Individuals with at least one ε4 allele were classified as
ApoE4 positive.

2.8. Statistical analysis

Differences in group characteristics were assessed using one-
way analyses of variance with post hoc Tukey pairwise compari-
sons. Kruskal-Wallis tests with post hoc Dunn's pairwise compari-
sons were applied to assess group differences for data with a
skewed distribution. Pearson chi-square or Fisher's exact tests were
used to assess differences in proportions between groups for cat-
egorical variables. We ran regression models with BBB leakage as a
dependent variable and age as an independent variable, corrected
for diagnostic group.



Table 1
Group characteristics according to diagnosis

Participant characteristics CN (n ¼ 32) MCI (n ¼ 34) Dementiag (n ¼ 14) p-value

Age (y), mean (SD) 71.8 (7.0) 68.6 (6.3) 71.6 (6.7) 0.130
Male, n (%) 21 (66) 19 (56) 11 (79) 0.318
Education (level)f 5.0 [5.0, 6.0] 5.0 [4.0, 6.0] 5.0 [4.0, 6.0] 0.267
eGFR (mL/min) 75.0 [69.6; 82.7] 81.0 [71.9; 89.2] 74.0 [69.8; 81.3] 0.237
ApoE4 positive, n (%)h 13 (42) 12 (36) 8 (57) 0.419
Hypertension, n (%) 13 (41) 13 (38) 6 (43) 0.953
Hypercholesterolemia, n (%) 10 (31) 7 (21) 4 (29) 0.599
Diabetes mellitus, n (%) 1 (3) 5 (15) 2 (14) 0.216
Cardiovascular disease, n (%) 10 (31) 11 (32) 3 (21) 0.769
Hematocrit 0.45 [0.42; 0.46] 0.43 [0.42; 0.46] 0.44 [0.41; 0.48] 0.452
Imaging characteristics
ICV (cm3) 1432 [1175; 1628] 1503 [1246; 1644] 1601 [1388; 1728] 0.345
HV (%ICV) 0.52 [0.45; 0.64] 0.46 [0.41; 0.54] 0.39 [0.36; 0.44]c,e 0.001
WMH volume (%ICV) 0.53 [0.34; 0.67] 0.65 [0.41; 1.09] 0.61 [0.30; 0.95] 0.319
LI present, n (%) 3 (9) 6 (18) 3 (21) 0.495
CMB presence, n (%) 1 (3) 6 (18) 3 (21) 0.078
IS present, n (%) 1 (3) 6 (18) 0 (0) 0.075
ICH present, n (%) 0 (0) 1 (3) 0 (0) 1.000
Fazekas score 1.00 [1.00; 2.00] 1.00[1.00; 2.00] 1.00 [1.00; 1.75] 0.861
Mean MTA 0.50 [0.00; 1.00] 0.75 [0.00; 1.38] 1.50 [0.62; 2.38]b,d 0.010
Contrast agent (mL), mean (SD) 7.6 (1.2) 7.5 (1.3) 7.6 (1.3) 0.970

Cognitive measures, raw scores
MMSEh 29.0 [28.0; 30.0] 27.0 [26.0; 29.0]a 24.5 [21.0; 27.0]c,e <0.001
VLTdr, mean (SD) 9.19 (2.85) 5.74 (3.76)c 2.69 (1.25)c,d <0.001
LDST, mean (SD)h 43.87 (10.30) 34.79 (8.73)b 31.80 (12.45)b <0.001

Cognitive measures, Z-scores
VLT, mean (SD) 0.64 (1.15) �0.73c (1.22) �1.67c (1.43) <0.001
VLT delayed, mean (SD) 0.44 (1.12) �1.08c (1.41) �2.07c,d (0.81) <0.001
LDST, mean (SD)h 0.54 (0.91) �0.39c (0.78) �0.53b (1.08) <0.001
Stroop 1 þ 2h �0.08 [�0.41; 0.52] �1.36c [�1.98;�0.67] �1.51b [�2.25;�0.56] <0.001
CST 1 þ 2h 0.46 [�0.10; 0.97] �0.54a [�1.62; 0.43] �0.54a [�1.87; 0.31] 0.007
Stroop interferenceh 0.84 [�0.10; 1.27] �0.35b [�0.89; 0.19] �0.69b [�3.47; 0.21] <0.001
CST interferenceh 0.41 [�0.40; 0.86] �0.85 [�1.90; 0.77] �2.74b,d [�3.50;�2.33] 0.001

Values represent median [interquartile range] unless otherwise specified.
Key: CN, cognitively normal; SD, standard deviation; eGFR, estimated glomerular filtration rate; HV, hippocampal volume; ICV, intracranial volume; LI, lacunar infarct; CMB,
cerebral microbleed; IS, ischemic stroke; ICH, intracerebral hemorrhage; MTA, medial temporal lobe atrophy; MMSE, MinieMental State Examination; VLTdr, verbal learning
task delayed recall; LDST, letter-digit substitution test; CST, concept shifting test.

a p < 0.05 versus CN.
b p < 0.01 versus CN.
c p < 0.001 versus CN.
d p < 0.05 versus MCI.
e p < 0.01 versus MCI.
f Education level was based on an 8-level scale (De Bie, 1987).
g Neuropsychological data were missing for one case.
h Data were missing: MMSE, n ¼ 2; ApoE4, n ¼ 1; LDST, n ¼ 4; Stroop 1 þ 2, n ¼ 3, CST 1 þ 2, n ¼ 20; CST interference, n ¼ 22; Stroop interference, n ¼ 4.
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We set out to investigate the relation between WMH volume
and regional BBB integrity within the total GM andWM and within
their subregions (cortical GM, deep GM, hippocampus, NAWM, and
WMH) using multivariable linear regression analyses. Normalized
and log-transformed WMH volume was included as a dependent
variable and regional leakage rate or volume (both cube
rootetransformed to better approximate a normal distribution) as
an independent variable, corrected for age and diagnostic group (in
all analyses diagnostic group was entered as a dummy variable, i.e.,
MCI ¼ 0 or 1; AD ¼ 0 or 1). We applied a false discovery rate pro-
cedure (q-0.05) to correct for multiple comparisons over different
brain tissue regions (Benjamini and Hochberg, 1995).

Next, we applied multivariable linear regression with HV (rela-
tive to ICV and log-transformed to better approximate a normal
distribution) as a dependent variable and hippocampal BBB leakage
(cube rootetransformed) as an independent variable, with age and
diagnostic group as covariates.

Two mediation models were run to test for direct and indirect
associations between cognition and BBB leakage. The first model
included information processing speed performance as a depen-
dent variable, WM BBB leakage (cube rootetransformed) as an in-
dependent variable, and WMH volume (normalized and log-
transformed) as a mediator variable. The second model included
memory performance as a dependent variable, hippocampal BBB
leakage (cube rootetransformed) as an independent variable, and
HV (relative to ICV and log-transformed) as a mediator variable
(Baron and Kenny, 1986). All analyses were corrected for age (at
MRI), sex, educational level, time between MRI and neuropsycho-
logical assessment, and When statistically significant associations
were present both in path a and path b, we tested the indirect
mediating effect (a*b). The standard error parameters of the
mediation models were bootstrapped, and the 95% confidence in-
terval for each regression coefficient was calculated using the bias-
corrected and accelerated bootstrap method (Efron, 1987), which
corrects for bias and skewness in the distribution of bootstrap es-
timates. The number of bootstrap samples in each analysis was set
to 5000. Because the sampling distribution of the indirect effect a*b
is highly skewed and the standard Z-method presumes a symmetric
distribution, we reported the bias-corrected and accelerated 95%
confidence interval of any indirect effects and assumed the effect
was significant if the confidence interval did not contain
0 (Williams and MacKinnon, 2008).

A threshold of a < 0.05 was used to determine statistical sig-
nificance. All p-values are two-tailed. All analyses were conducted
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using the R statistical software (version 3.3.3; packages used
include sjstats, lm.beta, compareGroups, lavaan, and boot; R Core
Team, 2016)

3. Results

3.1. Participant characteristics

Eighty participants were included in the present study, con-
sisting of 32 CN controls, 34 with MCI, and 14 with AD dementia.
The group characteristics of the participants according to diagnostic
group are summarized in Table 1. Individuals with MCI had lower
scores on the MMSE, VLTdr, and LDST compared with the CN in-
dividuals. Individuals with dementia had lower scores on theMMSE
and VLTdr, smaller HV, and higher MTA scores compared with the
MCI and CN groups and lower scores on the LDST compared with
the CN group. There was within- and between-subject variability in
leakage rate and volume in all of the examined brain regions
(Supplementary Tables 1a and 1b). Leakage rate and volume did not
differ between groups and were not associated with age after cor-
recting for diagnostic group.

3.2. WMH volume and BBB leakage

The associations between WMH volume and regional BBB
leakage are provided in Table 2. In the total studied sample, WMH
volume was positively associated with BBB leakage rate within the
total GM and WM (R2 > 0.31) (Fig. 1). This association remained
significant for BBB leakage within the cortex, deep GM, NAWM, and
WMH, but not within the hippocampus. The results were similar for
the association between WMH volume and leakage volume.

3.3. HV and BBB leakage

HV was not significantly associated with BBB leakage within the
hippocampus in the total sample (standardized beta coefficient
[95% confidence interval]) Ki ¼ 0.14 [�0.05, 0.33], p¼ 0.14; Vl ¼ 0.13
[�0.06, 0.32], p ¼ 0.18).

3.4. Cognitive performance and BBB leakage

Results of the mediation model analyses are presented in Fig. 2
and Table 3. A direct effect was present between WM leakage rate
and information processing speed. When WMH volume was added
to the model, the mediating (i.e., indirect) effect of WMH volume
was significant for the relation between leakage rate and infor-
mation processing speed (B [95% confidence interval] ¼ �222
[�541, �27]), and the direct effect between leakage rate and in-
formation processing speed was no longer statistically significant.
Table 2
Associations between WMH volume and the regional BBB leakage measures leakage rate

Region of
interest

Leakage rate

Beta-Ki 95% CI p-v

Total GM 0.22 [0.03, 0.41] 0.0
Total WM 0.25 [0.06;0.44] 0.0
Cortex 0.21 [0.01;0.40] 0.0
Deep GM 0.22 [0.03;0.40] 0.0
Hippocampus 0.12 [�0.07; 0.32] 0.2
NAWM 0.25 [0.06;0.44] 0.0
WMH 0.25 [0.07;0.44] 0.0

Values represent standardized beta coefficients. Significant associations after false disco
Key: CI, confidence interval; GM, gray matter; NAWM, normal appearing white matter;

a BBB leakage rate and leakage volumewere cube rootetransformed, andWMHvolume
for age and diagnosis.
In contrast, there were no direct or indirect effects between hip-
pocampal leakage rate/volume and memory performance and be-
tween leakage volume and information processing speed.
4. Discussion

This study demonstrates that BBB leakage is associated with
cognitive performance in individuals with cSVD across the clinical
spectrum from normal cognition to dementia in a populationwith a
mixture of AD and cerebrovascular pathology. Although previous
studies have already revealed BBB leakage in clinical populations
with cSVD and AD, we now extend these findings by demonstrating
for the first time that (i) BBB dysfunction throughout the whole
brain is associated with cSVD, independent of cognitive state, (ii)
BBB dysfunction is associated with impaired cognitive perfor-
mance: information processing speed appears to be affected byWM
BBB leakage in an indirect way, through mediation of WMH, and
(iii) local BBB dysfunction is not related to HV reduction, neither in
CN controls nor in memory clinic patients. As such, in this popu-
lation of patients, most of whom had cognitive impairment or de-
mentia, BBB dysfunction may form an indirect pathophysiologic
pathway to cognitive decline.

We observed that global BBB leakage within the GM and WM
was positively associated with WMH volume. When we detailed
this examination to subregions, we found that this association was
apparent within the cortex, deep GM, NAWM, and WMH. Our
findings are consistent with previous studies demonstrating posi-
tive associations between BBB leakage in WM and GM regions and
cSVD using DCE-MRI (Wardlaw, 2010; Wardlaw et al., 2009, 2017;
Zhang et al., 2017), supporting the idea that cSVD is a dynamic
and progressive whole brain disease (Shi and Wardlaw, 2016). Our
findings extend the existing literature by showing that BBB leakage
plays a constant role in pathological cSVD processes across the
spectrum fromnormal cognitive aging to Alzheimer-type dementia.

Hippocampal neurodegeneration is a critical feature of AD, but it
is also associated with cerebrovascular damage (Freeze et al., 2017;
Guzman et al., 2013; Kim et al., 2015). Previous work has demon-
strated increased BBB leakage rate within the hippocampus in in-
dividuals with MCI compared with age-matched CN controls
(Montagne et al., 2015). Actually, the same group recently reported
an absence of an association between leakage and hippocampal
volume (Nation et al., 2019). Our results are in line with this lack of
an association between hippocampal leakage and HV, which sug-
gests that HV loss may not be associated with BBB dysfunction in a
direct way. BBB leakage might occur in parallel to or at an earlier
stage in the development of hippocampal loss. Alternatively, it
could well be that BBB leakage is more strongly associated with
vascular pathology than neurodegenerative pathology and that our
and volumea

Leakage volume

alue Beta-Vl 95% CI p-value

29 0.23 [0.03;0.42] 0.023
10 0.24 [0.05;0.43] 0.014
39 0.22 [0.02;0.41] 0.030
28 0.22 [0.03;0.41] 0.028
23 0.11 [�0.08; 0.31] 0.264
11 0.24 [0.05;0.43] 0.016
10 0.27 [0.08;0.45] 0.006

very rate correction are depicted in bold.
WM, white matter; WMH, white matter hyperintensities.
was normalized to ICV and log-transformed for the analyses. Analyses were adjusted



Fig. 1. WMH volume versus BBB leakage within the total gray and white matter. WMH volume was normalized to ICV and log-transformed. BBB leakage was cube roote-
transformed. Fit and 95% confidence interval of ordinary least squares regression model adjusted for age and diagnosis (as binary variable for MCI and AD) is shown. Abbreviations:
AD, Alzheimer's disease; BBB, blood-brain barrier; ICV, intracranial volume; MCI, mild cognitive impairment.
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results were driven by the large proportion of individuals with
vascular cognitive impairment.

Recently, the association between BBB integrity and AD has been
topic of debate, attesting to the increasing awareness for the hy-
pothesis that an interaction between vascular and AD pathology
may play a role in the onset or progression of AD (Freeze et al., 2017;
Sweeney et al., 2019). Three recent studies that applied DCE-MRI in
CN individuals and patients with MCI and/or dementia found
elevated BBB leakage in the patients compared with CN controls
(Montagne et al., 2015; Nation et al., 2019; van de Haar et al., 2016).
These studies confirm the importance of microvascular dysfunction
in relation to cognitive status. One of these studies corrected for
some markers of cerebrovascular damage in their analyses (van de
Fig. 2. Overview of mediation models with standardized path strengths. The arrow paths s
shows a significant negative relationship between WM BBB leakage rate (Ki) and informatio
volume is included as a mediator in the model (c’ path), but the association now indirectly
hippocampal leakage, HV, and memory performance were significant (lower model). When
were significant (see Table 3). Analyses were corrected for age (at MRI), sex, educational lev
0.05. Abbreviations: BBB, blood-brain barrier; HV, hippocampal volume; MRI, magnetic res
Haar et al., 2016). It remains unclear, however, whether the
increased BBB dysfunction with MCI status observed by the other 2
studies from the same group (Montagne et al., 2015; Nation et al.,
2019) was actually driven by increased cSVD pathology in cases
with cognitive impairment compared with the controls.

To examine the clinical relevance of BBB dysfunction, we
analyzed the observed association between BBB leakage and
cognitive performance in more detail. Although there was no direct
effect of BBB dysfunction on information processing speed after
correcting for WMH volume, we identified an indirect association
between WM BBB leakage rate and information processing speed
that was mediated by WMH volume over the entire study popu-
lation. Apart from 3 previous studies reporting a negative
how standardized beta values derived from the mediation analysis. The upper model
n processing speed (c path). This direct association is no longer significant when WMH
operates through WMH volume (path a and path b). None of the associations between
BBB dysfunction was assessed in the form of leakage rate (Vl), none of the pathways
el, time between MRI and neuropsychological assessment, and diagnostic group. *p <

onance imaging; WM, white matter; WMH, white matter hyperintensity.



Table 3
Mediation statistics

Leakage measure BBB leakagedmemory performance relationships

Total effect Mediation model effects

Direct c path
leakage / memory

Direct c’ path
leakage / memory

Mediation a path
leakage / HV

Mediation b path
HV / memory

B Wald Z p-value B Wald Z p-value B Wald Z p-value B Wald Z p-value

Ki �18.76 �0.36 0.72 �38.36 �0.71 0.48 6.03 1.69 0.09 3.25 1.72 0.09
[95% CI] [�124.91, 79.03] [�144.97, 65.96] [�1.14, 12.91] [�0.44, 6.93]
Vl �0.212 �0.170 0.87 �0.61 �0.47 0.64 0.13 1.51 0.13 3.17 1.67 0.10
[95% CI] [�2.84, 2.05] [�3.26, 1.74] [�0.04, 0.29] [�0.51, 6.94]

BBB leakagedinformation processing speed performance relationships

Total effect Mediation model effects

Direct c path
leakage / IPS

Direct c’ path
leakage / IPS

Mediation a path
leakage / WMH volume

Mediation b path
WMH volume / IPS

B Wald Z p-value B Wald Z p-value B Wald Z p-value B Wald Z p-value

Ki �577.74 �2.17 0.03 �355.26 �1.33 0.19 35.23 1.98 0.048 �6.31 �3.84 <0.001
[95% CI] [�1100.56, �40.86] [�899.35, 166.54] [1.07, 71.45] [�9.33, �2.87]
Vl �10.75 �1.79 0.07 �6.11 �1.05 0.295 0.74 1.83 0.07 �6.50 �4.10 <0.001
[95% CI] [�22.50, 1.11] [�17.70, 5.79] [�0.04, 1.44] [�9.52, �3.30]

Mediation analyses were performedwith bootstrap standard errors and bootstrap-based p-values. Confidence intervals were computedwith bias-corrected and acceleratedmethod. The number of bootstrap iterations was set to
5000. All models are corrected for age (at MRI), sex, educational level, time between MRI and neuropsychological assessment, and diagnostic group.
Key:WMH,whitematter hyperintensity; IPS, information processing speed; B, unstandardized coefficient estimate; CI, confidence interval; Ki, leakage rate; Vl, leakage volume. Significant findings (p< 0.05) are indicated in bold.
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relationship between BBB leakage and global cognition (Nation
et al., 2019; van de Haar et al., 2016; Wardlaw et al., 2017), this is
the first study reporting associations between specific cognitive
domains and BBB dysfunction. Our findings are consistent with
previous work suggesting that BBB dysfunction in NAWM may
eventually lead to cSVD pathology (Munoz Maniega et al., 2017). It
can be hypothesized that BBB dysfunction throughout the brain is
reflected by the amount of WMH burden and WMH burden in turn
reflects WM damage, which is associated with decreases in pro-
cessing speed (Baykara et al., 2016; Burns et al., 2005). Although
decreases in processing speed are not a typical feature of AD, like
decline in episodic memory, previous work has suggested that
processing speed is an important component of cognition that in-
fluences performance on other cognitive domains (Salthouse,
2017). As such, BBB leakage could indirectly affect many cognitive
domains through its effects on information processing speed. In
contrast to information processing speed, we did not find a signif-
icant direct or indirect effect of hippocampal BBB leakage on
memory performance. However, the sample size and pathological
heterogeneity of the study population limit the ability to infer firm
conclusions from these null findings.

4.1. Study considerations

The determined leakage measures are much lower than those
from our previous study on early AD (van de Haar et al., 2016). This
difference is due to the calculation of leakage rate over tissue re-
gions with and without measurable leakage. However, in this study
exactly the same analysis method was applied to all participants,
and the associations were not affected by the type of analysis. Note
that the leakage values as measured by DCE-MRI are not full
quantitative physiologic measures and have been reported to vary
between research sites, research studies, scan protocols, methods of
data analysis, and study populations, which prompts the need for
standardization and harmonization (Barnes et al., 2016; Raja et al.,
2017; van de Haar et al., 2017). Furthermore, in this study, we
tagged WMH volume as a proxy for cSVD severity. Although this
may be a proxy for deeper/periventricular WMH (especially
confluent WMH), previous studies have shown that punctate WMH
in posterior brain regions may correspond to (Wallerian) degener-
ative processes in the context of AD pathology (Gold et al., 2012;
McAleese et al., 2017; Riphagen et al., 2018). As such, the etiology
of WMH may actually be of heterogeneous nature and differences
may exist across diagnostic groups and brain regions. Therefore, we
cannot rule out that besides the well-established association be-
tween BBB leakage and cSVD, BBB leakage in our study population
may be, at least partly, associated with AD-related WMH of
neurodegenerative etiology.

4.2. Study limitations

The individual diagnostic groups have a limited sample size and
were composed of individuals with clinical and pathological het-
erogeneity. Knowing this, we took a continuous analytical approach
by examining the entire study population as a whole while cor-
recting for clinical diagnosis in all analyses (to control for group
effects) and by limiting the number of tests to 2 specific a priori
hypotheses when we examined the association between BBB
leakage and cognition. Because this was an exploratory study we
did not correct for multiple comparisons. In addition to the statis-
tical limitations, the studied sample is probably subject to selection
bias and not fully representative of the actual population because
individuals with comorbid disease conditions were probably less
likely to participate in this research. Further selection bias may have
occurred because the inclusion of memory clinic patients and
controls was performed through different recruitment channels
(newspaper vs. memory clinic). Another point of consideration is
that the measurement of BBB leakage within smaller regions of
interest such as the hippocampus is more prone to noise, mea-
surement error, and partial volume effects of signal from structures
such as the choroid plexus or meninges cannot be fully ruled out.
Another limitation of this study is that AD biomarkers amyloid-beta
and tau were unknown. Although AD-type dementia diagnosis was
established according to the NIA-AA guidelines, the diagnosis was
not confirmed with amyloid biomarker evidence. However, the
positive predictive value of the clinical diagnosis of probable AD is
83% (Beach et al., 2012) and the prevalence of amyloid positivity in
clinically diagnosed AD patients with ApoE e4 carrier status has
been estimated at 95% (95% confidence interval, 90e96)
(Ossenkoppele et al., 2015). Because amyloid-beta and tau levels
were unknown, we were not able to assess associations between
BBB leakage and these variables or to control for them in our ana-
lyses, but interesting recent work showed that BBB leakage is not
related to these markers (McAleese et al., 2019; Nation et al., 2019).
Although mediation implies a causal process, our data are of cross-
sectional nature and we are unable to conclude whether the asso-
ciations are cause-effect.

4.3. Future directions

Future studies are needed to determine the associations be-
tween BBB dysfunction and AD biomarkers (amyloid-beta and tau)
and/or imaging of the integrity of the myelin sheath while ac-
counting for the effects of cerebrovascular pathology. Such studies
should take into consideration the possible heterogeneous etiology
of WMH (cSVD vs. neurodegenerative) located in different brain
regions and diagnostic groups. In addition, future studies in larger
patient groups should assess whether there are differential regional
patterns of BBB leakage across the 2 main types of cSVD, namely
cerebral amyloid angiopathy and hypertensive arteriopathy. Lon-
gitudinal studies could possibly shed more light on the temporal
evolution of BBB dysfunction in the context of cSVD, neuro-
degeneration, and cognitive decline. Our findings suggest that the
development of treatment strategies that improve cerebrovascular
health, in particular by enhancing BBB integrity, may slow down
deterioration in information processing speed in memory clinic
patients.

5. Conclusions

This study shows that BBB dysfunction throughout the whole
brain is related to cSVD severity in a cross-sectional study sample of
older individuals ranging from normal cognition to clinical de-
mentia. BBB dysfunction negatively and independently affects in-
formation processing speed performance throughWMH pathology.
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