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General Introduction



Chapter 1

We are at the dawn of a large epidemic of neurodegenerative disease and cerebrovascular
disease that will have major impact on our society. It is estimated that currently at least 35
million people live with dementia worldwide and this number is expected to double every
twenty years: 66 million in 2030 and 115 million in 2050.! At the same time, every year
15 million people suffer from a stroke.? Apart from imposing a huge burden on individuals
and families, no other disease costs the society more than these.? It is not surprising that
governments of countries have recently started to invest billions of dollars and Euros in
brain research.

But where to start tackling this epidemic? We may already be too late at the time of
diagnosis, as in both dementia and stroke irreversible brain damage is already present, for
which there is at present no treatment available. Advances in research have shown that
for both diseases, signs of disease may already be detectable in the brain years and even
decades in advance.* These subtle signs generally go unnoticed and therefore are often
called subclinical brain disease. In particular vascular pathology, such as the presence of
white matter lesions, has been shown to already manifest in the middle-aged and was
found to increase the risk of both dementia and stroke. Subclinical brain disease can be
visualized with magnetic resonance imaging (MRI) in vivo and has shown to be highly
prevalent in the aging population. Yet, its exact etiology remains to be elucidated. Studying
these imaging markers and their determinants may help us understand their etiology better
and aid in identifying potential modifying factors or pathways for intervention. Population-
based cohort studies lend themselves well for this purpose as people without disease
can be followed for years with imaging, cognitive testing and the assessment of possible
determinants, including genetic factors. Although genes themselves would be difficult to
modify, they can point to modifiable pathophysiological pathways of stroke and dementia.

In recent years, developments in genetics and imaging have revolutionized the field.
Genome-wide association studies have emerged in which the relation between millions of
DNA variants and traits, such as a disease, can be studied. Developments in the field of
imaging have made it possible to automatically quantify brain pathology non-invasively in
vivo. Furthermore, novel imaging methods have been developed to detect subtle structural
brain changes which were not visible before to the human eye. An example is diffusion
tensor imaging in which the microstructural integrity of brain tissue can be studied non-
invasively. These developments in genetics and imaging have greatly increased the potential
to identify novel determinants of neurodegenerative disease and cerebrovascular disease
and to investigate their role in subclinical brain disease in the general population.

For this thesis | therefore investigated determinants of subclinical brain disease within the
Rotterdam Study, a large population-based study in the Netherlands, in which both genome-
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General introduction

wide data and neuro-imaging data are acquired.® Furthermore, to increase the ability to
find novel determinants we collaborated with other population-based studies in France,
Germany, Great Britain, Iceland, Singapore, and the United States. For this thesis | mainly
focused on subclinical vascular brain disease.

In chapter 2, | discuss the projects related to the development of new methodology to
analyze brain imaging data. Chapter 2.1 describes a novel method to quantify white matter
lesions in multiple locations in the brain. Such a method facilitates the study of whether
lesions in different areas have different causes and consequences. Chapter 2.2 describes
the application of diffusion tensor imaging to quantify subtle white matter abnormalities on
MRI. With this method we investigated whether loss of the microstructural integrity of the
white matter is present before visible lesions develop.

In chapter 3 of this thesis | describe my work on the genetic determinants of subclinical
brain disease. In chapter 3.1 | present the results from our study in which we sought to
replicate a recently found genetic locus for white matter lesions in an independent sample.
Such efforts contribute to the generalizability and validity of genetic loci that are identified
in genome-wide association studies. Chapter 3.2 describes our genome-wide approach to
identify additional loci for white matter lesions in a collaboration with imaging studies from
France, Germany, Great Britain, Iceland, Singapore, and the United States. In chapter 3.3, |
investigated whether recently discovered Alzheimer’s disease genes already affect cognition
in non-demented people and whether they may improve the prediction of dementia. In
chapter 3.4, | present our research on the relation between the genetics of blood pressure
and the retinal and cerebral circulation. Such research adds to our understanding of how
blood pressure influences the perfusion of the retina and the brain.

Chapter 4 of my thesis is on non-genetic determinants of subclinical brain pathology. In
chapter 4.1 we compare the incidence of dementia and the presence of brain pathology on
MRI in a cohort from 1990 with a cohort from 2000. Such comparisons are important for
policy makers to pick up trends in dementia and brain pathology over time. In chapter 4.2 |
touch upon the relation between uric acid and brain atrophy and cognition. In chapter 4.3 |
discuss our study of the relationship between blood pressure and the progression of white
matter lesions.

Finally, in chapter 5 | conclude with a review of my main findings and discuss implications
and suggestions for future research.
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Chapter 2.1

ABSTRACT

It has been hypothesized that white matter lesions at different locations may have different
etiology and clinical consequences. Several approaches for the quantification of local white
matter lesion load have been proposed in the literature, most of which rely on a distinction
between lesions in a periventricular region close to the ventricles and a subcortical zone
further away. In this work we present a novel automated method for local white matter
lesion volume quantification in magnetic resonance images. The method segments and
measures the white matter lesion volume in 43 regions defined by orientation and distance
to the ventricles, which allows a more spatially detailed study of lesion load. The potential
of the method was demonstrated by analyzing the effect of blood pressure on the regional
white matter lesion volume in 490 elderly subjects taken from a longitudinal population
study. The method was also compared to two commonly used techniques to assess the
periventricular and subcortical lesion load. The main finding was that high blood pressure
was primarily associated with lesion load in the vascular watershed area that forms the
border between the periventricular and subcortical regions. It explains the associations
found for both the periventricular and subcortical load computed for the same data, and
that were reported in the literature. But the proposed method can localize the region of
association with greater precision than techniques that distinguish between periventricular
and subcortical lesions only.
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INTRODUCTION

Elderly individuals often exhibit hyperintense lesions on T2-weighted or fluid attenuation
inversion recovery (FLAIR) magnetic resonance images (MRI) of the brain. There has been
extensive debate whether these white matter lesions (WMLs) have a different underlying
etiology, or whether clinical consequences vary depending on their location in the brain. For
example, WMLs located in the periventricular areas (PVWMLs) were related to cognitive
decline, whereas WMLs found in the subcortical white matter (SCWMLs) were associated
with depression.? A three year follow-up MRI study showed a larger rate of progression
of subcortical WMLs compared to periventricular WMLs.? Other authors have argued that
a distinction between PVYWMLs and SCWMLs may not be biologically plausible or clinically
relevant. Some pathological studies point to a common ischemic etiology of severe PVWML
and SCWM.Ls (see DeCarli et al.* and Gouw et al.> for an overview). However, the pathological
substrate of WMLs visible on MRI has been found to be quite heterogeneous.®> Furthermore,
DeCarli et al.* showed that PVWML and SCWML load are highly correlated with the total
WML load and with each other. Traditionally, analyses of local WML severity are based on
scoring the lesion loads in the periventricular and subcortical areas. The most commonly
used measurements of PVYWMLs and SCWMLs are visual rating scales that have separate
scores for the two WML.>®*7 A number of more recent studies describe automated PVWML/
SCWML analyses.*®° These methods all follow a similar strategy: WML voxels obtained from
an automated lesion segmentation are labeled as periventricular if they are located within a
user-defined distance from the ventricular wall. The boundary between the periventricular
and subcortical zones is usually positioned in the vascular watershed area, between 3 and
13 mm from the ventricles.

A second approach to local WML analysis is regional volume measurement. This type of
method provides more detailed spatial information by determining the regional WML load,
e.g. in the cerebral lobes,®'° or by creating lesion probability maps that show the lesion
frequency in a study population per voxel location in a standardized coordinate system. 81112
Regional methods involve a trade-off between spatial resolution and power to detect
associations between clinical variables and WMLs further away from the ventricles. At
these locations the probability of encountering a lesion is much smaller, because WMLs
tend to spread over a larger area.’ This reduces the sensitivity of methods based on lesion
probability maps to detect an association in the subcortical region. Aggregating over the
entire subcortical region solves this problem, but it reduces the spatial resolution of the
analysis.

In this work, we present an automated method for regional WML measurement that
is somewhere between the global PVYWML/ SCWML distinction and a voxel-based lesion
probability map. It measures WML volume, obtained with an automated segmentation
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Chapter 2.1

technique, in 43 regions defined by their distance and orientation with respect to the
ventricles. The potential of the method is demonstrated by analyzing the relation between
blood pressure and regional WML volume for 490 elderly subjects taken from a population-
based imaging study. The results are compared with a visual rating of the PVWML/SCWML
load and an automated measurement that measures the PVYWML/SCWML volume based on
a ventricle segmentation.

MATERIALS AND METHODS

Subjects

The study population was derived from the Rotterdam Study, a large population-based
cohort study in the Netherlands that started in 1990 and investigates the prevalence,
incidence, and determinants of chronic diseases in the elderly.’*** From 1995 to 1996 we
randomly selected 965 participants of the Rotterdam Study between 60 and 90 years of age
to participate in the Rotterdam Scan Study to investigate age-related brain abnormalities
on MRIL.® After excluding persons who were demented or had MRI contraindications, 832
participants were invited. Among these, 563 persons gave their written informed consent
and participated in the study (response rate 68%). Of this group, 52 persons developed
claustrophobia during MRI acquisition. Twenty one datasets were unusable for analysis,
leaving a total of 490 participants with complete and usable MRI data.®!” The study
protocol was approved by the medical ethics committee of the Erasmus MC, Rotterdam,
The Netherlands.

Image data

The image datasets were acquired with a 1.5 T Siemens Vision MR unit. The protocol
included three axial sequences, T1-, T2-, and proton-density-weighted scans (PDw, T1w and
T2w), as well as a custom-made 3D Half-Fourier Acquisition Single-Shot Turbo Spin Echo
(HASTE) sequence that was acquired in the coronal direction.

The T1w was obtained with the following parameters: TR 700 ms, TE 14 ms, NEX 1, matrix size
192x256, flip angle 70°, slice thickness 5.0 mm, inter-slice gap 1 mm. The T2w was acquired
with TR 2200 ms, TE 80 ms, NEX 1, matrix size 192x256, flip angle 80°, slice thickness 5.0
mm, inter-slice gap 1 mm. The PDw was acquired with TR 2200 ms, TE 20 ms, NEX 1, matrix
size 192x256, flip angle 80°, slice thickness 5.0 mm, inter-slice gap 1 mm. These axial scans
were each reconstructed to 20 slices (256x256) with a voxel dimension of 1.0x1.0x5.0 mm.
The HASTE was made with: Tl 4400 ms, TR 2800 ms, matrix size 192x256, flip angle 180°,
slice thickness 1.25 mm. Two HASTE modules were sequentially acquired after the inversion
pulse of which we used the one with an effective TE of 29 ms. The HASTE module combined

18



Automated measurement of local white matter lesion volume

non-selective radio frequency excitations to provide a short inter-echo spacing of 3.9 ms. The
inversion time was chosen to eliminate the signal from the white matter and the resulting
contrast is equivalent to an inverted T1-weighted gradient echo scan. The HASTE image was
reconstructed to 128 slices (256x256), with a voxel dimension of 1.0x1.0x1.25 mm.

All scans were corrected for MR bias fields with N3.'® Non-rigid registration of a manually
labeled mask (excluding the posterior fossa) was used to measure the intracranial volume
(Icv).y

Blood pressure measurement

The participants’ blood pressure was measured on the right upper arm with a random-
zero sphygmomanometer, and the average of both was used. The use of blood-pressure-
lowering medication was assessed during an interview. One subject was excluded from the
analysis, because the blood pressure measurement was not available.

Regional WML volume measurement

To investigate the role of lesion location we developed a novel method that quantifies WML
volume in 43 regions defined by their distance and orientation with respect to the ventricles.
The technique consists of four steps: lesion segmentation, ventricle segmentation, region
segmentation, and regional WML volume measurement.

First, all images were segmented in background (BG), gray matter (GM), white matter (WM),
cerebrospinal fluid (CSF), and WMLs with a supervised voxel classification method.*® This
technique used a k-nearest-neighbor classifier to label all voxels based on their intensities
on the T2w, PDw, and HASTE images. For this purpose the T2w and PDw scans were first co-
registered to the HASTE and resampled to the HASTE resolution. The method was trained on
12 manually labeled datasets. The final labeling was obtained by considering 45 neighbors
in the three-dimensional feature space spanned by the MR intensities. The accuracy of
this method was tested with leave-one-out experiments on the 12 manually segmented
datasets.'” The average WML Dice similarity index was 0.63 and the volumetric ICC was 0.84.
As a second step we segmented the ventricles in the HASTE images, by non-rigidly registering
20 atlas images to the target images using the Elastix registration software.’ The registration
consisted of an affine step followed by a non-rigid transformation parameterized with cubic
b-splines. We used mutual information as a similarity measure. Both registration steps were
performed in a multi-resolution scheme. For every resolution the b-spline control point
spacing was decreased with a factor of two, up to a final distance of 10 mm in all directions.
The optimizations were performed using a stochastic gradient descent.

The atlas images contained 83 manually labeled brain areas, including the ventricles.?
By applying the deformation obtained with the registration to the ventricle regions and
averaging the results, a ventricular probability map in the coordinate system of the target image
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Chapter 2.1

was constructed. We then used this probability map as input for an automated brain structure
segmentation method.?! This method also used a CSF probability map that was obtained with
the k-nearest neighbor classifier described above. To obtain a ventricle segmentation, the
ventricular and CSF probability maps were combined with a Markov random field regularizer
in an energy model that was globally optimized using graph cuts.

In the third step, 43 regions were defined by dividing the brain in three sections that contain
the three periventricular locations distinguished in the visual rating described below: the
regions adjacent to the frontal horns, to the occipital horns, and to the main body of the lateral
ventricles. We did not choose a lobar subdivision because not all white matter surrounding the
occipital horns belongs to the occipital lobe; some of this area is part of the parietal and frontal
lobes. The same posterior WML will therefore contribute to three different lobar volume
measurements, which would complicate the interpretation.

The three sections were based on the 83 atlas regions described above. We deformed the
regions to the target coordinate system and combined the results with a vote rule.?> The 83
regions were then merged to form the anterior, posterior, and central section. The anterior
section covered the frontal lobe excluding the precentral gyrus. The posterior section contained
the entire occipital lobe, a large part of the parietal lobe, and the precentral gyrus. The central
section consisted of the area around the basal ganglia up to and including the insula, as well
as the corpus callosum and the cingulate gyrus. The anterior part of the temporal lobe up
to and including the hippocampus, the cerebellum and the brain stem, were excluded from
the analysis as they contained very few WMLs. An exact list of the composition of the three
sections, as well as the excluded regions can be found in Appendix A.

These three sections were then further subdivided in 15 equidistant shells around the
segmented ventricles. The first boundary was located at 2 mm from the ventricles, and the

(a) Central section  (b) Anterior section  (c) Posterior section

Figure 1. HASTE image of the brain with a subdivision in 43 regions shown for the central (left panel),
anterior (middle panel) and posterior (right panel) sections. For the purpose of illustration every other
boundary is not shown in the figure.
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last one at 28 mm. Lesions more than 28 mm from the ventricles were considered part of
the last shell. Most of the WML voxels directly adjacent to the posterior and anterior horns
of the ventricles fell into the corpus callosum or caudate nucleus regions, which are part of
the first central shell. As a result it was not possible to accurately estimate the lesion volume
in the first shell of the anterior and posterior sections. We therefore considered all WML
voxels up to 2 mm as part of the first central shell.

This scheme resulted in a subdivision of the brain in 15x3-2=43 regions (Figure 1). In the last
step, the volumes of the segmented WMLs were measured for each region.

Visual periventricular and subcortical WML rating

The PVWML and SCWML load was also assessed visually for all subjects by two experienced
raters out of a pool of four, using the T1w, T2w and PDw images printed on hard copy with a
reduction factor of 2.7 compared to the original scan resolution. The PVWML load was rated
separately for regions adjacent to the anterior horn, occipital horns, and the main body
of the ventricles on a scale of zero to three. A score of zero represented no lesions, one a
pencil-thin lining, two a smooth halo, and three large confluent lesions. The three regional
ratings were then summed to obtain a score between zero and nine. Subcortical lesions
were counted and divided in three size categories based on their largest diameter. The total
SCWML load was estimated by assigning a fixed volume of 0.004, 0.1, and 0.9 ml for every
lesion in each category respectively.? In the latter reference, intra- and interrater weighted
kappas for the PVWML grade of 0.79 and 0.90 were reported. The SCWML inter- and intra-
rater intra-class correlation coefficients (ICCs) had been 0.88 and 0.95.2

Automated periventricular and subcortical WML measurement

Finally, PVWML and SCWML volumes were measured with an automated method. For this
measurement we divided the brain into two regions based on distance to the segmented
ventricles. The periventricular and subcortical regions were obtained by computing a
Euclidean distance transform from the ventricle segmentation. All segmented WML voxels
within a distance of 7 mm were labeled as PVWMIL, the rest was labeled as SCWML.

Data analysis

The spatial distribution of the WMLs was analyzed by plotting the first quintile, median, and
fourth quintile of the lesion volume per section and per region. The relation between blood
pressure and regional WML volume was investigated with multiple linear regression. These
analyses were adjusted for age, sex, ICV, and the use of bloodpressure-lowering medication
(coded as binary variable). To make the regression coefficients comparable between the
regions, we converted all regional WML volumes to Z-scores by subtracting the population
median and dividing by the interquartile range.
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Since the regional WML volume is low for most subjects and always positive, the residuals
of the multivariate linear model are not normally distributed. We therefore used a
randomization test with 10000 permutations under a reduced model to compute p-values
for the null-hypothesis that the slope is.?*?* The randomization test was also used to correct
for multiple comparisons. This was done by comparing the t-value associated with the slope
of each regional regression to the null distribution of maximum t-values computed over all
regions.?

To compare the regional distribution of WMLs to the periventricular and subcortical lesion
loads, first quintiles, medians, and fourth quintiles were computed for the visual and
automated PVWML/ SCWML scores. We then computed the association between blood
pressure and the risk of severe PVYWML and SCWML load with multiple logistic regression
for both the visual and automated scores. Severe WMLs were defined as the upper quintile
of the score or volume distribution. This definition is similar to the one used in a previously
published analysis of the relation between blood pressure and WML load in the Rotterdam
Scan Study.?® Since the sample analyzed in this work is a subset of their study population, the
results should be comparable. Analyzing the risk of severe lesions also allows us to compare
effect sizes for the discrete visual PVWML/ SCWML ratings, and the automated PVYWML/
SCWML volume measurements. All analyses were adjusted for age, sex, ICV, and the use of
blood-pressure-lowering medication.

RESULTS

Subjects
The characteristics of the study population are shown in Table 1.

Table 1. Characteristics of the study sample.

N=489
Age at time of scan, years 73.4(7.9)
Female sex, N(%) 248 (50.7)
Systolic blood pressure, mmHg 145.8 (20.6)
Diastolic blood pressure, mmHg 76.6 (11.5)
Use of blood-pressure-lowering drugs, N (%) 185 (37.8)
Intracranial volume, ml 1128 (116)

Values are means (standard deviation) unless specified otherwise.

Regional WML analysis
The first quintile, median, and fourth quintile of the WML volume per section were: 1.2, 3.6,
and 8.2 ml for central; 0.6, 1.4, and 3.9 ml for anterior; and 0.9, 3.2, and 10.6 ml for posterior.
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(a) Central section (b) Anterior section (c) Posterior section
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Figure 2. WML volumes in the consecutive shells with increasing distance to the ventricles in the
central, anterior, and posterior sections. The solid line marks the median, the dashed lines the first
and fourth quintile.
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For the excluded brain regions these scores were 0.00, 0.02, and 0.07 ml. Figure 2 shows the
spatial distribution of the WMLs per section. The central section had the highest volumes
in the first shell, which includes all lesion voxels directly adjacent to the ventricles. Moving
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away from the ventricles the lesion load quickly dropped. The posterior and anterior section
can be divided in three parts. The first part starts at 2 mm with the largest regional WML
load, which then decreases until about 10 mm. Moving further away from the ventricles,
the regional load stabilizes in the posterior section and rises slightly in the anterior section.
After 18 mm from the ventricles the regional load starts to decrease again until it reaches
negligible quantities.

Figure 3 shows the strength of the relation between diastolic blood pressure and normalized
regional WML volume, as a function of distance to the ventricles. The three sections show
roughly the same pattern: the association strengths reach a maximum after the first few
shells and then slowly drop as the distance to the ventricle increases. p-Values in the first
shell are relatively large, and then drop to a minimum in the second shell. Moving away from
the ventricles, the values start rising again.

Figs. 4a and b show the anterior and posterior shells for which the relation between
diastolic blood pressure and regional WML volume was borderline statistically significant
after correcting for multiple comparisons. Figs. 5a and b show the fit of the blood pressure
model for two of these regions. None of the regions in the central section had a statistically
significant relation between diastolic blood pressure and lesion load.

We did not find any statistically significant relation between systolic blood pressure and
WML volume. The regional association strength curves were relatively flat (data not shown).

Periventricular and subcortical WML analysis
The first quintile, median, and fourth quintile of the visual PYWML rating were 0.5, 2, and
5. The SCWML load had a first quintile, median and fourth quintile of 0.0, 0.3, and 2.4 ml.

(b)

Figure 4. Two axial slices taken from one of the study images showing the anterior and posterior shells,
in which the relation between blood pressure and regional WML volume was statistically significant at
0.05 after correction for multiple comparisons.
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Figure 5. Scatter plots of the diastolic blood pressure versus the regional WML volume in two regions
with a statistically significant association. The y-axis shows regional Z-scores after correction for age,
sex, ICV, and use of blood-pressure-lowering medication. The red line represents the model computed
with the regression analysis.

Table 2. Odds ratios of baseline blood pressure for severe PVYWML and SCWML loads at follow-up
(upper quintile versus the four lower quintiles combined), as measured with the visual rating and
automated measurements.

Visual Automated
PVWML
Diastolic Blood Pressure 1.22[0.99; 1.50] 1.12[0.91; 1.38]
Systolic Blood Pressure 1.00[0.88; 1.12] 1.06 [0.94; 1.20]
SCWML
Diastolic Blood Pressure 1.30[1.05; 1.59] 1.25[1.02; 1.54]
Systolic Blood Pressure 1.10[0.98; 1.25] 1.06 [0.94; 1.19]

Values are odds ratios per 10 mmHg increase in blood pressure (95% Cl). Adjusted for age, sex, intracranial volume,
and the use of blood-pressure-lowering drugs.

The automated method measured a PVWML load with median and outer quintiles of 1.5,
5.2, and 13.1 ml, and median and outer quintile SCWML loads of 1.0, 3.8, and 10.4 ml. The
difference between the SCWML volumes found by the automated method and the visual
rating can be explained by the fact that the T2w and PDw images had a slice thickness of 5
mm. This effectively made the z-extent of all lesion voxels equal to approximately 5 mm. On
the other hand, the visual scores assumed a spherical shape and were therefore generally
smaller in size. Furthermore, in some cases cortical gray matter voxels were mislabeled as
lesions by the automated method.

Table 2 shows the association between blood pressure and a severe load for PVYWML and
SCWML (upper quintile of the population distribution) as measured with the visual and
automated ratings.
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The two methods found similar relations between higher diastolic blood pressure and
severe WML load in both regions, significant only for SCWML. Neither method showed an
association between systolic blood pressure and the presence of a severe WML load.

DISCUSSION AND CONCLUSION

This section is divided in three parts: first the results of the regional WML analysis are
interpreted and compared to the existing literature. In the second part, the method itself
will be discussed and compared to alternative techniques. The section ends with the
conclusions.

Discussion of the analysis

The main finding of the automated regional WML analysis is that the areas most affected
by diastolic blood pressure are located between 4 and 6 mm in the anterior section, and
between 4 and 10 mm in the posterior section. These regions are all located in the so-
called vascular watershed area around the ventricles, supporting the notion that this area is
especially vulnerable to ischemia.*?’

The WML load in the shell directly adjacent to the ventricles is not significantly related to
diastolic blood pressure, although it contains the largest number of lesion voxels. From
this result we conclude that WMLs in these areas can be found across the whole aging
population, regardless of blood pressure. This hypothesis is in agreement with two
pathological studies,?®?° which suggested that small caps and pencil-thin lining around the
ventricles are part of the normal aging process.

We also did not find evidence for an association between diastolic blood pressure and WML
load further away from the ventricles. The association strength and level of significance
dropped gradually when moving beyond the 4 mm boundary around the ventricles. This
result could suggest that the presence of focal lesions outside the vascular watershed area
is not heavily influenced by blood pressure, or that our method lacks power to detect this
association.

The results can also be compared to the associations found with the commonly used
distinction between periventricular and subcortical WMLs. We found a significant
association between diastolic blood pressure and the risk of having a severe (upper quintile)
SCWML load, and a borderline significant association with the risk of having a severe
PVWML load. The associations were similar for both visual and automated PVWML/SCWML
scores. The vascular watershed area that contains the confluent lesions falls in between the
periventricular and subcortical zones. It seems likely that these same large lesions drive the
association for both regions. The fact that blood pressure shows an association with both
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PVWML and SCWML suggests that this hard distinction is too crude to study the influence
of lesion location on the etiology.

Several groups have previously studied the relation between blood pressure and local
WML load. For example a meta-analysis of ten European studies that used visual rating
scales found associations between blood pressure and PVYWML or SCWML load that were
comparable to what is reported in this work.*

Yoshita and co-authors studied the relation between hypertension and the WML load in six
small regions around the ventricles. In the three smallest regions the WML volume was not
significantly higher for subjects with hypertension.’ Two of these were directly adjacent
to the ventricles. The three regions that did show a big increase also contained parts of
the vascular watershed area. These results are therefore in accordance with most of our
findings.

Enzinger and co-authors investigated the difference between lesion probability maps of
subjects with and without hypertension.!! Their analysis did not reveal voxel locations in the
watershed areas that were significantly related to hypertension. This difference with our
results may be caused by a lack of power needed to do a voxel-based analysis further away
from the ventricles (this point is discussed in more detail below). However, the amount of
persons studied in that paper was 189, less than half the size of the population considered
in this work.

Evaluation of the method

The results demonstrate that the proposed method can observe distinctly different associations
with the WMLs lining the ventricles, located in the vascular watershed area, and further out
in the subcortical white matter. Moreover, we could observe different spatial distributions
for WMLs in the central, anterior and posterior sections. This was impossible with WML
measurements in the periventricular and subcortical regions only. In particular, confluent
lesions in the watershed area cannot be accurately modeled by the simple threshold of the
ventricular distance function that is used in automated PVWML/SCWML measurements. A
hard distinction between these two types of lesions might therefore be too crude to shed
further light on the debate about the role of WML location and might explain some of the
ambiguous findings of previous work.

Furthermore, histopathological studies have found that small lesions lining the ventricles show
a different pathology from severe periventricular lesions, and that confluent subcortical WMLs
are distinct from focal lesions (See Gouw et al.> and Kim et al.?® for an overview). The proposed
method can better distinguish these different types and therefore allows further study of their
etiology. Finally, unlike visual ratings our method is fully automated and does not suffer from
inter- and intrarater variability. Compared to other automated methods it does not rely on an
arbitrary border between the periventricular and subcortical white matter.
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Our method has some limitations that need to be addressed. First of all, it does not measure
WML load in regions defined in a template space. Most regional WML analyses*®''? use
registration to a common template to compensate for differences in head size which will
affect the distance to the ventricles. Because we performed our analyses in each subject’s
native coordinate system, these differences might have caused additional variance on
distance measurements and weakened the associations.

On the other hand, registration to a template introduces errors. The region segmentation
applied in this work is also not immune to registration errors, but it allows the use of
multiple atlases to compensate for this.?? Furthermore, WMLs can negatively influence the
registration process, as severe lesions tend to have higher signal intensities on the HASTE
scan and appear as cerebrospinal fluid. Some papers have tried to address this problem by
masking lesion areas* or basing the registration on the ventricles only.?? But these methods
will invariably introduce some uncertainty on the deformation of the lesions. Finally, it is
unclear whether the exact location of the watershed area scales with head size, or whether
it is determined by its absolute distance to the closest vessels.

As can be seen in Figure 5, the residuals of the multivariate linear model are not normally
distributed. We therefore used permutation tests to compute p-values, which do not assume
normality. Figure 5 suggests that the skewness predominantly affected the intercept and
not the slope. Robust regression techniques like least absolute deviations could be used to
compute a median slope, which could be addressed in a future work.

The experiments were based on MR scans acquired between 1995 and 1996. Although many
more neuroimaging studies use data that is comparable to ours (see example http://adni.
loni.ucla.edu/research/ protocols/mri-protocols/ for the MRI data used by the Alzheimer’s
Disease Neuroimaging Initiative), MRI technology has developed and therefore our images
are notrepresentative of the current state of the art. In particular, 3T scanners are increasingly
being used and we did not have access to a FLAIR scan, which is well-suited to detect WMLs.
Both developments have been shown to increase the sensitivity of detection of multiple
sclerosis lesions.?*32 However, we do believe that the results from our experiments can be
generalized to more recent MR sequences, since our method is based on commonly used
segmentation techniques like multi-atlas segmentation and voxel classification which have
been applied to 3T data before.33°

The increased sensitivity of 3T scanners and FLAIR sequences will most likely affect the
trade-off between spatial resolution and the statistical power of our method. The improved
detection of WML caused by better contrast and resolution allows the definition of smaller
regions and consequently, better spatial localization of WML load. This could for example be
achieved by decreasing the width of the shells, distinguishing the left and right hemisphere,
or merging a smaller amount of atlas regions. Finding this new trade-off is comparable to
choosing the size of the smoothing kernel in voxel-based morphometry.*®
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Finally, the spatial resolution of the proposed regional method is limited compared to a
voxel-based analysis of WML probability maps. However, although lesion probability maps
are a valuable tool to map the spatial WML distribution, we believe they are less suited
to test associations involving regional WML load. Even for relatively large regions and in a
population of 490 subjects, we obtained only a few associations that were significant after
correcting for multiple comparisons. This might be the reason that previous studies that
used lesion maps for this purpose found very few areas of significant association.*!2 To the
best of our knowledge, only one study based on probability maps has found associations not
directly adjacent to the ventricles.?”

Conclusion

This paper presented an automated method for measurement of the local white matter
lesion load, based on the distance and orientation to the ventricles. The method allows a
more spatially detailed analysis of the influence of lesion location. We demonstrated the
potential of the method by studying the relation between blood pressure and regional
WML load in 490 subjects, and found that diastolic blood pressure is related to an increased
lesion load in the vascular watershed area on the border between the periventricular and
subcortical zones. This result is compatible with the associations that we found for both
severe PVWML and SCWML load computed for the same data. However, the proposed
method can locate the area of association with a greater precision than methods that
distinguish PYWMLs and SCWMLs only.
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APPENDIX A

The anterior, posterior and central sections were composed from 83 structures and lobes
defined according to Gousias et al.?° This composition can be found in Table 3.

Table 3. Section composition based on the regions of interest defined in Goussias et al.?°

Number in atlas Name

Central

20; 21 Insula

24; 25 Cingulate gyrus, anterior part

26; 27 Cingulate gyrus, posterior part

34; 35 Caudate nucleus

36; 37 Nucleus accumbens

38; 39 Putamen

40; 41 Thalamus

42; 43 Pallidum

44 Corpus callosum

45; 46 Lateral ventricle (excluding temporal horn)
49 Third ventricle

76; 77 Subgenual frontal cortex

78; 79 Subcallosal area

Anterior

28; 29 Middle frontal gyrus

52;53 Straight gyrus

54; 55 Anterior orbital gyrus

56; 57 Inferior frontal gyrus

58; 59 Superior frontal gyrus

68; 69 Medial orbital gyrus

70; 71 Lateral orbital gyrus

72;73 Posterior orbital gyrus

80; 81 Pre-subgenual frontal cortex
Posterior

22;23 Lateral remainder of occipital lobe
30; 31 Posterior temporal lobe

32;33 Inferiolateral remainder of parietal lobe
50; 51 Precentral gyrus

60; 61 Postcentral gyrus

62; 63 Superior parietal gyrus

64; 65 Lingual gyrus

66; 67 Cuneus

Excluded

1;2 Hippocampus

3;4 Amygdala

5,6 Anterior temporal lobe, medial part
7;8 Anterior temporal lobe, lateral part
9; 10 Parahippocampal and ambient gyri
11;12 Superior temporal gyrus, posterior part right
13;14 Middle and inferior temporal gyrus
15; 16 Fusiform gyrus

17;18 Cerebellum

19 Brainstem

47; 48 Lateral ventricle, temporal horn right
82; 83 Superior temporal gyrus, anterior part
74,75 Substantial nigra left
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ABSTRACT

Background and Purpose: It is unknown whether white matter lesions (WMLs) develop
abruptly in previously normal brain areas, or whether tissue changes are already present
before WMLs become apparent on MRI. We therefore investigated whether development
of WMLs is preceded by quantifiable changes in normal-appearing white matter (NAWM).

Methods: In 689 participants from the general population (mean age 67 years) we performed
two MRI scans (including DTl and FLAIR sequences) 3.5 years apart using the same 1.5-
T scanner. Using automated tissue segmentation, we identified NAWM at baseline. We
assessed which NAWM-regions converted into WMLs during follow-up, and differentiated
new WMLs into regions of WML growth and de-novo WMLs. Fractional anisotropy (FA),
mean diffusivity (MD) and FLAIR-intensity of regions converting to WMLs and regions
of persistent NAWM were compared using three approaches: a whole-brain analysis, a
regionally matched approach and a voxel-wise approach.

Results: All three approaches showed that low FA, high MD and relatively high FLAIR-
intensity at baseline were associated with WML development during follow-up. Compared
to persistent NAWM-regions, NAWM-regions converting to WMLs had significantly lower
FA (0.337 vs. 0.387, p<0.001), higher MD (0.910*10° mm?/s vs. 0.729*103 mm?/s, p<0.001)
and relatively higher normalized FLAIR-intensity (1.233 vs. -0.340, p<0.001). This applied to
both NAWM developing into growing and de-novo WMLs.

Conclusions: White matter changes in NAWM are present and can be quantified on DTl and

FLAIR before WMLs develop. This suggests that WMLs develop gradually and that visually
appreciable WMLs are only the tip of the iceberg of white matter pathology.
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INTRODUCTION

Cerebral white matter lesions (WMLs) in the elderly are frequently seen on MRI. They are
considered to reflect subclinical vascular brain disease and are associated with an increased
risk of dementia and stroke.>? Preventing or slowing down WML development may thus have
the potential to decrease disease burden. To date, several potentially modifiable risk factors,
such as smoking and high blood pressure, have been associated with WML development.'?
Yet, the pathogenesis of WMLs is still poorly understood. Most importantly, it is unknown
whether WMLs develop abruptly in previously normal brain regions or whether development
of WMLs on MRl is a gradual process, in which tissue changes are already present before they
become apparent on MRI as WMLs. This is especially important in order to identify in which
persons and at what moment preventive measures should be installed.

On MRI, WMLs are best visualized by the Fluid Attenuation Inversion Recovery (FLAIR)
sequence on which WMLs appear as hyper-intense regions in the white matter. WMLs can
be quantified using visual rating scales or automated measurements. Both methods measure
visually appreciable WMLs, i.e. the macrostructural changes of the white matter that are
clearly distinguished on a FLAIR scan. However, pathology studies suggest that these WMLs
are only the tip of the iceberg of white matter pathology.* If WML development is indeed a
gradual process, early stages of its development might be accompanied by subtly increased
FLAIR intensities.

Diffusion tensor imaging (DTI) is a relatively recent MR imaging technique that allows in-
vivo study of tissue microstructure and is often applied to study cerebral white matter. DTI
provides multiple imaging metrics such as fractional anisotropy (FA) and mean diffusivity
(MD). These metrics have been shown to detect changes in white matter microstructure that
are not distinguished on conventional MRI.> Performing DTl in longitudinal MR imaging studies
enables investigation of normal-appearing white matter (NAWM) microstructure before
WMLs develop.®

New WMLs form either as lesion growth (i.e. adhering to already present WMLs) or as “de-
novo” WMLs. It is important to take this distinction into account. First, this allows investigation
of potentially different etiologies. Second, around the border of existing WMLs, NAWM voxels
can contain a fraction of WML tissue that affects measurements in that voxel (so-called partial
volume effect). This introduces a potential bias, which is not present for de-novo WMLs.

It is also important to take into account that DTI measurements vary considerably across brain
regions due to neuronal tract-width and tract-geometry, and that WMLs preferentially occur
in specific brain regions. These observations demand that longitudinal analyses of NAWM
features and WML development take spatial location into account. Finally, to investigate the
generic pathophysiology of WML development this should preferably be studied in the general
population.
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Therefore, in 689 participants from the population-based Rotterdam Scan Study, we
investigated whether DTl measures and the FLAIR intensity of NAWM at baseline are
associated with growing WMLs and de-novo WMLs over a period of 3.5 years. To take into
account the lesion location of measurements in the white matter, we used regional matching
and a voxel-based approach.

METHODS

Study population

This study is based on participants from a large, prospective, population-based cohort study
in the Netherlands that investigates determinants of various chronic diseases in elderly
people.” The original study population consisted of 7,983 people in the general population;
aged 55 years and older and all residents of the Ommoord suburb of Rotterdam. In 2000 to
2001, the cohort was expanded with 3,011 people aged 55 years and over.” The institutional
review board approved the study, and written informed consent was obtained from all
participants.

In 2005, 1,073 from these 3,011 people were randomly selected for MRI-scanning.? After
exclusion of demented people (N=4) and people that had MRI contraindications (N=94),
975 were eligible, of whom 907 (93%) participated. Physical inabilities precluded image
acquisition in 12 individuals. Imaging was incomplete for 3 subjects, leaving 892 people with
complete MRI examinations. In 2008, these people where invited for a follow-up MRI-scan.
After exclusion of people that had died (N=21) or had new MRI contraindications (N=7),
864 people were eligible. From these, 770 (89%) were willing to participate of whom 754
had complete MRI-examinations. After exclusion of people with cortical infarcts at either
baseline or follow-up (N=32), 722 people were included in this study.

MRI protocol

The MRI protocol performed at both time-points was identical and was performed on the
same 1.5T GE Signa Excite MR scanner in a standardized way. Details of this protocol have
been described elsewhere.® In short, structural imaging included a T1-weighted 3D Fast RF
Spoiled Gradient Recalled Acquisition in Steady State with an inversion recovery pre-pulse
(FASTSPGR-IR) sequence, a proton density (PD) weighted sequence, and a T2-weighted
fluid-attenuated inversion recovery (FLAIR) sequence. For DTI, we performed a single shot,
diffusion-weighted spin echo echo-planar imaging sequence. Maximum b-value was 1000
s/mm2 in 25 non-collinear directions; one volume was acquired without diffusion weighting
(b-value =0 s/mm?2).
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Tissue segmentation

Brain tissue was classified into NAWM, WML, grey matter and cerebrospinal fluid. For
classification of all tissues except WMLs, a multi-spectral tissue classification® was used,
incorporating a multi-atlas strategy with 6 manually labeled atlases for learning subject-
specific tissue intensities. The FLAIR intensity was used to identify WMLs in an automated
post-processing step.'® Tissue segmentations were visually inspected. Subjects with artifacts
in the segmentation of either scan (e.g. due to motion) were excluded (33), leaving 689
subjects for analysis.

Spatial and intensity normalization

Non-rigid image registration, using FLIRT** and FNIRT,*?> was used to align the T1w structural
images of both time-points. In order to prevent biasing towards a particular time-point,*?
both scans were transformed to the (subject-specific) intermediate space by inverting half the

intra-subject
co-registration
— >

registration to
standard space

baseline scan follow-up scan

Registration

WML
. De-novo WML
@ WML growth
. Persistent WML

Figure 1. Schematic overview of the spatial normalization procedure for two scans of the same subject.

The baseline and follow-up scans are nonlinearly registered towards one another allowing creation of an
intermediate image. This intermediate image is then non-linearly registered to standard space. WML segmentations
for both scans, transformed to standard space, are automatically categorized into persistent WML and new WML.
New WML are further distinguished into WML growth if the new lesion is connected to a baseline WML or de-novo
WML if it is not. Abbreviation: WML = white matter lesion.
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deformation fields of the transformations between both scans. For each subject, the mean
intermediate T1w images were registered to the Imm MNI_152 template, supplied with the
FSL toolbox™ (version 4.1) using FNIRT. A schematic overview of the spatial normalization
process is given in Figure 1. WMLs were masked to minimize their influence on the registration.
FLAIR intensities were normalized across subjects by matching grey matter intensity histograms
for each subject (matching peak and full width at half maximum using linear transformations).
This normalization was driven by grey matter intensities to avoid potential influence of
subclinical white matter pathology. Non-uniformity correction (prior to normalization) and co-
registration to the T1w image were performed as described in.*°

Diffusion data processing

Diffusion data were corrected for motion and eddy currents by affine co-registration of the
diffusion weighted volumes to the b=0 volume. Registrations were performed with Elastix.?®
The rotation component of each transformation was used to realign each gradient vector
to compensate for motion during the acquisition.*® Transformed diffusion weighted images
were resampled at an isotropic resolution of 1.0 mm. The Brain Extraction Tool'” from
FSL was used to mask out non-brain tissue. Tensor fits were performed with a Levenberg-
Marquard non-linear least squares optimization algorithm, available in ExploreDTI.?® Data
quality was examined by visual inspection of axial FA slices, every 4 mm, combined with
two coronal and two sagittal slices around the center of the brain. Resampling of diffusion
data in standard space was performed in one pass by concatenating an affine co-registration
of the FA to the baseline Tlw image, the nonlinear transformations of T1w space to mean
structural space, and the transformation from that space to standard space. All registrations
were checked by visually inspecting the warped structural and FA images in standard space.
No unacceptable misregistrations were found.

Definition of new WML, growing and de-novo WML

WMLs were defined as each group of voxels, classified as WML in the tissue segmentation,
connected in a 3-dimensional 18-voxel-neighborhood (spherical kernel with a diameter of 3
voxels). In standard space, brain tissue segmentations for both time points were combined
per subject to obtain voxelwise ‘persistent NAWM’, ‘persistent WML and ‘new WML (i.e.
converting from NAWM to WML) tissue classes (Figure 1). Every WML in the follow-up image
was then checked for overlap with WMLs in the baseline image. The new WML voxels were
subdivided into ‘WML growth’ and ‘de-novo’ WML tissue according to this overlap. New
WML voxels were identified as WML growth if they were part of a WML that overlapped
with a WML at baseline. Accordingly, if not overlapping with a baseline WML, new WML
voxels were classified as de-novo WML.
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Chapter 2.2

Regional matching

A schematic overview of the approach is given in Figure 2. To take into account that diffusion
metrics and WML formation depend on anatomical location, we performed an analysis in
which regions developing into WML were compared to anatomically corresponding regions
of persistent NAWM. Regional matching was completed by confining measurements to the
overlap between new WML in the driving subject and persistent NAWM in the matched
subject to account for registration errors and potential (new) WMLs in the matched subject
in those locations. In those regions in standard space, we averaged FLAIR and DTl metrics in
the baseline scans. This process was repeated four times with different age and sex matched
subjects for each driving subject for additional robustness.

Statistical analyses

We investigated baseline tissue properties of NAWM developing into WML during follow-
up using three approaches. First, we performed a whole-brain analysis without regional
matching. We averaged FLAIR intensity and diffusion metrics in all persistent NAWM voxels,
and compared these to measures inside NAWM converting into WML, further partitioned
into WML growth and de-novo WML. Hereto, we used paired-samples t-tests (two sided,
a-value = 0.05) using SPSS statistical software (version 20).

Second, we used the regional matching to compare baseline measurements in NAWM
developing into WML with those in regionally matched persistent NAWM of age- and sex-
matched controls. Persistent NAWM and WML measurements were averaged across the
four repetitions in order to generate the measurement pairs to be used in paired-samples
t-tests. To test the added information of DTI metrics over FLAIR intensity and vice versa, we
added measures from both modalities as independent variables, and fitted a conditional
logistic regression model with new lesion status as outcome measure and DTl or FLAIR
measurements in baseline NAWM as determinant.

Third, to investigate regional dependence of the associations, we tested for voxel-wise
differences in diffusion and FLAIR measurements between new WML and persistent NAWM.
For each voxel, a regression was performed using the metric of interest as dependent
variable, and age and lesion status as (voxelwise) independent variables provided that the
each tissue class was represented by at least 10 subjects. This constraint effectively limited
the analysis to the periventricular watershed area. Analyses were performed using t-tests in
Randomise,® available in FSL, using 5000 permutations to correct for multiple comparisons
(a-value = 0.05). Threshold free cluster enhancement (TFCE)?° was used to cluster significant
results. We repeated the test for added information of diffusion metrics over FLAIR intensity
and vice versa on a voxel-wise level by adding measures from both modalities as voxel-wise
independent variable in the same model.
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RESULTS

Characteristics of the study population are presented in Table 1. The median WML volume at
baseline was 3.4 mL. After on average 3.5 years of follow up, we observed a net increase in
WML volume in 81% of the participants, and a net decrease in WML volume in the remaining
19% of the participants (median increase 1.4 mL, loss 0.8 mL). Table 2 represents the DTI
and FLAIR parameters of persisting NAWM versus NAWM converting to WMLs for the whole
brain analysis. Compared to persistent NAWM regions, NAWM regions converting to WML
had significantly lower FA (0.337 (standard deviation: 0.030) vs. 0.387 (standard deviation:
0.017), p<0.001), higher MD (0.910 * 10 (0.054*10%) mm?/s vs. 0.729 *10° (0.027*10%)
mm?/s, p<0.001) and relatively higher normalized FLAIR intensity (1.233 (0.150) vs. -0.340
(0.190), p<0.001). This applied to both NAWM regions of growing and de-novo WMLs.

Table 1. Population characteristics

N=689

Age, years 66.9 (5.0)
Female 52 % (355)
Baseline WML volume, mL* 3.4[2.16.5]
New WML volume, mL* 1.4[0.82.8]

de-novo WML volume, mL* 0.2[0.10.3]

Growing WML volume, mL* 1.1[0.6 2.4]
Lost WML volume, mL* 0.8[0.51.3]
Baseline NAWM volume, mL 397 (53)
NAWM FA 0.387 (0.017)
NAWM MD, 10° mm?/s 0.730 (0.028)
NAWM FLAIR -.332(.194)
Follow up time, years 3.5(0.2)

Values are means (standard deviation) or percentages (numbers). *median [interquartile range]. Abbreviations:
WML = white matter lesion, NAWM = normal-appearing white matter, FLAIR = Fluid Attenuated Inversion-Recovery
(normalized signal intensity).

Table 2. DTl and FLAIR parameters of persisting NAWM versus NAWM converting to WMLs; whole
brain analysis

Persisting NAWM NAWM converting to WMLs
FA 0.387(0.017) (Ref) 0.337(0.030) p<0.001 0.335(0.033) p<0.001 0.346 (0.038) p<0.001
MD, 10° mm?/s  0.729 (0.027) (Ref) 0.910 (0.054) p<0.001 0.919 (0.055) p<0.001 0.866 (0.073) p<0.001
FLAIR -0.340 (0.190) (Ref) 1.233(0.150) p<0.001 1.295 (0.151) p<0.001 0.920 (0.191) p<0.001

Values are means (SD). p-values are based on the paired-samples t-test results of the comparisons of mean FA,
MD and FLAIR values of persisting NAWM versus the values of NAWM converting to WMLs. Abbreviations: WMLs
= white matter lesions, NAWM= normal-appearing white matter, FA = fraction anisotropy, MD = mean diffusivity,
FLAIR = Fluid Attenuated Inversion Recovery (normalized signal intensity).
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In Table 3 the difference in DTl and FLAIR parameters is shown between converting NAWM
versus persisting NAWM with respect to the regionally matched analyses, using 698 sets of
matched subjects. Again, compared to persistent NAWM regions, NAWM regions converting
to WML had lower FA (difference (95%-confidence interval: -0.0327 (-0.0339; -0.0315),
p<0.001), higher MD (0.0646 (0.0625; 0.0668) *10°mm?/s, p<0.001) and relatively higher
normalized FLAIR intensity (0.895 (0.884; 0.906), p<0.001). This also applied to both NAWM
regions of growing and de-novo WMLs. In addition we found that low FA and the high
normalized FLAIR-intensity were associated with WML development (growing and de-novo
WNMLs) after adjustment for one other, see Table 4. MD was not significantly associated with
WML development after adjustment for the normalized FLAIR intensity.

Table 3. Difference in DTl and FLAIR parameters between persisting NAWM and NAWM converting to
WMLs; regionally matched analysis

P;t::lsvh“:g NAWM converting to WMLs
total growing de-novo
FA (Ref)  -0.0327 (-0.0339; -0.0315) p<0.001 -0.0340 (-0.0353; -0.0326) p<0.001 -0.0233 (-0.0246; -0.0219) p<0.001
MD, 102 mm?/s  (Ref)  0.0646 (0.0625; 0.0668) p<0.001 0.0678 (0.0656; 0.0700) p<0.001 0.0435 (0.0413;0.0456) p<0.001
FLAIR (Ref) 0.895(0.884;0.906) p<0.001  0.942(0.931;0.953) p<0.001 0.682(0.671;0.693) p<0.001

Values are mean differences (95%-Cl) of FA, MD or normalized FLAIR signal intensity of NAWM converting regions
and NAWM persisting regions, matched on age, sex and anatomical region. p-values are based on paired-samples
t-tests. NAWM = normal-appearing white matter, FA = fraction anisotropy, MD = mean diffusivity, FLAIR = Fluid
Attenuated Inversion Recovery (normalized signal intensity).

Table 4. Odds Ratios of WML development per SD increase in baseline DTl and FLAIR parameters of
NAWM

total growth de-novo

MODEL |

FA 0.31(0.29; 0.34) p<0.001  0.33(0.30;0.36) p<0.001  0.42(0.39; 0.46) p<0.001
MD 3.99 (3.66; 4.35) p<0.001 3.85(3.54;4.19) p<0.001 2.83(2.61;3.08) p<0.001
FLAIR 25.96 (19.37;34.79)  p<0.001 25.45(19.05;34.01) p<0.001 17.65 (14.36;21.69) p<0.001
MODEL II

FA 0.84 (0.74; 0.95) p=0.008  0.78(0.69;0.88) p<0.001  0.81(0.72;0.92) p<0.001
MD 1.19 (1.03; 1.39) p=0.02 1.42(1.22;1.65) p<0.001  1.04(0.95;1.15) p=0.4
FLAIR* 23.99 (17.66; 32.58) p<0.001 23.97(17.48;32.87) p<0.001 16.75 (13.55; 20.69) p<0.001

Values are Odds Ratios (95%-Cl) per SD increase in FA, MD or normalized FLAIR signal intensity.

Model I: conditional logistic regression with age, sex and region matched converting and persisting NAWM regions,
adjusted for time between scans.

Model II: as Model | with additional adjustment for normalized FLAIR signal intensity. *adjusted for FA and MD.
Abbreviations: NAWM = normal-appearing white matter, FA = fraction anisotropy, MD = mean diffusivity,

FLAIR = Fluid Attenuated Inversion Recovery (normalized signal intensity).
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Chapter 2.2

Results for the voxel-wise analysis are displayed in Figure 3. All measures were indicative
of deteriorated microstructure in the NAWM converting to WML compared to persistent
NAWM. Differences were significant, bilaterally along the full span of the ventricles.
However, using TFCE-analysis, cluster-size of the associations did vary for the different
measures. The cluster for higher MD was broader than that for lower FA. Relatively higher
normalized FLAIR intensity was significant in almost the entire analyzed region. Adjusting
for alternate measures only slightly reduced significance, mostly visible in the FA analysis
corrected for FLAIR intensity (Figure 3).

DISCUSSION

In this longitudinal MRI study over 3.5 years, we found that visually not appreciable but
quantifiable changes of the white matter precede the development of WMLs. More
specifically, we found that baseline DTI-measures and FLAIR signal intensity were associated
with both growing WMLs (i.e., new WMLs adhering to already present WMLs at baseline)
and de-novo WMLs (i.e., new WMLs not adhering to an already present WML at baseline).
Furthermore, we found that DTl measures and FLAIR signal intensity were associated with
WML development independently from each other.

Strengths of this study are its longitudinal design, large sample size, population-based setting
and the use of the same scanner and imaging protocol at baseline and follow up. Additionally,
we accounted for the spatial dependency of both WMLs and diffusion metrics in two ways,
by using regional matching and a voxel-based approach. Furthermore, we distinguished
growing WMLs and de-novo WMLs. This not only enabled us to study potential differences
in etiology, but also contributed to the validity of our study, since analyses regarding de-novo
WMLs are less likely to suffer from biases. For example, the dichotomization of segmenting
voxels into WML and NAWM based on FLAIR intensity leads to a so-called partial-voluming
effect in the voxels on the interface between both tissues. For de-novo WMLs, the absence
of such an interface in the baseline NAWM avoids a potential partial-voluming bias for these
lesions.

A limitation of our study is that, though we know which voxels have developed into WMLs
over 3.5 years follow-up, we do not know at exactly which moment during follow-up these
lesions developed; this may have been days, months or years after the baseline scan.
Nevertheless, this does not change our primary observation that NAWM changes precede
the appearance of visually appreciable WMLs. Another consideration is that the WML
burden in our study was relatively low because of the population-based setting. Yet, we
expect that our conclusions also extend to a patient population with high WML burden, since
large WMLs have been reported to be surrounded by a penumbra of abnormal NAWM.%
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We found an apparent net decrease of WML volume in 19% of our population, likely
attributable to misclassification of tissues and measurement error at baseline or follow-
up, which is in line with previous research.?*?? As we performed our analyses in standard
space, the increase or decrease of WML could also be assessed at a voxel level. This not
only showed new WML voxels in all subjects, but also a loss of one or more WML voxels in
all subjects, which again is likely to result from misclassification or measurement error in
either time point. As these voxels did not qualify as new WML in our definition, they were
not included in the analysis. Therefore, if anything, this misclassification will either not have
influenced our results or may have led to a slight underestimation.

Only one other study reported on the relation between changes of the NAWM at baseline
and the development of WMLs in a longitudinal MR study, but they did not distinguish
between growing and de-novo WMLs.® In line with our findings, they found FA and FLAIR
intensity to be independently associated with the development of WMLs in a heterogeneous
population of 119 people with Alzheimer’s disease, mild-cognitive impairment and normal
cognitive function. Together with our findings, this further corroborates that WMLs are the
result of a gradual process, as we now assess that this also applies to the general population,
and that it holds for both growing as well as de-novo WMLs. In addition, using the voxelwise
analysis, we found no evidence that this process is spatially varying along the ventricles.
WMLs in the elderly are considered to be mainly vascular in origin. This is based on
numerous epidemiological studies that found vascular risk factors such as high blood
pressure to be associated with WMLs, and pathology studies that found damage of the
cerebral small vessels, signs of blood brain barrier dysfunction and ischemic pathology in
WMLs.%24 Previous longitudinal studies have shown that baseline WML load is strongly
associated with WML progression,?>2® and cross-sectional studies found abnormalities in
the NAWM to be related with WML burden,*?”?8 Yet, it was unknown whether the disease-
process develops gradually or abruptly. This information is essential, because if WMLs
would develop abruptly, other causes would be more likely (e.g., acute ischemia) than when
WMLs develop over a longer period (e.g., chronic ischemia). In addition it was unknown
whether WML growth and de-novo WML development have a similar pathophysiology.
Our findings suggest that both growing and de-novo WMLs develop gradually. Therefore a
shared pathophysiological process is likely. Our results also suggest that DTI measures and
FLAIR signal intensity provide some information independently from each other, implying
that both measures partially capture different elements of tissue pathology. Furthermore,
our findings confirm that WMLs are the extremes, or ‘the tip of the iceberg’, of white matter
pathology.“'zs'”'”

Our findings may have clinical implications. A clinician should take into account that the
true white matter pathology may be more extensive than what is visually appreciable
on structural MRI. This could lead to an improved estimate of a patients’ risk of stroke,

47



Chapter 2.2

dementia and death.?>?® However, further research is needed to confirm these hypotheses.
In summary, in this longitudinal MRI study we found normal-appearing white matter changes
to be present before WMLs develop. This suggests that the pathophysiology of WMLs is a
gradual process. Furthermore, our results suggest that WMLs are only the tip of the iceberg
of white matter pathology.

48



Changes in normal-appearing white matter precede development of white matter lesions

REFERENCES

1. Pantoni L. Pathophysiology of age-related cerebral white matter changes. Cerebrovascular diseases. 2002;13
Suppl 2:7-10.

2. Debette S, Markus HS. The clinical importance of white matter hyperintensities on brain magnetic resonance
imaging: systematic review and meta-analysis. BMJ. 2010;341:¢c3666.

3. VanDijk EJ, Prins ND, Vrooman HA, Hofman A, Koudstaal PJ, Breteler MMB. Progression of cerebral small vessel
disease in relation to risk factors and cognitive consequences: Rotterdam Scan study. Stroke. 2008;39:2712—
2719.

4. Simpson JE, Ince PG, Higham CE, Gelsthorpe CH, Fernando MS, Matthews F, et al. Microglial activation in white
matter lesions and nonlesional white matter of ageing brains. Neuropathology and applied neurobiology.
2007;33:670-683.

5. Vernooij MW, De Groot M, Van der Lugt A, lkram MA, Krestin GP, Hofman A, et al. White matter atrophy and
lesion formation explain the loss of structural integrity of white matter in aging. Neurolmage. 2008;43:470—
477.

6.  Maillard P, Carmichael O, Harvey D, Fletcher E, Reed B, Mungas D, et al. FLAIR and Diffusion MRI Signals Are
Independent Predictors of White Matter Hyperintensities. [Published online ahead of print June 14, 2012].
AJNR. 2012. doi:10.3174/ajnr.A3146

7. Hofman A, Van Duijn CM, Franco OH, lkram MA, Janssen HLA, Klaver CCW, et al. The Rotterdam Study: 2012
objectives and design update. European Journal of Epidemiology. 2011;26:657-686.

8. lkram MA, Van der Lugt A, Niessen WJ, Krestin GP, Koudstaal PJ, Hofman A, et al. The Rotterdam Scan Study:
design and update up to 2012. European Journal of Epidemiology. 2011;26:811-824.

9.  Vrooman HA, Cocosco CA, Van der Lijn F, Stokking R, Ikram MA, Vernooij MW, et al. Multi-spectral brain tissue
segmentation using automatically trained k-Nearest-Neighbor classification. Neurolmage. 2007;37:71-81.

10. De Boer R, Vrooman HA, Van der Lijn F, Vernooij MW, lkram MA, Van der Lugt A, et al. White matter lesion
extension to automatic brain tissue segmentation on MRI. Neurolmage. 2009;45:1151-1161.

11. Jenkinson M, Smith SM. A global optimisation method for robust affine registration of brain images. Medical
Image Analysis. 2001;5:143-156.

12. Andersson JLR, Jenkinson M, Smith SM. Non-linear registration aka Spatial normalisation. FMRIB Technical
Report TRO7JA2. 2007;

13. Reuter M, Fischl B. Avoiding asymmetry-induced bias in longitudinal image processing. Neurolmage.
2011;57:19-21.

14. Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, Behrens T, et al. Bayesian analysis of neuroimaging
data in FSL. Neurolmage. 2009;45:5173-186.

15. Klein S, Staring M, Murphy K, Viergever MA, Pluim JPW. elastix: a toolbox for intensity-based medical image
registration. IEEE Transactions on Medical Imaging. 2010;29:196-205.

16. Leemans A, Jones DK. The B-matrix must be rotated when correcting for subject motion in DTI data. Magn
Reson Med. 2009;61:1336—-1349.

17. Smith SM. Fast robust automated brain extraction. Human brain mapping. 2002;17:143-155.

18. Leemans A, Jeurissen B, Sijbers J, Jones D. ExploreDTI: a graphical toolbox for processing, analyzing, and
visualizing diffusion MR data. In: Proceedings 17th Scientific Meeting International Society for Magnetic
Resonance in Medicine. 2009;3537.

19. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with examples.
Hum Brain Mapp. 2002;15:1-25.

20. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold
dependence and localisation in cluster inference. Neurolmage. 2009;44:83-98.

21. VandenHeuvel DMJ, Ten Dam VH, De Craen AJM, Admiraal-Behloul F, Van Es ACGM, Palm WM, et al. Measuring
longitudinal white matter changes: comparison of a visual rating scale with a volumetric measurement. AJNR.
2006;27:875-878.

22. Silbert LC, Nelson C, Howieson DB, Moore MM, Kaye JA. Impact of white matter hyperintensity volume

progression on rate of cognitive and motor decline. Neurology. 2008;71:108-113.

49



Chapter 2.2

23.
24,

25.

26.

27.

28.

29.

50

Xiong YY, Mok V. Age-related white matter changes. Journal of aging research. 2011;2011:617927.

Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical characteristics to therapeutic
challenges. Lancet neurology. 2010;9:689-701.

Gouw AA, Van der Flier WM, Fazekas F, Van Straaten ECW, Pantoni L, Poggesi A, et al. Progression of white
matter hyperintensities and incidence of new lacunes over a 3-year period: the Leukoaraiosis and Disability
study. Stroke; a journal of cerebral circulation. 2008;39:1414-1420.

Schmidt R, Enzinger C, Ropele S, Schmidt H, Fazekas F. Progression of cerebral white matter lesions: 6-year
results of the Austrian Stroke Prevention Study. Lancet. 2003;361:2046—-2048.

Ropele S, Seewann A, Gouw AA, Van der Flier WM, Schmidt R, Pantoni L, et al. Quantitation of brain tissue
changes associated with white matter hyperintensities by diffusion-weighted and magnetization transfer
imaging: the LADIS (Leukoaraiosis and Disability in the Elderly) study. JMRI. 2009;29:268-274.

Maillard P, Fletcher E, Harvey D, Carmichael O, Reed B, Mungas D, et al. White matter hyperintensity
penumbra. Stroke. 2011;42:1917-1922.

Poels MMF, Steyerberg EW, Wieberdink RG, Hofman A, Koudstaal PJ, lkram MA, et al. Assessment of cerebral
small vessel disease predicts individual stroke risk. Journal of Neurology, Neurosurgery, and Psychiatry.
2012;83:1174-1179.



Changes in normal-appearing white matter precede development of white matter lesions

51






Chapter

Genetic Determinants of

Subclinical Vascular Brain Disease






Chapter

Replication study of Chr17qg25 with

cerebral white matter lesion volume

Benjamin F.J. Verhaaren, Renske de Boer, Meike W. Vernooij, Fernando Rivadeneira,
André G. Uitterlinden, Albert Hofman, Gabriel P. Krestin, Aad van der Lugt,

Wiro J. Niessen, Monique M.B. Breteler, M. Arfan lkram.

Stroke. 2011 Nov;42(11):3297-9.



Chapter 3.1

Background and Purpose: Recently, the first genomewide association study on cerebral white
matter lesion burden identified chr17g25 to be significantly associated with white matter
lesions. We report on the first independent replication study of this genetic association.

Methods: In a population-based cohort study, we investigated the association between
the 6 genomewide significant single nucleotide polymorphisms at that locus and cerebral
white matter lesion volume on MRI, measured quantitatively, adjusted for age, sex, and
intracranial volume. Adjustments for ApoE4 carriership and cardiovascular risk factors were
evaluated separately. Finally, we performed a meta-analysis of all published data for the
single most significant single nucleotide polymorphism, rs3744028.

Results: The risk alleles of all the 6 single nucleotide polymorphisms were significantly
associated with white matter lesion volume with P=1.1*10"3 for rs3744028, adjusted for
age, sex, and intracranial volume. Additional adjustments only had minor influence on these
associations. A meta-analysis with all published data for rs3744028 resulted in a probability
value of 5.3*10%,

Conclusions: This study further establishes chr17g25 as a novel genetic locus for WML
volume.
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INTRODUCTION

Cerebral white matter lesion (WML) burden is associated with an increased risk of
stroke and dementia.! Unraveling the genetics of WMLs can identify potential targets for
prevention and therapy. Recently, 6 single nucleotide polymorphisms mapping to 1 locus on
chromosome 17925 showed genomewide significance (P=5*%10%) in the first genomewide
association study on WML burden.? Although this association was replicated in 2 replication
samples in the discovery report, further independent replication is needed to accumulate
more evidence and thus strengthen the association. Here, we report on the first replication
of the association of chr17q25 with WML burden after the discovery report.

Methods Study Population

This study is based on Rotterdam Study Ill, the second expansion of the Rotterdam Study.?
No overlap exists between Rotterdam Study Ill and the samples from Rotterdam Study | and
I, which were reported on in the original report.? In total, Rotterdam Study Il comprised
3,932 persons, of whom 2,082 random persons were white and had good-quality genotype
data. Of these, 1,724 had MRI data available with good-quality brain segmentations. After
excluding persons with cortical infarcts (n=45) and persons with dementia (n=2), 1,677
persons were included in the analysis. Persons with cortical infarcts were excluded, because
WNMLs concomitant to cortical infarcts were considered to reflect a different pathology than
the WMLs under study.

Genotyping

Genotyping and imputation were performed as part of a large project and are described
in the online Supplemental Methods (http://stroke.aha journals.org). For this report, we
extracted data on rs3744028, rs9894383, rs11869977, rs936393, rs3744017, and rs1055129.
The quality of imputation of those single nucleotide polymorphisms was > 0.97. APOE
genotyping was performed on coded samples as described elsewhere.*

MRI Measurements

MRI was performed on a 1.5-Tesla scanner (GE Healthcare) with an 8-channel head coil
and included T1-weighted, proton densityweighted and fluid-attenuated inversion recovery
sequences.® The brain tissue segmentation algorithm has been described elsewhere and
is based on a k-nearest-neighbor classifier extended with WML segmentation.6 Using this
classifier, we obtained volumetric measures of WMLs. Rating of infarcts was performed
according to a previously described protocol.®
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Statistical Analyses

An additive genetic model was assumed and significance of association was estimated using
a 1-degree of freedom trend test relating genotype dosage, 0 to 2 copies of the minor allele,
to the phenotype, that is, the log-transformed WML volume. Adjustments were for age,
sex, and intracranial volume in Model | (model as in discovery study?) and additionally for
ApoE4-carriership and cardiovascular risk factors (body mass index, diastolic and systolic
blood pressure, hypertension, total cholesterol, diabetes mellitus, current smoking) in
Model Il. Furthermore, we repeated our analyses using WML volume as percentage of
intracranial volume to directly correct for head size (Model Ill). We used a threshold of
P=0.05 for statistical significance because our aim was to replicate the previous findings.
To evaluate the possible influence of familial relationships with individuals from Rotterdam
Study I and Il, we performed a subanalysis after excluding persons with first-degree relatives
(n=36) in Rotterdam Study | or Il. Finally, we performed a meta-analysis with results from the
discovery study for rs3744028 by using a Z-score pooling method.

RESULTS

Population characteristics are represented in Table 1. Table 2 shows the associations of
the risk alleles of rs3744028 and the other 5 single nucleotide polymorphisms with WML
volume. In Model |, presence of the risk allele of rs3744028 was associated with WML
volume (difference in log-transformed mL: 0.10; 95% Cl, 0.04-0.16; P=1.1*1073).

Table 1. Population characteristics

n=1,677
Age, yr 56.1(5.3)
Female sex 55%
ApoE4-carriership 31%
BMI, kg/m? 27.5(4.4)
Diastolic blood pressure, mmHg 82.3(10.5)
Systolic blood pressure, mmHg 131.9(18.1)
Total cholesterol, mmol/L 5.6(1.1)
Hypertension” 46%
Diabetes mellitus 7%
Current smoker 22%
WML volume, mL 3.0(3.9)

Values are means (standard deviation) or percentages
"defined as systolic blood pressure*140 mmHg or diastolic blood
pressure*90 mmHg or receiving antihypertensive treatment
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This corresponds to 9.3% of the mean WML volume. The other 5 single nucleotide
polymorphisms were also significantly associated. Probability values survived Bonferroni
correction. Additional adjustments (Model IlI) had minor influence on these associations.
Expressing WML volume as a percentage of intracranial volume (Model IlIl) slightly
strengthened the associations. Finally, excluding persons with first-degree relatives in
Rotterdam Study | or Rotterdam Study Il did not change the results (rs3744028: 0.11; 95%
Cl, 0.04-0.17; P=8.9*10"%). Results for other single nucleotide polymorphisms reaching
P=10" in the original report are listed in online Supplemental Table 1.2 In the discovery
report, rs3744028 was associated with WML volume with a P value of 4.0¥107%.2 After
metaanalyzing the current data with the reported data, the P value became even more
significant and reached 5.3*10".

DISCUSSION

In this study, we successfully replicated the association between a locus on chromosome
17925 and WML volume. To our knowledge, this is the first replication study after the
discovery report. The meta-analysis of the current and previous studies yielded compelling
evidence that this locus is associated with WML volume in whites. The strength of our
study is the use of the same methodology, WML quantification, and analyses similar to the
discovery study. In addition, our study population is relatively young compared with the
populations of the discovery study, which contributes to the generalizability of the results.
A limitation of the study is that although no overlap existed with the Rotterdam Study |
and Il cohorts reported on previously,> some individuals in the current study were related
to persons from these cohorts. Although excluding these related persons did not influence
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Chapter 3.3

ABSTRACT

Background: Genome-wide association studies have established 11 genes for late-onset
Alzheimer’s disease (AD). We investigated whether these genes jointly affect cognition in a
non-demented population and also whether they improve prediction of AD.

Methods: In 5,171 non-demented people (age 45-99 years) from the population-based
Rotterdam Study, we genotyped ApoE-g4 and SNPs from the genes CLU, PICALM, BIN1, CR1,
ABCA7, MS4A6A, MS4A4E, CD2AP, EPHA1 and CD33. We constructed a genetic risk score
by adding all the risk alleles per individual weighted by the reported effect sizes. All people
underwent cognitive testing using a standardized test battery. We used linear regression to
investigate the relationship between the genetic risk score and cognition, with and without
ApoE included. In a subcohort, with more than 10 years of follow-up, we also assessed
whether the risk score predicted AD.

Results: The genetic risk score was primarily associated with memory function (standardized
difference in memory function (95%-Cl) per SD increase in genetic risk score: (-0.05(-0.07;-
0.02), p=1.5*10%). This association attenuated when ApoE was excluded from the genetic
risk score (-0.03(-0.05; 0.00),p=0.047) and would not survive a multiple-testing correction.
In line with this, we found that although the genetic risk score without ApoE was associated
with the development of AD (p=0.010), it only marginally improved prediction of AD beyond
age, sex, ApoE (AUC: 0.8159 versus 0.8148).

Conclusions: In non-demented people, there is only a marginal joint effect of AD genes

on memory independent from ApoE. Moreover, although associated with AD, these genes
jointly hardly improve prediction of AD.
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INTRODUCTION

Recent meta-analyses of genome-wide association studies (GWAS) have identified 10 new
genes for late onset Alzheimer’s disease (AD).}® In addition to ApoE these genes are, CLU
(rs11136000), PICALM (rs3851179), BIN1 (rs744373), CR1 (rs3818361), ABCA7 (rs3764650),
MS4AGA (rs610932), MS4A4E (rs670139), CD2AP (rs9349407), EPHAI (rs11767557) and
CD33 (rs3865444).° Furthermore, the gene EXOC3L2 (rs597668) has been associated with
AD, though evidence for this association remains controversial.*’

AD has a long preclinical phase that is characterized by accumulating pathology in the brain.?
This pathology leads to detectable cognitive deficits already in the preclinical stages of the
disease.>’ Given that these genes are related to AD, it remains unclear whether these genes
also play a role in the preclinical phase of AD. Knowledge on this would provide essential
insights into the role of these genes in the pathogenesis of AD.

The role of ApoE-€4 in cognitive impairment and cognitive decline has been well established
in several studies.!™** In contrast, few studies investigated the relation between the other
AD genes and cognition in non-demented people. To our knowledge only two studies
were performed that investigated GWAS genes in non-demented people, of which one
study found CR1 to be associated with cognitive decline, and the other found no robust
associations.'**> However, these studies did not investigate ABCA7, MS4A6A, MS4A4E,
CD2AP, EPHA1 and CD33 which are the most recently identified genes.**> Moreover, these
studies primarily focused on relatively old populations (mean age of 75 and older), in which
the disease process of AD may be more advanced. It is unclear how AD genes relate to
cognition in relatively younger populations.

Another consideration is that similar to the risk of AD, the effect sizes of individual genes on
cognition may be small and therefore potentially difficult to detect. Risk scores combining
individual effect sizes enable detection of more robust associations.*®

Therefore, we studied the relation between a genetic AD risk score, based on all established
risk genes, and cognition in non-demented people of the population-based Rotterdam
Study and explored the associations in different age groups ranging from 45 years to 99
years. Moreover, in a subcohort we also studied whether this genetic risk score improved
prediction of AD.

METHODS AND MATERIALS

Study Population
This study is based on participants from the Rotterdam Study (RS), a population-based
cohort study in the Netherlands that investigates determinants of various chronic diseases

79



Chapter 3.3

in elderly people.” The original study population (RS-I) consisted of 7,983 people in the
general population; they were aged 55 years and older, and all residents of the Ommoord
area, a suburb of Rotterdam. They were re-examined every 3 to 4 years, with the latest re-
examination taking place in 2009-2011 among 2,140 remaining living people (RS-1-5).

In 2000-2001, the cohort was expanded with 3,011 people aged 55 years and over who had
not yet participated (RS-I1).Y” From this cohort, 2,389 people had had follow-up examinations
in 2004-2005 (RS-11-2). In 2006-2008, a second expansion of 3,932 people aged 45 years and
over was realized (RS-II1).

The current study is based on participants from RS-I-5, RS-1I-2 and RS-lIl; in other words,
all participants from the Rotterdam Study who had examinations between 2004 and 2011.
We excluded all people that were demented at baseline. In total, 1366 non-demented
participants from RS-I-5, 1,737 non-demented participants from RS-1l-2 and 2,068 non-
demented participants from RS-1ll had good genotyping and cognition data.

For investigating prediction of AD we used 5,507 participants from RS-1 that were non-
demented at baseline in 1990 and were followed for the development of AD until 2000.
The medical ethics committee at Erasmus University of Rotterdam, the Netherlands,
approved the study, and written informed consent was obtained from all participants.

Ascertainment of dementia and AD

At study entry and all follow-up rounds all participants are screened for dementia using a
3-step protocol as follows.® Two brief tests of cognition (Mini-Mental State Examination
[MMSE] ¥ and Geriatric Mental State Schedule (GMSS) organic level %) were used to screen
all participants. Participants who screened positive (an MMSE score of <26 or GMSS organic
level of >0) underwent the Cambridge Examination for Mental Disorders of the Elderly
(CAMDEX).* The MMSE and the GMSS were assessed by experienced research nurses
who performed these tests for all three cohorts. The CAMDEX was taken by a trained
research physician. If necessary, participants who were suspected of having dementia were
examined by a neuropsychologist.’® This examination included history taking, interview,
informant interview, behavioural observation and neuropsychological testing, according
to conventional standards in the Netherlands. Moreover, the whole cohort is continuously
monitored for onset of dementia by automated coupling of the study database with
medical records of general practitioners. The diagnoses of dementia and AD were made
as follows. We first diagnosed dementia in accordance with internationally accepted
criteria for dementia (Diagnostic and Statistical Manual of Mental Disorders [Third Edition
Revised])?? and subsequently AD in accordance with internationally accepted criteria for
AD (NINCDS-ADRDA).% Diagnoses were made by a single panel consisting of a neurologist,
neuropsychologist, and research physician. The criteria were the same for all cohorts and
remained the same over time. Participants were considered non-demented when the
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criteria for dementia were not fulfilled. From the 5507 participants that were followed up
for AD, 1130 screened positive in the first step (an MMSE score of < 26 or a GMSS organic
level of >0) and underwent neuropsychological examination by means of the CAMDEX. From
those participants, 26 required further examination by a neuropsychologist. In total, 359
participants developed AD over 10 years.

Genotyping

Genotyping was performed as part of a large project on complex diseases.*® For Rotterdam
Study | we used the Illumina HumanHap550 Duo BeadChip®; for Rotterdam Study Il we
used the Illumina HumanHap550 Duo BeadChip® and the lllumina Infinium Il HumanHap
610 Quad Arrays®; and for Rotterdam Study Il we used the Illumina Infinium Il HumanHap
610 Quad Arrays®. Genotyping for Rotterdam Study | was performed in 2007, for Rotterdam
Study Il in 2008 and for Rotterdam Study Il in 2009. For each cohort, we used the best
genotyping chip that was available that time. All genotyping was done at the Human
Genotyping Facility, Genetic Laboratory Department of Internal Medicine, Erasmus MC,
Rotterdam, the Netherlands. As detailed previously,? participant-specific quality controls
included filters for call rate, heterozygosity, and number of Mendelian errors per individual.
Single nucleotide polymorphism (SNP)-specific quality controls included filters for call
rate, minor allele frequency, Hardy-Weinberg equilibrium, and differential missingness
by outcome or genotype (mishap test in PLINK, http://pngu.mgh.harvard.edu/purcell/
plink/). To impute to 2.5 million SNPs from NCBI build 36,2° HapMap release #22, we used
the Markov Chain Haplotyping (MaCH) package (http://www.sph.umich.edu/csg/abecasis/
MACH, version 1.0.15 (Rotterdam Study I) or 1.0.16 software (for Rotterdam Study Il and IIl).
For each imputed SNP, quality of imputation was estimated as the ratio of the empirically
observed dosage variance to the expected binomial dosage variance. An IBD matrix® was
used to screen the study for latent population substructure, including cryptic relatedness. For
this report we extracted data for rs11136000 (CLU), rs3851179 (PICALM), rs744373 (BIN1),
rs3818361 (CR1), rs3764650 (ABCA7), rs610932 (MS4A6A), rs670139 (MS4A4E), rs9349407
(CD2AP), rs11767557 (EPHA1), rs3865444 (CD33) and rs597668 (EXOC3L2). Apolipoprotein
E €4 genotyping was performed separately as previously described.?® From the extracted
SNPs, PICALM (rs3851179), BIN1 (rs744373), CR1 (rs3818361), ABCA7 (rs3764650), MS4A6A
(rs610932), MS4A4E (rs670139), EPHA1 (rs11767557) and EXOC3L2 (rs597668) were
genotyped and the remaining SNPs were imputed. Imputation quality was >0.95, except for
rs9349407 (CD2AP) in RS-1 (0.89), RS-I1 (0.90) and RS-I1l (0.92).

Cognitive assessment
Cognitive function was assessed with the following neuropsychological test battery: the
Mini-Mental State Examination,’® a 15-word verbal learning test (based on the Rey recall
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of words,?” the Stroop test,? the Letter-Digit Substitution Task (LDST)?® and a word fluency
test (animal categories).?® All examinations were performed by the same research team at
a single study site and were exactly the same for all cohorts. For each cognitive test we
generated Z-scores (individual test score minus mean test score divided by the standard
deviation). To obtain more robust measures, we constructed compound scores for memory,
executive function, information processing speed, and global cognition. The choice of these
compound scores was corroborated by a principal component analysis. The Z-scores for the
Stroop tasks were inverted for use in these compound scores while higher scores on the
Stroop task indicate a worse performance while higher scores on all other tests indicate a
better cognitive function. The compound score for memory was the average of the Z-scores
for the immediate and delayed recall of the 15-word verbal learning test. Executive function
was constructed by averaging the Z-scores for the Stroop interference subtask, the LDST
(number of correct digits in 1 minute), and the word fluency test (number of animals in
1 minute). Information processing speed was the average of the Z-scores for the Stroop
reading and Stroop color naming test and the LDST. For global cognitive function, we used
the average of the Z-scores of the Stroop task (average of all 3 subtasks), the LDST, the
word fluency test, and the immediate and delayed recall of the 15-word verbal learning
test. The participants’ attained level of education was assessed by interview according to
the standard classification of education.?! In our analysis, we combined the 4 highest levels
into 1 category, thus obtaining 4 levels: (1) primary education; (2) low-level vocational
training; (3) medium level secondary education; and (4) medium-level vocational training
to university level.

Statistical analyses

We constructed a genetic risk score, by adding up all the risk alleles per individual weighted
by their log-transformed, reported effect size on AlzGene?*? for the association with AD. A
higher genetic risk score corresponds to a larger number of risk alleles and thus a higher risk
for AD. For the main analyses we excluded EXOC3L2 because of its reported controversy.*’
We investigated the relationship between the genetic risk score (per standard deviation
increase as well as in quintiles) and the compound scores of cognitive function using linear
regression models, adjusted for age, sex, level of education and cohort. We adjusted for
cohort to take into account any potential differences across cohorts, e.g. in genotyping
platforms. We first investigated the associations in the total population, and subsequently
in age strata. For this, we chose age strata of 45-60 years, 60-70 years and > 70 years to
contain roughly equal number of people per stratum. To test for potential age-dependent or
sex-specific effects of the risk score, the addition of the interaction terms [genetic risk score
x age stratum] and [genetic risk score x sex] was evaluated. For each stratum we had more
than 99 % statistical power to find small effect sizes (Cohen’s f2 = 0.02) with o = 0.05.3
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Analyses were repeated using a risk score in which ApoE-g4 was not incorporated. Next, we
also evaluated the influence of ApoE-€4, by taking it as a covariate in the statistical model.
Also, we studied whether ApoE-€4 interacted with the ApoE-e4-excluded genetic risk score
by adding an interaction term [genetic risk score x ApoE-g4] to the model. Furthermore, we
additionally applied a Bonferroni correction for (4 domains x 4 age groups =) 16 tests to all
p-values.

In addition, we used Cox proportional hazard models to study whether the genetic risk
score without ApoE was associated with the development of AD in RS-l from 1990 to 2000.
Moreover, we also investigated whether the risk score improved prediction of AD beyond
age, sex, and ApoE. Hereto, we used logistic regression models to calculate the area under
the receiver operating curve (AUC) at ten years of follow-up for three different prediction
models: 1) age and sex, 2) age, sex and ApoE-€4 carriership, 3) age, sex, ApoE-g4 carriership
and the risk score.

Finally, we repeated all analyses after adding EXOC3L2 to the risk scores.

RESULTS

The characteristics of the Alzheimer’s disease (AD) genes in the study population can be
found in Table 1. Table 2 shows the association of the genetic risk scores with cognition.
We found that the genetic risk score was associated with global cognition (difference in
Z-score (95% confidence interval) per SD increase in genetic risk score: -0.03 (-0.05; -0.01),
p=0.001), which was primarily driven by memory function (-0.05 (-0.07; -0.02), p=1.5*10*).
Stratification of the population in age groups of 45-60 years, 60-70 years and 70-99 years,
revealed that across age strata a trend of increasing effect sizes was evident, although the
associations were primarily present in people older than 70 years (Table 2). In line with this,
addition of the interaction term [genetic risk score x age stratum] was strongly significant
(p=8.9*10"*for global cognition, p=1.2*10"3 for memory function). Addition of an interaction
term [genetic risk score x sex | was not significant for any cognitive domain (p>0.15).

After exclusion of ApoE-g4 from the risk score we found that the associations attenuated
(e.g., -0.02 (-0.03; 0.00), p= 0.087 for global cognition and -0.03 (-0.05; 0.00), p=0.047 for
memory function) (Table 2). We note that though nominally significant, the latter p-value
would not survive correction for multiple-testing. When analyzed per age-stratum, the risk
score without ApoE was not significantly associated with cognition, although a negative
effect on cognition was noticeable. This effect did not appear stronger in the higher age
strata. In line with this, addition of the interaction term [genetic risk score x age stratum]
was no longer significant (p=0.699 for global cognition, p=0.986 for memory function).
Addition of an interaction term [genetic risk score x sex ] was not statistically significant
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Table 1. Characteristics of the Alzheimer’s disease genes in the study population

Gene SNP Chromosome Imputed RA RAF Rep orte.d ?dds
Ratio
ApoE - 19 no €4 0.20 3.685
(417 rs11136000 8 yes C 0.60 1.138
PICALM rs3851179 11 no C 0.63 1.138
BIN1 rs744373 2 no G 0.30 1.166
CR1 rs3818361 1 no A 0.19 1.174
ABCA7 rs3764650 19 no G 0.08 1.229
MS4A6A rs610932 11 no G 0.57 1.106
MS4A4E rs670139 11 no T 0.42 1.079
CD2AP rs9349407 yes C 0.27 1.117
EPHA1 rs11767557 7 no T 0.80 1.124
CD33 rs3865444 19 yes C 0.67 1.120
EXOC3L2 rs597668 19 no C 0.17 1.170

*for late onset Alzheimer’s disease based on AlzGene (32). Abbreviations: SNP = single nucleotide polymorphism,
RA = risk allele, RAF = risk allele frequency.

Table 3. Age, sex, ApoE-g4-carriership, the genetic risk score without ApoE and their relation with
Alzheimer’s disease for three different models

HR (95% Cl) AUC (95% Cl)

Model I: - 0.7934 (0.7728; 0.8140)
Age 1.15 (1.13; 1.16)

Sex 1.38 (1.09; 1.74)
Model li: - 0.8148 (0.7959; 0.8337)
Age 1.15(1.14; 1.17)

Sex 1.40 (1.10; 1.77)

ApoE-g4-carriership 2.60 (2.11; 3.20)
Model ll: - 0.8159 (0.7970; 0.8348)
Age 1.15(1.14; 1.17)

Sex 1.39 (1.10; 1.77)

ApoE-g4-carriership 2.61(2.12;3.22)

Genetic risk score without ApoE 1.14 (1.03; 1.27)°

* per standard deviation increase. Abbreviations: HR = hazard ratio for Alzheimer’s disease, AUC = Area Under the
Curve at 10 years of follow-up, Cl = confidence interval.
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either (p>0.15). We also did not find any interaction between the presence of ApoE-g4 and
the ApoE-excluded genetic risk score (p=0.285 for global cognition, p=0.133 for memory
function). Adjusting the risk score for ApoE-€4 did not have any influence on the associations.
After 10 years follow-up, 359 persons of the 5,507 developed AD. Table 3 shows that the
genetic risk score without ApoE was associated with the development of AD. We found a
hazard ratio per standard deviation increase in risk score of 1.14 (1.03; 1.27) with p-value
0.010. In contrast, the genetic risk score did not predict AD beyond age, sex and ApoE-g4-
carriership with the area under the curve only marginally improving from 0.8148 to 0.8159.
Finally, addition of EXOC3L2 to the genetic risk scores revealed similar results.

DISCUSSION

In this population-based study of over 5,000 non-demented middle-aged and elderly, we
found only a marginal joint effect of established AD genes on memory independent from
ApoE. Moreover, we found that these genes, although associated with AD, jointly only
marginally improve prediction of AD.

Strengths of this study are its large sample size, population-based setting and the wide
age range. Moreover, we assessed cognitive function covering three cognitive domains. A
limitation of this study is the absence of longitudinal assessment of cognitive performance
and therefore no information on cognitive decline. Another consideration is that non-
demented persons with a high genetic risk score may not have participated because they
already have subclinical AD. We believe that — if present — this would not negatively affect
our study as our main purpose was to investigate the influence of genes on cognition in a
non-demented population. Finally, we note that the RS-l cohort used for prediction of AD was
also among the discovery cohorts of the AD genes. ** However, removal of any potential bias
would only even further decrease the predictive accuracy of these genes.To our knowledge
we are the first to study the relationship of a genetic risk score for AD based on the most
recent set of genome-wide significant SNPs*® with cognition in a non-demented population.
We found that, though the risk score related to poorer cognition, this was mainly driven by
detrimental effects of ApoE-€4. The relation between ApoE-g4 and cognition has been well
established in several studies as well as their age-dependent relationship.'**3* We further
corroborate this by showing that of all known genetic influences on cognition ApoE-€4 is by
far the strongest and even exceeds the joint effect of the remaining known genetic genes,
and that this relationship is mainly present in people older than 70 years. So far, two studies
have reported on the relationship between novel GWAS genes and cognition. Hamilton
et al investigated the relationship between CLU, PICALM, EXOC3L2, CR1 and BIN1, and
cognitive performance in 505 non-demented people of mean age 79, and found no robust
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associations.* Chibnik et al investigated the relationship between CLU, PICALM, EXOC3L2,
CR1 and cognitive decline over 7.8 and 4.3 years of follow up in two non-demented cohorts
of 791 and 875 persons (mean age 76 and 81 years at baseline), and found CR1 to be
significantly related with cognitive decline.’ In addition they found that CR1 was related to
AD-neuropathology.”® Nevertheless, in our study of more than 5000 people we did not find
any association for CR1 despite the fact that our study also comprised individuals of old age.
A likely explanation for this is that cognitive decline at old age reflects incident AD better
than cognitive function measured only once. This is supported by Chibnik et al who did not
find CR1 to be associated with cognitive function at baseline.*®

It is interesting that the AD genes apart from ApoE are not markedly related to cognition
in our study and that even the joint effect of these genes, although associated with AD,
hardly improved prediction of AD. There are several explanations for this finding. First, this
suggests that the influence of these genes on cognition is very subtle. Secondly, it could
also be that there are competing environmental risks that mask the role of these genes
in the pathogenesis of AD. Thirdly, medication use or physical and mental illnesses might
have hindered the detection of an association. Another explanation is that the risk alleles
of these genes may not primarily cause cognitive decline themselves, but mainly interact
with environmental risk factors, e.g., cardiovascular disease. It could also be argued that
these genes do not have any causal relation with the onset of cognitive decline, but merely
serve as accelerators of cognitive decline. Evidence for this comes from a recent report that
showed that plasma levels of clusterine (the protein coded by CLU) are only associated with
the prevalence and severity of AD, but not with the incidence of AD.*

Finally, another consideration is that the SNPs used for our study are likely not the causal
variants, but merely in linkage disequilibrium with them. Consequently, we foresee that
future studies employing sequencing data have the potential to find stronger associations
and will improve the prediction of AD.

In conclusion, we found only a marginal joint effect of established AD genes on memory
independent from ApoE. Moreover, despite their relationship with AD, these genes hardly
improve prediction of AD beyond age, sex and ApoE. More studies are needed to further
understand the role of these genes in the etiology of Alzheimer disease. Such studies for
example can focus on biological pathways, in which these genes have been implicated,
such as inflammatory or lipid pathways.® Furthermore, discovery of additional AD genes in
coming years and the further pin-pointing of the exact causal polymorphism by sequencing
may reveal a more pronounced joint effect of all these AD genes on cognition and may lead
to better prediction of AD, especially when compared to the current set of 11 genes.
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Chapter 4.1

ABSTRACT
Objective: To investigate whether dementia incidence has changed over the last 2 decades.

Methods: We compared dementia incidence in 2 independent subcohorts of persons aged
60—-90 years from the Rotterdam Study, a population-based cohort study. The first subcohort
started in 1990 (n = 5,727), the second in 2000 (n = 1,769). Participants were dementia-free
at baseline and followed for at maximum 5 years. We calculated age-adjusted dementia
incidence rates for the 2 subcohorts in total, in 10-year age strata, and for men and women
separately. We also compared mortality rates, differences in prevalence of vascular risk
factors, and medication use. Finally, we compared brain volumes and the extent of cerebral
small vessel disease in participants who underwent brain imaging 5 years after the baseline
examinations.

Results: In the 1990 subcohort (25,696 person-years), 286 persons developed dementia,
and in the 2000 subcohort (8,384 person-years), 49 persons. Age-adjusted dementia
incidence rates were consistently, yet nonsignificantly, lower in the 2000 subcohort in all
strata, reaching borderline significance in the overall analysis (incidence rate ratio 0.75, 95%
confidence interval [CI] 0.56—1.02). Mortality rates were also lower in the 2000 subcohort
(rate ratio 0.63, 95% CI0.52—0.77). The prevalence of hypertension and obesity significantly
increased between 1990 and 2000. This was paralleled by a strong increase in use of
antithrombotics and lipid-loweringdrugs. Participants in 2005—-2006 had larger total brain
volumes (p < 0.001) and less cerebral small vessel disease (although nonsignificant in men)
than participants in 1995-1996.

Conclusions: Although the differences in dementia incidence were nonsignificant, our study
suggests that dementia incidence has decreased between 1990 and 2005.
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INTRODUCTION

The prevalence of dementia is increasing. Due to the aging of the population, the number
of persons living with dementia worldwide is expected to double every 20 years, with an
expected number of 81 million people with dementia in 2040.* Future projections typically
assume stable incidence rates of dementia, and do not take better prevention into account,
which could lower the incidence and thereby cause a smaller rise in dementia prevalence.??
Studies investigating trends in dementia incidence have reported different results. Some
have reported no change in incidence rates.*”’” Two studies that based the diagnosis of
dementia solely on medical records reported increasing incidence rates, which will be at
least in part a reflection of improved diagnostic procedures for dementia and an increase in
case identification and diagnosispopularity.®® A recent article reported decreasing incidence
rates between 1985 and 1994.1° For stroke, incidence rates have declined over the past 4
decades in high-income countries, presumably due to the implementation of preventive
treatments and reduction in risk factors at the population level.?**? Since vascular risk
factors increase the risk for dementia,** we hypothesized that incidence rates of dementia
could have likewise declined. To investigate whether dementia incidence changed over the
last 2 decades, we compared the age-specific incidence rates of dementia and mortality
in a cohort of elderly persons that started in 1990 with a cohort that started in 2000, both
from the Rotterdam Study, a large population-based cohort study from theNetherlands.1*
Furthermore, we compared brain volumes and the presence of cerebral small vessel disease
between participants of both subcohorts who underwent a brain MRI 5 years after study
entry.

METHODS

Study population

The Rotterdam Study started in 1990 and is conducted among all inhabitants aged 55years
and older of Ommoord, a district of Rotterdam, the Netherlands.' The study was extended
in 2000 with a new subcohort of persons who had become 55 years of age or moved into the
study district since the start of the study. Follow-up examinations were repeated every 3to 4
years. In addition, through linkage with records of general practitioners and the municipality,
the total cohort was continuously monitored for morbidity and mortality. Details of the study
have been described elsewhere.’ For the current study, we included all participants who
were between 60 and 90 years, because of limited numbers of incident dementia under age
60, and limited numbers of participants older than 90. Of the 6,485 participants between 60
and 90 in the 1990 subcohort, 6,100 participants were screened for dementia and prevalent
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dementia was diagnosed in 373 participants. In total, 5,727 participants were included in
the analyses. In the 2000 subcohort, of 1,992 participants between 60 and 90 years, 1,783
were screened for dementia and prevalent dementia was diagnosed in 14 participants. In
total, 1,769 participants were included in the analyses.

Standard protocol approvals, registrations, and patient consents
The medical ethics committee at Erasmus University of Rotterdam approved the study and
written informed consent was obtained from all participants.

Dementia case finding

Participants were screened for dementia at baseline and follow-up visits using a 3-step
protocol.’®> Two brief tests of cognition (Mini-Mental State Examination [MMSE]*® and
Geriatric Mental State schedule [GMS]Y” organic level) were used to screen all subjects.
Screen-positives (MMSE score <26 or GMS organic level >0) underwent the Cambridge
examination for mental disorders of the elderly.'® Subjects who were suspected of having
dementia were, if necessary, examined by a neuropsychologist. In addition, the total cohort
was continuously monitored for incident dementia through computerized linkage between
the study database and digitized medical records from general practitioners and the
Regional Institute for Outpatient Mental Health Care.™ The diagnosis of dementia was made
in accordance with internationally accepted criteria (DSM-//I-R)* by a panel of a neurologist,
neuropsychologist, and research physician. The follow-up with regard to dementia diagnosis
was virtually complete until January 1, 2007.

Baseline characteristics

Educational level was dichotomized into primary education (with or without an unfinished
higher education) vs lower vocational to university education. Smoking habits were
categorized as current, former, and never cigarette smoking. History of stroke or myocardial
infarction at baseline was verified by reviewing medical records. Blood pressure was
measured at the right brachial artery using a random-zero sphygmomanometer with the
participant in a sitting position. Hypertension was defined as a blood pressure >=160/95
or use of antihypertensive medication, prescribed for the indication of hypertension. The
waist circumference was measured in centimeters. Diabetes mellitus was defined as a self-
reported history of diabetes, a random nonfasting or postload serum glucose level >=11.1
mmol/L (1990 subcohort), or a random fasting serum glucose level >=7.0 mmol/L (2000
subcohort).

Brain imaging
Brain imaging was performed as part of the Rotterdam Scan Study.?*?! In 1995-1996, a
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random subset of the 1990 subcohort was invited to undergo brain imaging on al.5 T MRI
scanner.20 From 2005 onwards, MRI imaging on al.5 T MRI scanner is routinely performed
as part of the core examinations of the Rotterdam Study.?* Details of the imaging protocol,
of the image processing for assessment of brain atrophy and presence of white matter
lesions (WML), and of the rating of lacunar and cortical infarcts are given in appendix e-1
on the Neurology® Web site at www.neurology.org and have been describedelsewhere.?*?
In total, we had brain imaging data for 487 participants from the 1990 subcohort, and for
864 participants of the 2000 subcohort. All participants were between 60 and 90 years and
free of dementia at the time of MRI scanning, which occurred 5 to 6 years after study entry.

Statistical analyses

Baseline characteristics were compared between 1990 and 2000 per 10-year age strata,
for men and women separately. Differences between the subcohorts were assessed using
linear regression for continuous variables and logistic regression for dichotomous variables,
adjusted for age. Fisher exact test was used for dichotomous variables if a percentage
was zero. For the current study, participants contributed person-years for a maximum
of 5 years after baseline. For the incidence of dementia, follow-up time was censored
at date of dementia diagnosis, date of death, date of reaching age 90, or 5 years after
baseline, whatever came first. Five-year follow-up was complete for more than 99% for
both subcohorts. Dementia incidence rates, mortality rates, and incidence rate ratios (IRR)
were calculated using Poisson regression models for the 2 subcohorts in total, in 10-year
age strata, and for men and women separately. All analyses were adjusted for age, and
an additional adjustment was made for age squared, to make sure the effect of age was
adequately adjusted for. Intracranial volume, total brain volume, and volume of WML on
MRI were compared between the subcohorts in total, in 10-year age strata, and for men
and women separately, using analysis of variance, adjusting for age. Total brain volume
and WML were expressed as percentages of intracranial volume. Because of a non-normal
distribution, WML were natural log transformed to compare the differences. Odds ratios
for the presence of cortical and lacunar infarcts were calculated using logistic regression
models, adjusted for age.

RESULTS

Baseline characteristics in strata of age and sex are presented in table 1.

Due to the design of the study, the age distribution was different in the 1990 subcohort
compared to the 2000 subcohort. The distribution in the 2000 subcohort is more skewed
toward younger participants who became eligible for participation only after the start of
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the first subcohort. In the 60-69 age stratum, both men and women were significantly
younger in the 2000 subcohort. The 2000 subcohort was higher educated across all strata.
Participants in the 2000 subcohort had higher blood pressure and more often hypertension,
a higher body mass index and larger waist circumference, and had smoked more often
before but were smoking less at present. More participants in the 2000 subcohort
had diabetes and used antidiabetic medication, although the differences were mostly
nonsignificant. The use of antithrombotics was 3- to 6-fold higher in the 2000 subcohort
compared to the use in 1990 (p < 0.001 across all strata), primarily due to higher use of
platelet aggregation inhibitors. Also, the use of lipid-lowering drugs was much higher in
the 2000 cohort (p < 0.001 across all strata, except men in the highest age stratum).In the
1990 subcohort, after 25,696 person-years,286 incident dementia cases had occurred,
and in the 2000 subcohort, 49 incident dementia cases had occurred after 8,384 person-
years. Age-adjusted dementia incidence rates and IRR are shown in table 2.The incidence of
dementia was 25% lower in the 2000 subcohort compared to the 1990 subcohort, reaching
borderline significance (IRR 0.75, 95% confidence interval [CI] 0.56 —1.02, p = 0.06). The
dementia incidence was nonsignificantly lower in the 2000 subcohort across all age strata.
For men, the difference was largest in the 70-79 age stratum (IRR0.48, 95% Cl 0.21-1.11),
while there was no difference in dementia incidence in the highest age stratum from 80 to
89 years. For women, the estimated reduction in dementia incidence increased from 9%in
the lowest age stratum to 23% in the highest stratum. Further adjustment for age squared
slightly changed the incidence rates, but not the IRR. In the 1990 subcohort, 782 persons
died, 709without having a diagnosis of dementia. In the 2000subcohort, 119 persons died,
112 without dementia. Age-adjusted mortality rates and rate ratios are shown in table 3.
Overall, the age-adjusted mortality rate was 37% lower in the 2000 subcohort compared to
the 1990 subcohort (rate ratio 0.63, 95% Cl0.52—0.77, p < 0.001). For both men and women,
the mortality rates were lower in the 2000 subcohort, although this was not significant in
every age stratum. In men, the difference was most pronounced in the highest age stratum,
where the mortality rate was64% lower in the 2000 subcohort. In women, the difference
was 68% in the youngest age stratum, 21% in the 70-79 stratum, and 43% in the highest age
stratum. Further adjustment for age squared did not change the results. Total brain volume
was higher in 2005-2006 compared to 1995-1996 for both men and women in all age strata
(p values <=0.007) (table 4). The WML volume was consistently lower in 2005-2006, though
not always significantly so. In 1995-1996, cortical infarcts were present in 24 participants
(5%) vs 19 participants (2%) in 2005-2006 (OR 2005-2006 vs 1995-1996: 0.75, 95% CI 0.38
—1.49). We had insufficient power to test differences in strata. Lacunar infarcts were present
in 112 participants (23%) in 1995-1996 and in 59 participants (7%) in2005-2006 (OR 0.43,
95% Cl 0.30-0.63). The difference was more pronounced in women (OR 0.19, 95% Cl 0.10—
0.34) than in men (OR 0.81, 95% Cl 0.49 —1.35).
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Table 1. Baseline characteristics in strata of age and sex

Number

Age (years)

Only

primary
education
Systolic

blood pressure
(mmHg)
Diastolic

blood pressure
(mmHg)
Hypertension
>=160/95

Body mass index
(kg/m?)

Waist
circumference (cm)

Smoking:
Current

Smoking:
Never

Diabetes

Myocardial
infarction

Stroke

Blood pressure
lowering

drugs
Antidiabetic
therapy

Antithrombotics
Lipid

lowering
drugs

Data are presented as mean * standard deviation or numbers (percentages).

Age category
60-69 70-79 80-89
Subcohort Men Women Men Women Men Women
1990 1241 1532 824 1259 248 623
2000 553 636 194 255 50 101
1990 649+28 649+29 744+29 746+28 838+27 84.1+27
2000 63.6+2.8 63.1+25 742+28 74.7+2.7 83.6t24 83.6+27
P-value <0.001 <0.001 0.45 0.46 0.57 0.06
1990 243 (20%) 576 (38%) 267 (33%) 623 (51%) 111 (48%) 395 (70%)
2000 86 (16%) 164 (27%) 36 (19%) 99 (39%) 12 (24%) 40 (40%)
P-value 0.23 <0.001 <0.001 <0.001 0.003 <0.001
1990 138 +21 136+ 21 143 +23 145 + 21 142 + 23 151+23
2000 143 +21 141+ 19 151+23 155+ 24 150+24 163 +22
P-value <0.001 <0.001 <0.001 <0.001 0.03 <0.001
1990 76 +11 74 +11 73+12 73+11 71+12 73+13
2000 81+10 78 £ 10 7911 78 +11 77 £13 77 £ 12
P-value <0.001 <0.001 <0.001 <0.001 0.002 0.01
1990 375(31%) 504 (33%) 287 (37%) 564 (47%)  75(35%) 293 (53%)
2000 185 (36%) 194 (32%) 98 (51%) 139 (56%) 25 (51%) 70 (70%)
P-value 0.02 0.46 <0.001 0.007 0.03 0.002
1990 25.8+29 26.8+4.0 25.7+3.0 27.0+£4.1 247+3.4 27142
2000 27.0+3.4 275+45 265+31 27.7+44 255+29 27.0+3.9
P-value <0.001 <0.001 0.001 0.02 0.160 0.728
1990 94.14+9.1 87.1+11.3 951+9.7 888+11.5 95.0+10.7 92.1+12.0
2000 98.6+9.8 89.5+11.5 99.8+9.3 91.7+11.5 98.4+8.4 91.8+10.8
P-value <0.001 <0.001 <0.001 0.001 0.05 0.83
1990 322 (27%) 348 (23%) 167 (22%) 155(13%) 54 (26%) 30 (5%)
2000 119 (23%) 125 (20%) 24 (13%) 35 (14%) 1(2%) 8 (8%)
P-value 0.02 0.07 0.004 0.64 0.006 0.34
1990 100 (8%) 670 (45%) 103 (13%) 738(61%) 40 (19%) 436 (75%)
2000 94 (18%) 227 (37%) 22 (11%) 109 (43%) 7 (14%) 58 (57%)
P-value <0.001 0.01 0.49 <0.001 0.42 0.001
1990 121 (10%) 126 (8%) 105 (13%) 152 (12%) 38(16%) 118 (20%)
2000 55 (10%) 58 (9%) 35 (18%) 37 (15%) 9 (18%) 8 (8%)
P-value 0.42 0.08 0.06 0.31 0.62 0.007
1990 138 (11%) 34 (2%) 117 (15%) 56 (5%) 23 (10%) 39 (7%)
2000 36 (7%) 13 (2%) 26 (13%) 6 (2%) 6 (12%) 7 (7%)
P-value 0.01 0.52 0.69 0.11 0.63 0.88
1990 25 (2%) 18 (1%) 40 (5%) 26 (2%) 22 (9%) 37 (6%)
2000 18 (3%) 10 (2%) 12 (6%) 6 (2%) 4 (8%) 7 (7%)
P-value 0.10 0.20 0.44 0.79 0.84 0.66
1990 348 (28%) 440 (29%) 279 (34%) 515 (41%) 92 (37%) 324 (52%)
2000 138 (26%) 152 (24%) 76 (39%) 123 (48%) 22 (44%) 43 (43%)
P-value 0.62 0.40 0.15 0.04 0.37 0.08
1990 49 (4%) 47 (3%) 49 (6%) 82 (7%) 12 (5%) 49 (8%)
2000 24 (5%) 22 (4%) 21 (11%) 20 (8%) 3 (6%) 3 (3%)
P-value 0.30 0.13 0.02 0.46 0.75 0.08
1990 81 (7%) 38 (2%) 90 (11%) 45 (4%) 26 (11%) 39 (6%)
2000 116 (22%) 39 (8%) 68 (35%) 63 (25%) 15(30%) 31 (31%)
P-value <0.001 <0.001 <0.001 <0.001 0.001 <0.001
1990 45 (4%) 46 (3%) 13 (2%) 33 (3%) 0 (0%) 1(0.2%)
2000 76 (14%) 84 (14%) 35 (18%) 42 (16%) 1(2%) 13 (13%)
P-value <0.001 <0.001 <0.001 <0.001 0.17* <0.001

Percentages are calculated without missing data. For all reported variables missings occurred in <5% of all participants.
Linear or logistic regression models, adjusted for age, were used to compare the differences
* Fisher’s exact test, unadjusted
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Table 2. Age-adjusted dementia incidence rates and incidence rate ratios of the 2000 versus the 1990

subcohort
Age stratum Total Men Women
All Incidence rate 1990 6.56 6.25 6.78
Incidence rate 2000 4.92 4.48 5.20

60-69 years

70-79 years

80-89 years

IRR (95% Cl)

Incidence rate 1990
Incidence rate 2000
IRR (95% Cl)

Incidence rate 1990
Incidence rate 2000
IRR (95% Cl)

Incidence rate 1990
Incidence rate 2000
IRR (95% Cl)

0.75 (0.56-1.02)

1.29
1.08
0.83(0.29-2.41)

9.66
6.36
0.66 (0.40-1.10)

31.46
26.42
0.84 (0.56-1.26)

0.72 (0.44-1.16)

1.76
1.39
0.79 (0.20-3.08)

9.81
4.69
0.48 (0.21-1.11)

30.93
30.41
0.98 (0.51-1.90)

0.77 (0.52-1.14)

0.90
0.82
0.91(0.17-4.94)

9.49
7.82
0.82(0.43-1.56)

31.75
24.22
0.77 (0.45-1.29)

IRR= incidence rate ratio, Cl= confidence interval
Incidence rates are per 1000 person-years
Incidence rates and IRR are adjusted for age

Table 3. Age-adjusted mortality rates and rate ratios of the 2000 versus the 1990 subcohort

Age stratum Total Men Women
All Mortality rate 1990 22.0 29.0 16.5
Mortality rate 2000 14.0 18.5 9.7

60-69 years

70-79 years

80-89 years

RR (95% Cl)

Mortality rate 1990
Mortality rate 2000
RR (95% Cl)

Mortality rate 1990
Mortality rate 2000
RR (95% Cl)

Mortality rate 1990
Mortality rate 2000
RR (95% Cl)

0.63 (0.52-0.77)

11.1
6.4
0.58 (0.38-0.88)

25.1
21.7
0.87 (0.65-1.16)

69.3
33.1
0.48 (0.34-0.67)

0.64 (0.50-0.82)

16.4
11.8
0.72 (0.45-1.17)

324
28.4
0.88 (0.60-1.28)

109.1
38.9
0.36 (0.21-0.60)

0.59 (0.44-0.80)

6.7
2.1
0.32(0.13-0.77)

19.8
15.7
0.79 (0.50-1.26)

50.8
29.0
0.57 (0.36-0.89)

RR= rate ratio, Cl= confidence interval

Mortality rates are per 1000 person-years
Mortality rates and RR are adjusted for age
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Table 4. Age-adjusted mean brain volumes in 1995-1996 versus 2005-2006

Age category
All 60-69 70-79 80-89
Year of MRI  Men Women Men Women Men Women Men Women
Number 1995-1996 240 247 90 97 86 92 64 58
2005-2006 425 439 320 354 87 67 18 18
Mean (SE) Mean (SE) Mean(SE) Mean(SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE)
Intracranial ~ 1995-1996 1204 (6.7) 1064 (5.7) 1204 (10.3) 1065 (9.0) 1196 (10.5) 1060 (8.5) 1200(12.4) 1045(8.8)
volume (ml)  2005-2006 1189 (4.9) 1051 (4.2) 1197 (5.4) 1058 (4.7) 1176 (10.4) 1043 (10.0) 1169(23.5) 1034(15.9)
P-value 0.10 0.09 0.52 0.49 0.20 0.21 0.25 0.53
Total brain 1995-1996 78.2(0.2) 79.0(0.2) 79.5(0.3) 80.4(0.3) 76.9(0.3) 77.5(0.3) 73.9(0.3) 74.1(0.3)
volume 2005-2006 80.7 (0.1) 82.7(0.1) 82.1(0.2) 84.1(0.2) 79.5(0.3) 80.7(0.3) 75.8(0.6) 78.3(0.6)
(% of ICV) P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.007 <0.001
WML volume 1995-1996 0.83 (0.06) 1.34 (0.08) 0.57 (0.07) 1.05 (0.08) 1.04 (0.10) 1.45 (0.13) 1.60 (0.20) 2.95 (0.29)
(% of ICV) 2005-2006 0.68 (0.05) 0.79 (0.06) 0.44 (0.04) 0.46 (0.04) 0.91(0.10) 1.00 (0.15) 1.31(0.38) 2.31(0.52)
P-valuet 0.49 <0.001 0.62 <0.001 0.95 0.11 0.29 0.18

SE= standard error, WML= white matter lesions
¥ p-values based on analyses with WML natural log transformed
Means are adjusted for age, using ANOVA

In women, the difference was significant and virtually the same across all age strata, whereas

in men lacunar infarcts were less present in2005—2006 compared to 1995-1996 in the age
strata 60—69 and 70-79, but more present in 2005-2006 in the highest age stratum (data
not shown). In men, these differences were all nonsignificant (p values>0.40).

DISCUSSION

We found lower incidence rates of dementia in the 2000 subcohort than in the 1990
subcohort, albeit not significant. Evidence for a declining trend in dementia incidence was

further supported by the observation that participants from the 2000 subcohort had on

average less brain atrophy and less cerebral small vessel disease on MRI. Our results are

in line with a recent report on trends in the incidence and prevalence of dementia in the

United States, where a decline in dementia incidence was observed in Rochester between
1985 and 1994.% Earlier reports from Rochester reported no change in incidence between
1960 and 19745 and a possible increase of dementia among persons 85 years and older

between 1965 and 1984.% The reported increase, however, might very well be the result of

an increasing awareness of dementia and an increased case identification over the years.®

The change in dementia incidence rates between 1985 and 1994 was a 3% decline per year,

or a 30% decline in 10 years,* which is in line with our overall reduction of 25% in 10 years.
Interestingly, in the Chicago Health and Aging Project, the effect estimate of annual change in
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incidence between 1997 and 2008 was similar to the estimate found in Rochester, although
not significant.**° Although the reduction in dementia incidence rates in our study was also
not significant at the conventional a = 0.05 level, we think our estimates reflect a true decline
in incidence rates. First, there was a risk reduction across all strata of gender and age, but
for men above 80 years. Second, we also found a clear reduction in mortality rates. A person
who dies is no longer at risk of developing dementia, while underlying risk factors, especially
vascular factors, are associated with both dementia and mortality risk. The mortality rate,
and thereby the competing risk effect,?> was higher in the 1990 subcohort. Should mortality
rates have been the same in both subcohorts, the difference in incidence rates of dementia
would probably have been larger. Third, we used the same methods of diagnosing dementia
for both subcohorts, and do not think that we underestimated the incidence in the 2000
subcohort. However, awareness and reporting of dementia by physicians have increased
over the last decades. To the extent that this has influenced our study, it will have led to an
increased case identification in the 2000 subcohort, and consequently an underestimating
of the difference in incidence rates between both subcohorts. Finally, the larger brain
volumes and lower presence of cerebral small vessel disease we observed comparing
scans of participants without dementia made in 1995-1996 with scans made in 2005—-2006
support our finding of declining dementia incidence. Larger brain volumes suggest less brain
atrophy, and brain atrophy and cerebral small vessel disease are associated with a higher risk
of dementia.” There are several possible explanations for our observation of a decreasing
incidence of dementia. First, the 2000 subcohort was higher educated and higher education
has been associated with a later onset of dementia.?**® However, the level of education
may not adequately reflect the cognitive abilities of a person, when comparing 2 different
birth cohorts. The older cohort probably had fewer possibilities to continue education after
primary school, regardless of their intellectual abilities. A second explanation, as proposed
for the decreasing incidence of stroke, is the implementation of preventive treatments and
reduction in vascular risk factors at the population level.'**? In our study, however, apart
from current smoking, vascular risk factors were more prevalent in the 2000 subcohort
compared to the 1990 subcohort. This was, however, paralleled by a strong increase in
use of antithrombotic and lipid-lowering drugs. Use of statins has been associated with a
lower risk of dementia in our cohort?” and others,?®? although the effect might be restricted
to persons younger than 80, and both antithrombotics and lipid-lowering drugs are
preventive treatments for cerebrovascular disease.®* Our observation of less brain atrophy
and small vessel disease on the MRI scans in the 2000 subcohort supports the notion that a
better treatment of vascular risk factors could explain the decrease in dementia incidence.
The hypothesis that treatment of vascular factors might lower dementia risk has become
more popular in recent years,?®3! but thus far, dementia has mostly been investigated
as a secondary endpoint in clinical trials that were underpowered to assess a moderate
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reduction in dementia risk. However, a meta-analysis suggested a 13% risk reduction by
antihypertensivetreatment,®> which is an effect size not unlike many other effects seen in
the cardiovascular field.*® Finally, a decline in stroke incidence itself could also attribute
to a decreasing incidence of dementia, because stroke is associated with a higher risk of
dementia independent of other vascular risk factors.?* Important strengths of our study
are the comparison of 2 large independent subcohorts from one population-based study,
the equal assessment of dementia and vascular risk factors in both subcohorts, and the
virtually complete follow-up for both subcohorts. The Dutch health care system and close
collaboration with the general practitioners allowed for continuous monitoring for incident
dementia through medical records, even when participants did not participate in the follow-
up visits. We had a limited number of dementia cases in the 2000 subcohort, where the age
distribution was more skewed toward younger people. We accounted for this difference
in age distribution by adjusting forage, additional adjustments for age squared, and by
analyzing in different age strata. The fact that we had only 49 cases in the 2000 subcohort
not only limited our statistical power, but also precluded us looking at different subtypes of
dementia. As in every observational study there remain some uncertainties in interpreting
the findings, due to the possibility of residual confounding or sampling effects, especially in
the imaging study. Finally, despite similar postprocessing, we used different MRI scanners
in 1995-1996and 2005-2006, which could have affected the comparison. We consider it
unlikely, however, that this would have led to a consistent overestimation of total brain
volume and at the same time a consistent underestimation of WML and lacunar infarcts in
2005-2006 compared to 1995-1996. Our study suggests that the dramatic rise in absolute
numbers of people living with dementia in the coming years may be slightly less enormous
than has previously been reported.
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Chapter 4.2

ABSTRACT

Background: Uric acid has been associated with focal vascular brain disease. However, it is
unknown whether uric acid also relates to global brain changes such as brain atrophy. We
therefore studied relation of uric acid with brain atrophy and whether this is accompanied
by worse cognitive function.

Methods: In 814 persons of the population-based Rotterdam Study (mean age 62.0 years),
we studied the relation of uric acid levels with brain tissue atrophy and cognition, using
linear regression models, adjusted for age, sex and putative confounders. Brain atrophy
was assessed using automated processing of MRI. Cognition was assessed using a validated
neuropsychological test-battery and we computed compound scores of cognitive domains.

Results: Higher uric acid levels were associated with white matter atrophy (difference in
Z-score of white matter volume per standard deviation increase in uric acid: -0.07 (95%
confidence interval: -0.12; -0.01)), but not with grey matter atrophy. This was particularly
marked when comparing hyperuricemic to normo-uricemic persons (Z-score difference:
-0.27 (-0.43; -0.11)). Worse cognition was primarily found in persons with hyperuricemia
(-0.28 (-0.48; -0.08)).

Conclusions: Hyperuricemia is related to white matter atrophy and worse cognition.
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INTRODUCTION

Vascular risk factors play an important role in the etiology of dementia, including Alzheimer’s
disease.'? The underlying mechanism is thought to involve subclinical vascular brain disease,
which can be visualized using magnetic resonance imaging (MRI).? Vascular brain disease may
be present years before clinical onset of dementia and can lead to subtle deficits in cognition.?
In recent years, uric acid has been reappraised as a vascular risk factor and considered to
have an effect independently from established risk factors.* Several studies have shown
higher uric acid levels to be a risk factor for not only cardiac disease, but also cerebrovascular
disease, including clinical stroke.*® With respect to subclinical vascular disease, uric acid has
been associated with focal MRI markers, such as white matter lesions and lacunar infarcts.”?
However, recent studies show that MRI markers of vascular brain disease also include global
brain changes such as brain atrophy, in particular white matter atrophy.2® In turn, brain atrophy
has also been associated with cognition.>*° Studies investigating the association of uric acid
with brain atrophy are lacking.

We therefore studied the relationship between uric acid and brain atrophy and whether this is
accompanied by worse cognitive function in a large non-demented aging population.

MATERIAL AND METHODS

Study population

The study is based on participants from the Rotterdam Study, a population-based cohort
study in the Netherlands aimed at investigating determinants of various chronic diseases
among elderly persons.!* The original study population (n = 7,983) consisted of the general
population aged 55 years and older within the Ommoord area, a suburb of Rotterdam. In
2000, the cohort was expanded with 3,011 persons (= 55 years) who were living in the study
area and had not been included before.’* From August 2005 to May 2006, we randomly
selected 1,073 members of this cohort expansion for participation in the Rotterdam Scan
Study'?, a prospective brain MRI study that is embedded within the Rotterdam Study. The
institutional review board (Erasmus MC, Rotterdam, the Netherlands) approved the study.
We excluded individuals with dementia (n=4) or those who had MRI contraindications (n =
94). Atotal of 975 persons were eligible, of whom 907 participated and gave written informed
consent. Because of physical inabilities, imaging could not be performed in 12 individuals.
From the remaining participants 35 had to be excluded because of imaging artefacts, leaving
a total of 860 persons with complete MRl measurements. From these individuals, 19 persons
with cortical infarcts on MRI were excluded. Finally, from these persons, 814 had uric acid
measurements at baseline and were available for the current analyses.
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Uric acid

Non-fasting blood was collected and within 30 minutes the blood was centrifuged for 10 min
at 3000 r.p.m. Subsequently, the serum was stored at -20°C for 1 week until uric acid activity
(kU/L) was determined with a Kone Diagnostica reagent kit and a Kone autoanalyzer.!®
To check calibration, after every 10 samples, three control samples were included; if the
average values of the control samples of each run (100 samples) were not within 2.5% of the
true value, the run was repeated. Day-by-day variation had to be within 5%.

Magnetic resonance imaging

Brain magnetic resonance imaging (MRI) was performed on a 1.5 Tesla scanner (GE
Healthcare) with an eight channel head coil and included T1 weighted, proton-density
weighted and fluid-attenuated inversion recovery (FLAIR) sequences.'? Post-processing
steps have been described elsewhere, and include a conventional k-nearest-neighbour brain
tissue classifier extended with white matter lesion segmentation.'**> Using this classifier we
obtained quantitative measures of brain volume, white matter volume, grey matter volume,
white matter lesion volume and intracranial volume.

Presence of infarcts on MRI was assessed on structural MRI images. Lacunar infarcts were
defined as focal lesions 3 mm or more and less than 15 mm in size with the same signal
characteristics as cerebrospinal fluid on all sequences and, when located supratentorially,
with a hyperintense rim on the FLAIR sequence.'® Infarcts showing involvement of cortical
gray matter were classified as cortical infarcts.

Assessment of cognitive function

Cognitive function was assessed with the following neuropsychological

test battery: a 15-word verbal learning test (15-WLT, based on the Rey recall of words),"’
the Stroop test,*® the Letter-Digit Substitution Task (LDST),*® and a word fluency test (animal
categories).?° We generated Z-scores (individual test score minus mean test score divided
by the standard deviation) for each cognitive test. To obtain more robust measures, we
constructed compound scores for memory, executive function, information processing
speed, and global cognition. The Z-scores for the Stroop tasks were inverted for use in these
compound scores, as higher scores on the Stroop task indicate a worse performance while
higher scores on all other tests indicate a better cognitive function. The compound score for
memory was the average of the Z-scores for the immediate and delayed recall of the 15-WLT.
Executive function was constructed by averaging the Z-scores for the Stroop interference
subtask, the LDST (number of correct digits in 1 minute), and the word fluency test (number
of animals in 1 minute). Information processing speed was the average of the Z-scores for
the Stroop reading and Stroop color naming test and the LDST. For global cognitive function,
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we used the average of the Z-scores of the Stroop task (average of all 3 subtasks), the LDST,
the word fluency test, and the immediate and delayed recall of the 15-WLT.

Potential confounders

Estimated glomerular filtration rate, systolic and diastolic blood pressure, body mass index,
total cholesterol, HDL-cholesterol, diabetes mellitus, diuretic use, alcohol consumption
(units per week) and smoking (never, previous, current) were determined as previously
described.>?! Use of cytostatic drugs and medication for gout were assessed during a
home interview. The attained level of education was assessed by interview according to
the standard classification of education.? In our analysis, we combined the 4 highest levels
into 1 category, thus, obtaining 4 levels: (1) primary education; (2) low-level vocational
training; (3) medium level secondary education; and (4) medium-level vocational training
to university level.

Statistical analyses

We used linear regression models to investigate the relationship of uric acid levels with
brain tissue volumes (total brain, gray matter and white matter), separate cognitive tests,
as well as compound scores of cognition (global cognition, memory, executive function and
information processing speed). These compound scores have been published on previously
2224 and were corroborated by a principal component analysis. For interpretation and
comparability of the effect estimates, Z-scores were computed for continuous outcomes.
We computed sex-specific Z-scores of uric acid levels, because the distribution of clinically
normal levels of uric acid differs per sex.? All models were adjusted for age and sex, and
additionally for glomerular filtration rate, systolic and diastolic blood pressure, body mass
index, total cholesterol, HDL-cholesterol, diabetes mellitus, diuretic use, alcohol consumption
and smoking. Models with brain tissue volumes as outcome were adjusted for intracranial
volume. Models with cognitive function as outcome were additionally adjusted for level of
education. To evaluate a possible role of brain atrophy as mediator of the relationship of uric
acid with cognitive function, we additionally adjusted for markers of vascular brain disease
(brain tissue volumes, white matter lesions and lacunar infarcts).

We further explored the associations over different categories of uric acid levels to evaluate
whether any associations found were driven by hyperuricemia. For this, we divided the
population in normo-uricemic and hyperuricemic persons (men: uric acid levels > 420
umol/L, women: uric acid levels > 360 umol/L)*® and, further, constructed quartiles of uric
acid levels among the normo-uricemic population.

Finally, we repeated analyses excluding persons receiving medical therapy for gout (N=3),
persons receiving cytostatic treatment (N=3), or persons with hypo-uricemia (uric acid levels
<120 pmol/L)¥ (N=1).
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RESULTS

Population characteristics are represented in Table 1. Mean age was 62.0 (standard
deviation: 5.4) years and 50.9% were women. Brain MRI characteristics and cognitive test
results can be found in online supplementary table S1 and S2 (http://www.karger.com/
Journal/Home/224263), respectively.

Associations of uric acid levels with brain tissue volumes and cognition are shown in Table 2.
Higher uric acid levels were associated with smaller brain volume, in particular with smaller
white matter volume (difference in Z-score per standard deviation increase of uric acid
level: -0.07 (95%-confidence interval: -0.12; -0.01), independent of putative confounders).
No significant associations were seen with smaller grey matter volume. Higher uric acid
levels were associated with worse global cognitive function, primarily driven by information
processing speed (-0.09 (-0.16; -0.03)) and to a lesser extent executive function. Online
supplementary table S3 shows the relationship of uric acid with the separate cognitive tests.
Figure 1shows categories of uricacid levelsinrelation to white matter volume and information
processing speed, after stratification by hyperuricemia (n = 87) versus normo-uricemia (n =
727). This revealed that hyperuricemia was strongly related to smaller white matter volume
(difference in Z-score of white matter volume between persons with hyperuricemia versus
normo-uricemia: -0.27 (-0.43; -0.11)). Conversely, among individuals with normo-uricemia
there was no relationship between uric acid levels and white matter volume (difference in
Z-score per standard deviation increase of uric acid level: -0.01 (-0.07; 0.04)).

White matter volume Information-processing speed
0.5 4 | 0.5 4 |
per SD: -0.01 (-0.07; 0.04), p = 0.59 ; *p < 0.01 per SD: -0.04 (-0.11; 0.02), p = 0.21 | *p < 0.01
0.3 ! 0.3 - !
| |
0.1 i 0.1 ; ; :
[ T B J I N S S
-0.1 4 T 0 -0.1 I l i
| |
| |
-034 . -03 - .
| |
-0.5 -0.5
1l 1 v HU 1 1l v HU

Figure 1. Y-axis scale indicates mean Z-scores of white matter volume and information processing
speed, respectively.

Values are adjusted for age, sex and glomerular Filtration rate, systolic and diastolic blood pressure, body mass
index, total cholesterol, HDL-cholesterol, diabetes mellitus, diuretic use, alcohol consumption and smoking. Mean
Z-scores of white matter volume are additionally adjusted for intracranial volume. Mean Z-scores of information
processing speed are additionally adjusted for level of education. X-axis scale indicates categories of uric acid level,
in which category | till IV represent quartiles of normal uric acid levels and category HU represents hyperuricemia.
The ranges of uric acid in umol/L per category were as follows in women: I: 110-230, II: 240-270, I11: 280-300, IV: 310-
360, HU > 360, and in men: |: 120-280, II: 290-320, IIl: 330-360, IV: 370-420, HU > 420. *p-value for hyperuricemia
versus normo-uricemia. Abbreviations: SD = standard deviation increase in uric acid levels, HU = hyperuricemia.
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Table 1. Population characteristics

n =814

Age, yr 62.0 (5.4)
Female sex 50.9%
Uric acid, umol/L

Women 281 (63)

Men 342 (68)
Glomerular filtration rate, mL/min 83 (16)
Systolic blood pressure, mmHg 139 (20)
Diastolic blood pressure, mmHg 78 (10)
Total cholesterol, mmol/L 5.8 (0.9)
High Density Lipoprotein, mmol/L 1.4 (0.4)
Body mass index 26.8 (3.5)
Diabetes mellitus” 8.4%
Alcohol intake, units/week’ 6 [14]
Current smoker 17.6%
Diuretic use 6.9%
Primary education only 3.5%

Values are means (standard deviation) or percentages. “defined as non-fasting glucose >11.1 mmol/L or receiving
glucose lowering drugs. ‘Median [interquartile-range]

Table 2. Associations between uric acid levels and brain tissue volumes and cognition

Model | Model Il
Effect estimate (95% Cl) Effect estimate (95% Cl)
Total brain -0.04 (-0.06; -0.01) -0.03 (-0.05; 0.00)
Gray matter 0.03 (-0.01; 0.07) 0.03 (-0.01; 0.08)
White matter -0.08 (-0.13;-0.04) -0.07 (-0.12;-0.01)
Global cognition -0.06 (-0.11;-0.02) -0.08 (-0.14;-0.03)
Memory -0.05 (-0.12; 0.01) -0.07 (-0.15; 0.01)
Executive function -0.06 (-0.12;-0.01) -0.09 (-0.15;-0.03)
Information processing speed -0.08 (-0.13; -0.02) -0.09 (-0.16; -0.03)

Values are differences in Z-score per standard deviation increase in uric acid level with corresponding 95%
confidence intervals (Cl).

Model I: adjustments for age and sex.

Model II: as in |, additionally adjusted for other potential confounders (glomerular filtration rate, systolic and
diastolic blood pressure, body mass index, total cholesterol, HDL-cholesterol, diabetes mellitus, diuretic use,
alcohol consumption and smoking).

Brain tissue volumes are additionally adjusted for intracranial volume. Cognitive Z-scores are additionally adjusted
for level of education.

Similarly, the relationship between uric acid levels and information processing speed was not
statistically significant in the normo-uricemic population (-0.04 (-0.11; 0.02)), but showed
significance when hyperuricemic persons were compared to normo-uricemic persons (-0.28
(-0.48; -0.08)). This association attenuated but remained significant after adjustment for
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global and focal markers of vascular disease (white matter volume, white matter lesions
and lacunar infarcts): -0.24 (-0.44; -0.04). Similar associations were found the analyses with
respect to executive function. In supplementary figure S1 and S2 the categories of uric acid
levels in relation to total brain volume, gray matter volume, global cognition, memory and
executive function are shown. Paradoxically here we found that hyperuricemia was related
to relatively more gray matter volume.

Exclusion of persons receiving gout-medication, cytostatics or having hypouricemia did not
influence any of the results.

DISCUSSION

In this study we found uric acid to be associated with white matter atrophy and worse
cognition. More specifically, we found that the associations with white matter atrophy and
worse cognition were predominantly evident when comparing hyperuricemic persons to
normo-uricemic persons.

Strengths of our study are its population based setting, large sample size and quantitative
assessment of atrophy of different brain tissues. Furthermore we assessed cognitive function
in various domains using standardized neuropsychological tests. A potential limitation of
the study is the absence of longitudinal brain imaging, making the interpretation of cause
and effect difficult. Another consideration is that we measured serum uric acid only once,
ignoring possible intra-individual fluctuations in serum uric acid levels. This may have caused
an underestimation of the estimates.

Our findings that hyperuricemia relates to white matter atrophy, a marker of global vascular
brain disease, is in line with studies that found uric acid related to focal vascular brain
disease.>” Those studies found high levels of uric acid related to clinical stroke, cerebral
white matter lesions and silent brain infarcts.>”* To our knowledge no studies investigated
the relation between uric acid and brain atrophy.

Surprisingly the association between hyperuricemia and white matter atrophy was
accompanied by a relative increase in gray matter. However, we found that this was
irrespective of the association with uric acid and would not survive a multiple testing
correction. We regard this as an artefact of imaging and segmentation processing. There
are two potential explanations for this. One is that white matter atrophy may result on
imaging in signal changes in white matter, approaching the signal intensity of gray matter.
This phenomenon has been reported to occur with aging® and may cause the border
between the gray and white matter segmentation to shift towards the white matter. A
second explanation is that with atrophy the gyri move away from the overlying dura, which
may lead to a more defined outer border and better/more gray matter segmentation.
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Our finding that uric acid relates to worse cognition is supported by most studies.”?42%3°
Moreover, of all cognitive domains investigated, we found strongest associations for
information processing speed and executive function. This corresponds to the literature,
which shows these domains to be particularly affected by cardiovascular risk factors.3!
Nevertheless, we also note that other studies have found uric acid to be related to better
cognition or even to a decreased risk of dementia.?*3? Also, beneficial effects have been
found for Parkinson’s disease and Parkinson’s disease related cognitive decline.®* The biologic
explanation for these associations is that uric acid is also a strong antioxidant.* It remains
unclear what the net effect of these opposing effects is on brain function. A possibility
may be that the beneficial effect of uric acid is present within the normal range, whilst
the detrimental effect is more pronounced in hyperuricemic states. Still, more research is
needed to elucidate this issue.

Whether vascular brain disease could explain the association between uric acid and
cognition has only been studied once. In this study of 180 people, the authors found a
relation between uric acid and worse cognition that disappeared after taking into account
focal vascular brain disease (white matter lesions).” In our study the relation between uric
acid and cognition attenuated but still remained significant after taking into account white
matter atrophy and focal markers of vascular brain disease. This suggests that the relation
of uric acid with cognition is not solely via atrophy or focal vascular brain disease. Therefore
perhaps subtle brain abnormalities explain more of the relationship between uric acid and
cognition, such as microinfarcts that are not visible on structural MRI-scans.®* Possibly the
smaller sample size of the previous study - and therefore less statistical power - explains
why that study did not find an association with cognition independent from vascular brain
disease.

In conclusion, we found that hyperuricemia relates to white matter atrophy and worse
cognition. Further studies are needed to determine causality and to further explore the
exact role of uric acid in neurodegenerative disease. This could then lead to potential
preventive or therapeutic strategies targeting uric acid levels.
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Chapter 4.3

ABSTRACT

High blood pressure is considered an important risk factor for cerebral white matter lesions
in aging. In a longitudinal population-based study of 665 non-demented persons, we
investigated the longitudinal relationship of systolic blood pressure, diastolic blood pressure
and pulse pressure with annual progression of white matter lesions. Means of blood
pressure were calculated over a 5-year period prior to longitudinal magnetic resonance
imaging scanning. White matter lesion progression was subsequently measured on two
scans 3.5 years apart. We performed analyses with linear regression models and evaluated
adjustments for age, sex, cardiovascular risk factors and baseline white matter lesion volume.
In addition, we evaluated whether treatment of hypertension is related to less white matter
lesion progression. Both systolic and diastolic blood pressure were significantly associated
with annual white matter lesion progression (regression coefficient (95%-confidence
interval): 0.08 (0.03; 0.14) mL/year and 0.09 (0.03; 0.15) mL/year per standard deviation
increase in systolic and diastolic blood pressure, respectively. Pulse pressure was also
significantly associated with white matter lesion progression, but not independent from
hypertension. After adjustment for baseline white matter lesion volume, only systolic blood
pressure remained significantly associated: 0.05 (0.00; 0.09) mL/year per standard deviation
increase. People with uncontrolled untreated hypertension had significantly more white
matter lesion progression than people with uncontrolled treated hypertension (difference
(95%-confidence interval): 0.12 (0.00; 0.23) mL/year. The present study further establishes
high blood pressure to precede white matter lesions and implies hypertension treatment
could reduce white matter lesion progression in the general population.
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INTRODUCTION

Cerebral white matter lesions (WMLs) are highly prevalent in the elderly population and
increase the risk of dementia and stroke.! Although believed to be vascular in origin, the
exact etiology of WMLs is still unknown. Based on pathological and epidemiological studies,
blood pressure is considered to be one of the most important factors by damaging the
cerebral small vessels.?® Since blood pressure is modifiable, blood pressure control seems
an important candidate for the prevention of WML progression.

The earliest studies demonstrating an association between high blood pressure and WMLs
were cross-sectional by design, which limits causal inferences.*** More recently, studies have
employed longitudinal designs and found similar results.’*2® Yet, since WML progression is
strongly influenced by the WML load at baseline, it is unknown to what extent associations
of blood pressure with WML progression are affected by the baseline WML load. Moreover,
to provide stronger evidence for a temporal relationship, blood pressure should preferably
be measured prior to the window in which WML progression is determined, instead of
during this window. In addition, the use of different magnetic resonance imaging (MRI)
scanners or scanning protocols when measuring WML progression can possibly lead to
systematic biases. Previous studies have addressed one or two of these issues, but none of
them addressed all.

It is also unknown whether the associations between blood pressure and WML progression
are present for systolic, diastolic as well as pulse pressure. Moreover, the influence of
medication use and control of hypertension on WML progression remains unclear. We
hypothesized that blood pressure would relate to WML progression even when taking
baseline WML load into account, and that medication use and adequate control of
hypertension would reduce this progression.

We tested this hypothesis in a population-based longitudinal MRI study in which we
measured systolic, diastolic and pulse pressure prior to MRI scanning; evaluated the
influence of the WML load at baseline; and used exactly the same scanners and scanning
protocol at baseline and follow-up.

METHODS

Study population and design

The study is based on participants from the Rotterdam Study, a population-based cohort
study in the Netherlands that investigates determinants of various chronic diseases among
elderly people.? The original study population consisted of the general population aged 55
years and older within the Ommoord area, a suburb of Rotterdam. In 2000, the cohort was
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expanded with 3,011 people (> 55 years) who were living in the study area and had not been
included before.?*

For this report we used data from a random subset of the latter cohort expansion, which
underwent three visits: visit 1 (in the year 2000), visit 2 (2005-2006) and visit 3 (2008-2010).
At visit 1 and 2, blood pressure and cardiovascular determinants were assessed. At visit 2 and
3, MRI-scanning was performed.? Figure 1 displays the design employed and the timings of
the various longitudinal measurements. No blood pressure measurements were available at
visit 3.

At visit 2, 1,073 people were randomly selected for this study from the full cohort expansion
(n=3,011), because MRI-scanning was implemented only from visit 2 onwards and could not
be performed in the full cohort. Hereto, we used a simple random sampling procedure. After
excluding people with previous clinical stroke (n = 35), dementia (n = 4) or those who had MRI
contraindications (n = 94), a total of 944 people was eligible. From these, 877 participated and
gave written informed consent. Because of physical inabilities, imaging could not be performed
in 12 persons, leaving 865 people that underwent MRI scanning. From these, 731 people had
a second MRI at visit 3, and out of these 699 people had good quality MRI-data of both scans.
After excluding 19 people with MRI-defined cortical infarcts, which hampered the assessment
of WMLs, and 15 people with missing information on blood pressure measures, 665 people
remained for the current analysis. All measurements were performed at the Rotterdam Study
research center, which is a single site.

The institutional review board (Erasmus MC, Rotterdam, the Netherlands) approved the study.

Blood pressure, hypertension and antihypertensive medication

At visit 1 and visit 2 (5.3 years later; see Figure 1), systolic and diastolic blood pressure were
measured twice on the right arm with a random-zero sphygmomanometer by a trained
research physician after the participant had been sitting quietly for at least 5 min. A standard
cuff or, if applicable, a large cuff was used. Pulse pressure was defined as systolic blood
pressure minus diastolic blood pressure. To gain robust measures of blood pressure, we
computed 5-year means of blood pressure measures ((mean of blood pressure measure
at visit 1 summed with the mean of blood pressure measure at visit 2, and divided by 2).
Hypertension was defined as systolic blood pressure > 140 or diastolic blood pressure > 90
mmHg or receiving antihypertensive treatment, at either of the two visits. Antihypertensive
medication was assessed during a home interview. At the research center a physician
ascertained the indication for which the medication had been prescribed.

Magnetic resonance imaging and WML progression
Brain magnetic resonance imaging (MRI) was performed at visit 2 and visit 3 (3.5 years
apart; see Figure 1). At both visits we used the same MRI-scanner and imaging protocol, and
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2000 2005 -2006 2008 -2010
I 1 1
Visit 1. Full cohort Visit 2. N=865 Visit 3. N=731
- Random subset of full cohort MRI -scan 2
BP measurement 1 - Dementia -free
- Stroke -free

- No MRI contraindication

BP measurement 2 and
MRI-scan 1

\'4

Sample size for analyses N=665

- Free of MRI -defined cortical infarcts
- Reliable WML progression data
- Available BP data at visit 1 and 2

Figure 1. Schematic overview of the study design
Abbreviations: BP = blood pressure, MRI = magnetic resonance imaging, WML = white matter lesion.

applied exactly the same image post-processing steps and segmentation method. We used a
1.5 Tesla scanner (GE Healthcare) with an eight channel head coil and included T1 weighted,
proton-density weighted and fluid-attenuated inversion recovery (FLAIR) sequences.?® Post-
processing steps have been described elsewhere, and include a conventional k-nearest-
neighbour brain tissue classifier extended with WML segmentation.?*?” Using this classifier
we obtained quantitative measures of WML volume and intracranial volume (in mL). WML
progression was assessed by subtracting the WML volume in mL at the first measurement
from the WML volume in mL at the second measurement. This number was subsequently
divided by the time between scans in years to obtain the annual WML progression in mL/
year. Infarcts were classified as described previously.?®

Cardiovascular risk factors

Body mass index, total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides
(only measured at visit 1), diabetes mellitus, alcohol consumption (only measured at visit
2) and smoking were determined by interview and laboratory and physical examination at
visit 1 and 2. Body mass index was calculated by dividing weight (kg) by the square of height
(m?). The waist/hip ratio was defined as the ratio between the waist circumference (cm) by
the hip circumference (cm). We considered diabetes present when a person was taking oral
antidiabetics orinsulin, or if fasting plasma glucose was >7 mmol/L (> 126 mg/dL). A physician
assessed participants’ smoking habits, and smoking status was further classified as current,
former, or never. Alcohol intake was quantified as units per week. Cardiovascular disease
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(coronary heart disease, heart failure or atrial fibrillation) was assessed during interview and
verified by reviewing medical records; and through automated linkage of the study database
with files from general practioners.? For the analyses, we computed means for the continous
covariates at visit 1 and 2 and determined the ever presence of a condition between visit 1 and
2 for dichotomous variables. ApoE-g4 genotyping was performed as previously described. *

Statistical analyses

We investigated how systolic blood pressure, diastolic blood pressure and pulse pressure
were related to WML volume cross-sectionally and annual WML progression longitudinally,
using linear regression models, adjusted for age, sex and intracranial volume in model I, and
additionally for cardiovascular risk factors (antihypertensive medication, total cholesterol,
HDL-cholesterol, triglycerides, body mass index, alcohol consumption, smoking and diabetes)
in model Il. For the analyses regarding WML progression, we also applied a model Il with
adjustments for baseline WML volume, to assess whether possible associations were explained
by WML accumulated prior to the first scan.

Additionally the following exploratory analyses were conducted. We evaluated additional
adjustments for cardiovascular disease and ApoE-€4 carriership, and tested for interaction of
ApoE-g4 carriership with systolic blood pressure, diastolic blood pressure or pulse pressure.
Also, we adjusted pulse pressure for the presence of hypertension to see whether pulse
pressure had additional value beyond hypertension. In addition, we evaluated the addition
of quadratic terms of systolic blood pressure, diastolic blood pressure and pulse pressure to
explore whether J-shaped relationships were present. We repeated all analyses with waist/hip
ratio as covariate instead of body mass index.

Finally, we evaluated the relation between hypertension treatment and WML progression
by constructing four mutually exclusive groups of people: normotensives, controlled treated
hypertensives, uncontrolled treated hypertensives and uncontrolled untreated hypertensives.
These four groups were defined as follows based on the mean blood pressure of visit 1 and
visit 2, and the use of antihypertensive medication during this 5-year period: 1) normotensives:
study participants with normal mean blood pressure and receiving no antihypertensive
treatment during this period, 2) controlled treated hypertensives: study participants with
normal mean blood pressure and receiving antihypertensive treatment during this period,
3) uncontrolled treated hypertensives: study participants with hypertensive mean blood
pressure, and receiving antihypertensive treatment during this period, and 4) uncontrolled
untreated hypertensives: study participants with hypertensive mean blood pressure and not
receiving antihypertensive treatment during this period. We compared WML progression
of the groups using linear regression models, adjusted for age, sex, intracranial volume and
baseline WML volume. In addition, we tested for a trend in increasing WML progression across
groups.
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RESULTS

Characteristics of the study population are represented in Table 1. The mean (standard
deviation) age of the population was 61.6 (5.0) years at visit 1, 66.9 (5.0) years at visit 2,
and 70.4 (5.0) years at visit 3. The age-range was 55-82 years at visit 1, 60-87 years at visit 2
and 64-91 years at visit 3. In online Supplementary Table S1 (http://hyper.ahajournals.org/
content/61/6/1354/suppl/DC1), the associations between blood pressure measures and
cross-sectionally assessed WML volume can be found.

Table 1. Characteristics of the study population

Variable Visit 1 Visit 2 Visit 3 P-value for
difference
Age, yr 61.6 (5.0) 66.9 (5.0) 70.4 (5.0) NA
Female sex 52% 52% 52% NA
Systolic blood pressure, mmHg 138 (19) 143 (18) - p<0.01
Diastolic blood pressure, mmHg 78 (10) 81 (10) - p<0.01
Pulse pressure, mmHg 60 (14) 62 (15) - p<0.01
Anithypertensive medication 22% 34% - p<0.01
Total cholesterol, mmol/L 5.84 (0.95) 5.73(0.93) - p<0.01
High Density Lipoprotein, mmol/L 1.39(0.37) 1.44 (0.38) - p<0.01
Triglycerides, mmol/L 1.33[0.80] - - NA
Body mass index 26.8 (3.5) 27.5(3.6) - p<0.01
Alcohol, units/week” - 6[14] - NA
Current smoker 16% 11% - p<0.01
Diabetes mellitus’ 8% 9% - p<0.01
Cardiovascular disease* 6 % 7% - p=0.03

Values are means (standard deviation) or percentages. "Median [interquartile-range] 'defined as non-fasting
glucose >11.1 mmol/L or receiving glucose lowering drugs. *defined as presence of coronary heart disease, heart
failure or atrial fibrillation. NA = not applicable.

Table 2. Annual WML progression per standard deviation increase in blood pressure measure

Variable Model | Model I Model llI

Systolic blood pressure 0.07 (0.02; 0.12) 0.08 (0.03; 0.14) 0.05 (0.00; 0.09)
Diastolic blood pressure 0.07 (0.02; 0.12) 0.09 (0.03; 0.15) 0.02 (-0.02; 0.07)
Pulse pressure 0.05 ( 0.00; 0.10) 0.06 (0.00; 0.11) 0.04 (0.00; 0.08)

Values are white matter lesion progression in mL/year (95%-confidence interval) per standard deviation increase of
blood pressure (mean of the measures at visit 1 and 2), derived from linear regression models:

Model I: adjustments for age, sex and intracranial volume.

Model II: adjustments for age, sex, intracranial volume, antihypertensive medication, total cholesterol, HDL-
cholesterol, triglycerides, body mass index, alcohol consumption, smoking and diabetes.

Model 1lI: as model Il, but additional adjustment for WML volume on scan 1. Abbreviations: WML = white matter
lesion, HDL = High-density lipoprotein.

Table 2 shows the relation of systolic blood pressure, diastolic blood pressure and pulse
pressure with annual WML progression. All values mentioned below represent regression
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Figure 2. Hypertension treatment and WML progression

This figure shows the mean WML progression in mL (95%-confidence interval) (black bars) on top of the
baseline WML volume (grey bars) for four blood pressure categories. Categories were defined as follows based
on their mean blood pressure and medication use in the 5 years before the first scan: 1) normotensives: study
participants with normal mean blood pressure and receiving no antihypertensive medication during this period
(N=255), 2) controlled treated hypertensives: study participants with normal mean blood pressure and receiving
antihypertensive medication during this period (N=83), 3) uncontrolled treated hypertensives: study participants
with hypertensive mean blood pressure and receiving antihypertensive medication during this period (N=155), and
4) uncontrolled untreated hypertensives: study participants with hypertensive mean blood pressure and receiving
no antihypertensive medication during this period (N=172). Hypertensive mean blood pressure was defined as
diastolic blood pressure 2 90mmHg or systolic blood pressure > 140 mmHg.

coefficients. Both systolic blood pressure and diastolic blood pressure were significantly
associated with WML progression, even after adjustment for age, sex, intracranial volume
and cardiovascular risk factors (WML progression (95%-confidence interval) per SD increase
in systolic blood pressure: 0.08 (0.03; 0.14) mL/year and 0.09 (0.03; 0.15) mL/year per SD
increase in diastolic blood pressure. After adjustment for baseline WML volume only the
association between systolic blood pressure and WML progression remained statistically
significant (0.05 (95%-confidence interval: 0.00; 0.09) mL/year per SD increase in systolic
blood pressure, p < 0.05). Pulse pressure was also significantly associated with WML
progression (0.06 (95%-confidence interval: 0.00; 0.11) mL/year per SD increase in pulse
pressure, p < 0.05, although this value attenuated and lost statistical significance after
adjustment for the presence of hypertension (-0.02 (95%-confidence interval: -0.05; 0.09),
mL/year per SD increase in pulse pressure, p = 0.58) or adjustment for baseline WML volume
(95%-confidence interval: 0.04 (0.00;0.08) mL/year per SD increase in pulse pressure, p =
0.09). Addition of quadratic terms of systolic blood pressure, diastolic blood pressure or
pulse pressure to any of the models was not significant. After additional adjustments for the
presence of cardiovascular disease the effect estimates remained unchanged. Adjustment
for ApoE-€4 carriership did not change the effect estimates either. No interaction between
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ApoE-€4 and systolic blood pressure, diastolic blood pressure and pulse pressure was
observed (all p-values > 0.20). No differences were observed when body mass index was
replaced by the waist/hip ratio as covariate in the analyses.

Figure 2 displays the WML progression on top of the baseline WML volume for nomotensives
(N=255), controlled treated hypertensives (N=83), 3) uncontrolled treated hypertensives
(N=155), and 4) uncontrolled untreated hypertensives (N=172). We found that the largest
amount of WML progression was observed in the uncontrolled untreated hypertensives
group. When taking into account the baseline WML load, the WML progression in this group
was statistically significant higher than in the uncontrolled treated hypertensives group with
a difference (95%-confidence interval) of 0.12 (0.00; 0.23) mL/year, p < 0.05. Furthermore,
we observed that across people with persistent normal blood pressure, controlled treated
hypertension, uncontrolled treated hypertension and uncontrolled untreated hypertension
there was a trend of increasing annual WML progression, p=0.01.

DISCUSSION

In this longitudinal MRI study we found that high systolic blood pressure and high diastolic
blood pressure were associated with cerebral white matter lesion (WML) progression in
the general population. Furthermore, we found that only the assocation with systolic blood
pressure remained significant after taking into account the baseline WML load. Finally, we
found that WML progression was less in controlled treated hypertensives compared to
uncontrolled untreated hypertensives despite a higher baseline WML load.

Major strengths of this study are the measurement of blood pressure before longitudinal
MRI-scanning, the quantitatively assessed WML progression and the adjustment for
baseline WML volume. This enabled us to address temporality of the relationships, assess
WML volume more precisely and evaluate whether any longitudinal associations could be
explained by cross-sectional associations between blood pressure and WMLs. Previous
studies have addressed one or two of these issues, but none of them addressed all. Another
strength is that our population-based setting allows generalizability to a general community-
dwelling setting.

A possible limitation of this study is that although the response rate was high, selective drop
out could have occurred during the follow-up period. Nevertheless, we believe that if present,
this would have led to an underestimation of the results found. Another consideration is
that adjustment for baseline WML load is a form of overadjustment because the baseline
WML load may be part of the causal chain. However, since the baseline WML load could
also act as a confounder, the true effect estimate of the association between blood pressure
and WML progression probably lies between the adjusted and unadjusted effect estimates.
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Another consideration is that we investigated the 5 year mean blood pressure and not the
change in blood pressure over 5 years in relation to WML progresssion. However, blood
pressure is highly variable over time and shows considerable regression to the mean.?! In
our study, we therefore decided to use the average over 5 years instead of the change over 5
years. We also note that our study only had two measurements of WML volume, preventing
us to assess non-linear trends over time.

High blood pressure has consistently been associated with cross-sectionally measured
WML burden #** as well as with longitudinally measured WML progression.***> 1721 With
respect to differences in the associations for systolic blood pressure versus diastolic blood
pressure, studies have been inconsistent both for cross-sectionally measured WML burden
and longitudinally measured WML progression. Some studies found associations for one of
the two, others for both. We found both systolic blood pressure and diastolic blood pressure
to be related with WML progression, but only systolic blood pressure to be related with
WML progression after taking into acount the already present WML load. Yet, this does not
per se imply that systolic blood pressure is more important than diastolic blood pressure
in WML progression, because the distribution of systolic blood pressure is possibly more
favourable to find associations. We also investigated whether pulse-pressure would give
additional information beyond the presence of hypertension. Pulse pressure has been
associated with cross-sectional measured WML load in several studies.® 3233 However, we
found that the association of pulse pressure with WML progression attenuated and lost
statistical significance after taking into acount the presence of hypertension. Perhaps the
use of pulse wave velocity or other better indirect measures of arterial stiffness would be
more sensitive to pick up an association with WML progression in future studies.

We found that per standard deviation increase in systolic blood pressure blood pressure,
WML volume increased with 0.08 mL per year. For diastolic blood pressure this was 0.09 mL
per year. This corresponds to 23 % and 25% of the mean annual WML progression in our
population, respectively. Several studies found WML progression associated with cognitive
decline.!® 23343 This implies that high blood pressure could affect cognition via WMLs.

Our finding that people with uncontrolled treated hypertension have significantly less WML
progression than people with uncontrolled untreated hypertension implies that treatment
of hypertension is important in slowing down WML progression. These results are in line
with a recent observational study that found treatment of people with high systolic blood
pressure to be related to less WML progression.?! Recently also randomized controlled trials
have been investigating the effect of extra blood pressure lowering treatment compared to
standard treatment on WML progression in stroke patients.?*” One trial found a protective
effect of extra treatment, while the other did not find a difference. Yet, as particiants in
these trials were stroke patients, the question remains whether the WMLs in these patients
are etiologically similar to the WML disease in the general population.
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In conclusion, in this longitudinal MRI study we found that high blood pressure-precedes
WML progression. Furthermore, we found that hypertension treatment is associated with
less WML progression. Our study therefore further establishes high blood pressure as a
strong risk factor for WMLs and implies that treatment of hypertension could lead to less
white matter lesion progression in the general population. Further studies are needed to
assess whether preventing WML development is also relevant to prevent cognitive decline

and clinical disease.
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Chapter 5

In this thesis | investigated determinants of subclinical brain disease in the middle-aged and
elderly general population, thereby focusing on three main domains: 1) developments of
novel methodology to study the etiology of subclinical brain disease, 2) genetic determinants
of subclinical brain disease, and 3) modifiable determinants of subclinical brain disease. In
general there was a focus on subclinical vascular brain disease. In this chapter | will review
my main findings, address methodological considerations and discuss possible implications
and future directions.

MAIN FINDINGS

Novel methodology to assess subclinical brain disease

The development of novel techniques to detect and quantify brain pathology in vivo
is essential for brain research and for research on subclinical brain disease in particular.
Because the earliest brain pathology is often subtle, sensitive methods are needed to pick
up small abnormalities. For imaging, this means that computer-aided image processing is
required to pick up abnormalities that are not visible to the human eye. In addition, because
large sample sizes are needed to gain enough statistical power, computer technology is
needed to handle large volumes of data in a consistent and efficient manner.

It has been hypothesized that causes and consequences of white matter lesions may differ
depending on the region in which they occur.** However, local white matter lesion volume
has mostly been quantified with methods that rely on the distinction between lesions in a
periventricular region close to the ventricles and a subcortical zone further away. Yet, it has
been suggested that such a distinction may be arbitrary.> We therefore developed a method
to segment and measure white matter lesion volume in 43 regions defined by orientation
and distance to the ventricles. The potential of the method was demonstrated by analyzing
the effect of blood pressure on the regional white matter lesion volume in 490 elderly
people taken from the Rotterdam Study. The main finding was that high blood pressure was
primarily associated with lesion load in the vascular watershed area that forms the border
between the periventricular and subcortical regions. This supports the current concept
that white matter lesions are the result of ischemic injury. Furthermore, it shows that a
method that only distinguishes periventricular lesions and subcortical lesions is too crude
to investigate whether lesions in different areas have different causes and consequences.

It is unknown whether white matter lesions develop abruptly in previously normal brain
areas, or whether tissue changes are already present before white matter lesions become
apparent on an MRI. Knowledge about this is important to identify in which persons and at
what moment preventive measures should be installed. Previously it was not possible to
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study this, but recent advances in imaging enable the detection of these subtle changes.
In a sample of 689 people from the Rotterdam Study we performed two MRI scans 3.5
years apart and studied whether new white matter lesions on the second MRI scan were
preceded by subtle abnormalities in the same region on the first MRI scan. To detect
these subtle changes we used diffusion tensor imaging measures and the FLAIR-intensity
value. We performed regional matching and a voxel-based approach to take into account
the lesion location of measurements in the white matter. We found that subtle changes
in the white matter are indeed present before white matter lesions develop and that this
holds true for both newly occurring lesions as well as growing lesions. Our results are in line
with findings from a cross-sectional study that found subtle white matter abnormalities in
the area surrounding white matter lesions.® These results show that white matter lesions
are only the tip of the iceberg in white matter pathology, and suggest that white matter
lesion development may be predicted years before it becomes apparent with conventional
imaging techniques.

Genetic determinants of subclinical brain disease

Genetic determinants of subclinical brain disease can point to pathophysiological pathways
that can be modified in order to prevent disease. Yet, the genetics of subclinical brain disease
are a virtually unexplored area. For my thesis, | focused on four projects in this regard.

Although white matter lesions have been shown to be highly heritable, a genetic locus for
white matter lesions in the general population was identified only recently.” Replication
of such a finding in an independent sample contributes to its credibility. We therefore
investigated whether this locus was associated with white matter lesions in an independent
sample of 1,677 people from the Rotterdam Study. We found that this locus was indeed
associated with white matter lesions. Thereby we further established the role of this locus
in white matter lesions. Furthermore, this finding contributes to the generalizability of the
results, since our study population was relatively young compared with the populations of
the discovery study (mean age 56 years versus mean age older than 65 years). In addition,
we found that this genetic locus was associated with white matter lesions, independent of
cardiovascular risk factors such as high blood pressure. Interestingly, the Chr17g25 locus
has now also been replicated in Japanese people® and the locus has been found to also be
associated with white matter lesion volume in ischemic stroke patients.’

Following the first discovery of this new locus for white matter lesions, we are leading an
international effort to identify additional genetic loci. We therefore increased the sample
size of the original discovery sample by collaborating with studies from France, Germany,
Great Britain, Iceland, Singapore, and the United States, and imputed our data to the 1000
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Genomes reference panel to gain more statistical power.® In total, we reached a sample
size of 21,079 and included people from European descent, Afro-Americans, Hispanics,
and Asians. This resulted in the discovery of four novel loci and several suggestive loci that
almost reached statistical significance. This project is still ongoing but shows great promise
in revealing new pathways for white matter lesion development.

In another project we set out to investigate the influence of previously identified genetic
loci on cognition. In recent years, genome-wide association studies had identified several
new genes for Alzheimer’s disease in addition to the already known ApoE gene.’* To
study whether these genes already have early effects, we investigated whether these
novel genes jointly affected cognitive function in 5,171 non-demented people (age 45-99
year). To capture the joint effect of these genes, we constructed genetic risk scores based
on the number and type of risk alleles a person carries. We found that the novel genes
only had a very subtle effect on memory. Furthermore, these genes jointly did not improve
the prediction of Alzheimer’s disease beyond ApoE. Probably these genes have very subtle
effects and are overshadowed by other factors. Recently a study found that prediction
may improve if interactions in the statistical model are taken into account (doi:10.1016/j.
biopsych.2013.07.008). Prediction is also expected to improve by adding more genes to the
model, which may derive from new meta-analyses of genome-wide association studies.

Genetic loci that have been identified for a specific trait can also be used to study the relation
between this trait and a more downstream trait. We applied this concept in a study of the
relation of blood pressure to the retinal and cerebral circulation. Retinal arteriolar diameters
served as a measure of the condition of the retinal circulation and the total cerebral blood
flow as a measure of the condition of the cerebral circulation. We found that genetic loci
for blood pressure were associated with the arteriolar diameters in the retina, but not with
cerebral blood flow. We replicated this finding in an independent cohort.!® This suggests
that the relation between blood pressure and the retinal circulation has a genetic basis.
The absence of an association of the blood pressure loci and cerebral blood flow may be
due to the fact that the cerebral blood flow is more influenced by other factors than blood
pressure, e.g., oxygen pressure or metabolic demand.

Modifiable determinants of subclinical brain disease
To prevent or slow down subclinical brain disease, determinants need to be identified that
can be modified. In this part of my thesis, | sought to identify and investigate the role of
possible modifiable factors that influence aging of the brain.
First, we investigated whether the incidence of dementia has decreased over the last
decades. Assuming that the genetic make-up of the study population has remained
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relatively constant over the years, this throws light upon the influence of environmental
factors on the condition of the brain. To investigate this, we compared the incidence of
dementia in a cohort started in 1990 with the dementia incidence in a cohort that started in
2000. Interestingly, we found that the incidence of dementia had decreased over the past
decades. Furthermore, we found that this decrease was accompanied by a decrease in brain
pathology on MRI. This suggests that people’s brains have been exposed to less vulnerable
environmental exposures. This finding is in line with a recent report that nonagenarians now
perform cognitively better than ten years ago in Denmark (http://dx.doi.org/10.1016/5S0140-
6736(13)60777-1) and with the results from a study in Sweden that also found evidence for
a decrease in the incidence of dementia.'” However, because the aging of the population
still puts many people at risk, the coming dementia epidemic will remain substantial. Yet,
these finding are encouraging and imply that there may be more to win by modifying the
exposure to deleterious factors.

Because a substantial part of the subclinical brain disease is related to vascular disease,
much may be gained with modifying the exposure to vascular risk factors. Although many
vascular risk factors have been identified, the identification of novel vascular risk factors
may further improve disease prevention. Uric acid has recently been reappraised as an
independent cardiovascular factor and levels of uric acid are modifiable. However, how
levels of uric acid relate to brain atrophy and cognition was not known. In a population-
based sample of 814 people without stroke or dementia we studied this and found that high
uric acid levels were associated with white matter atrophy and worse cognitive function,
which was independent of potential confounders. In addition, we found that the association
was mainly driven by people with hyperuricemia and not by people with normal uric acid
levels. Our study therefore implies that prevention or treatment of hyperuricemia may be
beneficial in the prevention of subclinical brain disease.

Besides the identification of novel vascular risk factors, benefits may be gained from the
critical appraisal of the role of established cardiovascular risk factors. High blood pressure is
considered to be one of the mostimportant risk factors for white matter lesions. Yet, essential
information is missing with regard to causal inference. Previous studies have largely been
unable to unequivocally demonstrate that novel white matter lesions are indeed preceded
by high blood pressure because of the applied study designs. We therefore performed a
population-based longitudinal MRI study in which we measured blood pressure in a five-
year period before the measurement window for novel white matter lesions. In addition,
we studied the role of anti-hypertensive medication on white matter lesion progression. We
found that blood pressure indeed precedes the development of white matter lesions and
that this was independent of potential confounders and the pre-existing white matter lesion
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load. Furthermore we found that treatment of hypertension was related to less progression.
Our study therefore adds to the evidence suggesting that antihypertensive treatment may
be beneficial in the prevention of white matter lesions.

METHODOLOGICAL CONSIDERATIONS

In this section, | discuss several methodological considerations related to the study
methods applied in this thesis. These considerations are inherent to study design or applied
technologies, and are therefore grouped accordingly.

Study design

All studies described in this thesis are wholly or for a large part based on data from the
Rotterdam Study, and more in particularly, the Rotterdam Scan Study. The Rotterdam Study
is a population-based prospective cohort study that is designed to investigate the causes
of diseases in the middle-aged and elderly.’® It consists of three cohorts: Rotterdam Study |
(baseline in 1990, age > 55 years), Rotterdam Study Il (baseline in 2000, age > 55 years) and
Rotterdam Study Il (baseline in 2008, age > 45 years). In total, 14,926 people are followed-
up and receive extensive examination rounds every three to four years. The Rotterdam
Scan Study is nested in this study and includes all the people within the Rotterdam Study
that received a brain MRI (at present > 5,000 people).? Although response rates were high
and attrition rates low, it may be that the population is slightly healthier than the general
population. We however believe that any potential selection effect was small and that,
if present, has led to an underestimation of the associations found. The database of the
Rotterdam Study is linked to the records of the general practitioners. Therefore, information
on clinical disease that was not reported by the participants (e.g., stroke, dementia) was
also registered.

Putative confounders were assessed at each visit to be able to deal with confounding.
Although this assessment was comprehensive, it may be possible that some residual
confounding persisted.

For the meta-analysis of genome-wide associations on white matter lesions we sought
to include only population-based samples. A major advantage of this approach is the
generalizability to the general population. However, population-based samples may show a
lower variability of white matter lesions than clinical samples and therefore may have lower
statistical power. Furthermore, clinical samples may also capture people that tend to avoid
participating in intensive investigation rounds of population-based studies.
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Imaging

Because imaging is highly suited to measure subclinical brain disease non-invasively in vivo,
the work in my thesis relies heavily on imaging methods and imaging processing methods.
Developments in imaging hardware and software are fast, which renders today’s methods
easily outdated. For example, in the Rotterdam Scan Study, we used a 1.5 T MRI for the
measurements of white matter lesions, white matter structural integrity, brain atrophy and
infarcts. At present, MRI scanners with higher field strength are available that are probably
more sensitive to pick up pathology due to higher signal-to-noise ratio and/or higher spatial
resolution. However, in our study design, there is a trade-off between having the newest
scan techniques and the usefulness of the scans for research questions. When serial MRI
scans are performed over years as in the Rotterdam Scan Study, it is highly desirable to make
these measurements on the same scanner to ensure consistency in measurement accuracy.
This limits biases in the measurements of, for example, brain atrophy. Another imaging-
related issue is how to reliably assess brain tissue volumes — and in particular changes in
volume - on MRI. Traditionally, visual rating scales were used for white matter lesion volume
or brain atrophy. This is not only very time-consuming, but also has a considerable interrater
and intrarater variability. Besides, it only resulted in a score and not in the exact volume of
pathology and is also therefore less sensitive to subtle changes. In recent years, automated
methods were developed that can avoid these problems by segmenting brain tissue and
quantifying volume in a precise and consistent manner. In the Rotterdam Study we used a
validated automated method where possible and performed visual inspection to remove
possible errors.

Another issue is the comparability of imaging studies. Studies now use different scanners,
with different scanner settings and different pathology measurement methods. Therefore it
may be more difficult to replicate findings in an independent sample. In addition, statistical
power to find associations with meta-analyses will be reduced. As multi-center studies and
consortium studies are emerging in the field, this is becoming increasingly important. On
the other hand, if an association is present in multiple studies, despite the heterogeneity, it
is more likely that this finding is related to the pathology that was intended to measure than
that it is related to a scanning or measurement artifact.

Cognition

The condition of the brain can also be derived from its functioning, for example cognitive
performance. Within the Rotterdam Study we use a standardized test battery to measure
cognition that includes tests to capture memory function, executive function and
information processing speed. To gain more robust measures of cognition we constructed
compound scores from these separate tests. Like all other measurements, these cognitive
tests were performed without knowledge of the variables of interest to prevent information
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bias. A potential limitation of the used tests is that they may not be able to detect subtle
abnormalities. An issue that may have caused noise is the possibility of a learning effect
when people have had the same cognitive tests before. Another limitation is that compound
scores from different cognitive domains may share the same tests. Recently, a method
has been introduced to better capture cognitive tests in a summary measure, called the
G-factor.?® In addition, the G-factor may be more robust than previously used summary
measures.

Because the focus of my thesis was to study subclinical disease, it was important to exclude
people with dementia. Therefore if people scored low on specific cognitive tests, they
were screened for dementia by a research physician in a more extensive questionnaire.
Furthermore, because of linkage with the general practitioner’s records, additional dementia
cases were picked up. Possible dementia cases were finally evaluated in a panel containing
an experienced neurologist to decide whether a person had dementia. Yet, it may be possible
that people with dementia may have been included in the samples to study subclinical brain
disease, which may have led to an overestimation of the found associations.

Genetics

For this thesis, | used genome-wide genetic data to discover, to confirm and to investigate
the potential effects of genetic loci on subclinical brain disease. For the discovery of genetic
lociin genome-wide association studies very large sample sizes are needed because millions
of tests are performed simultaneously, which makes the chance of false-positive results
high. In addition, sample sizes need to be large because genetic loci tend to have subtle
effects. Studies need to collaborate with each other and pool or meta-analyze their results
to reach the desired large sample sizes. Although there is a substantial statistical power loss
because studies generally differ considerably in the assessment of exposure and outcome,
this can be overcome by increasing sample size. It is also important which reference panel
is used to impute non-genotyped DNA-variants. This will also determine your power and
your ability to find rare variants. Traditionally HapMap was used which was well suited
for identifying variants with a minor allele frequency of 5 % and higher,* while now 1000
Genomes is increasingly being used and is well suited to identify variants with a minor allele
frequency of higher than 1 %.° The Dutch population now has its own reference panel since
very recently: GoNL, which can be considered as the 1000 Genomes of the Netherlands.?
This will improve imputations in Dutch studies and thus lead to more sensitivity to detect
rare variants. Furthermore, it will also enable the study of population-specific variants.
Apart from the methods to assess the genotypes, it should be noted that the DNA variants
that are identified in genome-wide association studies are not per se the causative variants
of a trait. Because not all variants are captured in traditional genome-wide association, it is
likely that the identified variant is only in close relation with the causal variant. This causal
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variant can lie close to the identified variant, but could also be further away. Genome or
exome sequencing and functional studies may help in further pinpointing of the causal
variants.

When a genetic variant is found, traditionally replication should be sought. This already
stems from the era before genome-wide association studies, in which potential genetic loci
were often identified, but replication was unsuccessful. Also in this thesis, we replicated the
genetic locus that was identified in the first genome-wide association study on white matter
lesions. Such a replication further establishes the found association, especially if this is in a
population is of different ethnicity.

As most effects of common variants on diseases are small, approaches that combine effects
of genetic loci into genetic risk scores or genetic burden scores can increase statistical power
to assess associations. Genetic risk scores and genetic burden scores are in essence the same,
except that the risk score refers to a dichotomous trait and the burden score to continuous
trait. These genetic scores may help in the prediction of disease or pathology, but also in
etiologic / pathophysiologic research, because one can study how the genetic variants of one
trait influence another trait. While it is also possible to study every single variant separately,
genetic risks score can avoid the problem of multiple-testing and its related false-positive
results. Furthermore, the genetic variants together can have synergistic effects, which will
be missed when every genetic variant is studied separately. A disadvantage of a genetic
score is that an effect of one genetic variant can be missed, because it is attenuated by the
other variants in the score.

CLINICAL IMPLICATIONS

The focus of this thesis was to identify and investigate the role determinants of subclinical
age-related brain disease in order to find pathophysiological pathways that can be targeted
for the early prevention or early treatment of clinical diseases such as dementia and stroke.
Further research is needed to further explore the clinical usefulness of these determinants.
Eventually, intervention studies are needed to test whether removal or reduction of the
exposure to these determinants leads to a better clinical outcome. Nevertheless, there are
important conclusions to be drawn from the research of this manuscript.

First, we have demonstrated the potential of imaging and image processing methods to
better quantify subclinical brain disease. This may lead to a more complete assessment of
the condition of the brain on MRI. These methods may aid radiologists and neurologists
in better quantifying the extent of a patient’s subclinical brain disease and may make
descriptions in words superfluous. This may improve the identification of people at risk and
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the people who may benefit from a specific treatment.

Second, we have confirmed, identified, and investigated the effect of novel genetic
variants on subclinical brain disease. This knowledge provides insights in etiological/
pathophysiological pathways of neurological disease that may be targeted for prevention
and may help in identifying people at risk.

Third, we showed that the trend is that the risk of dementia has slightly decreased over the
last decades. Nevertheless, due to the aging of populations, the number of people that will
be affected by dementia will still be huge, necessitating relevant markers to intervene upon.
The fact that the decrease in dementia incidence was accompanied by less vascular brain
damage and more treatment of cardiovascular risk factors suggests this may be caused by
better control of vascular disease, and thus points towards vascular factors as potentially
modifiable factors. Our studies on blood pressure and uric acid support this. The knowledge
gained from the study of vascular risk factors for subclinical brain disease in this thesis may
further help in this regard, and makes a strong case for further research on potentially
modifiable factors.

SUGGESTIONS FOR FUTURE RESEARCH

Future research needs to be directed at further exploration of determinants of subclinical
brain disease, the development of novel methods to quantify subclinical brain disease, and
the further assessment of clinical implications. Imaging, cognition and genetics provide
important tools in this regard, and therefore suggestions for future research are discussed
for each of them.

Imaging

Although subclinical brain disease has been studied for decades, we have only recently
found out that what is visible to the human eye on an MRI scan is only the tip of the iceberg
of the true pathology. Advances in imaging are excellently suited to further explore this,
as they can be applied non-invasively and at low cost. We for example showed that with
improvements in image processing (measuring lesion location) and imaging technique
(diffusion tensor imaging) much can be gained. Further developments are to be expected
in both fields. Instead of investigating lesions as a whole, voxel-based approaches can be
used, and instead of investigating global microstructure, tract-specific microstructure can be
studied. Allthese developments have implications on how we approach health versus disease
in studies and trials. This will be more a continuum instead of dichotomous condition of
presence and absence. These measures will therefore become increasingly more important
in the inclusion/exclusion of subjects for trials and the monitoring of therapy. Furthermore,
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they may help in the early identification of people at risk and the prognosis assessment in
people that already have dementia or stroke. Challenges will be faced in the harmonization
of protocols and processing algorithms across studies.

Cognition

Like brain imaging, cognitive research may also greatly benefit from advances in digital
technology. Traditionally, cognitive tests have been performed by interview and questionnaire
with pen and paper, but this strongly limits the amount of data that can be extracted from
the results. If for example the drawing of a clock could be performed on a touch screen
then not only the end result can be registered, but also the drawing speed, the fluency,
the symmetry, and the extent of tremor and dysmetry. Furthermore, this not only provides
information on cognition, but also on motor skills. The cognitive component of a test can
therefore be better distinguished from the motor component. Furthermore, because the
performance can be analyzed on a continuous scale, more statistical power is to be expected
with such measurements and therefore subtle abnormalities could be detected earlier. This
may help in the early detection of dementia or stroke. In addition, such a precise marker
may well be used at the clinical department to assess and monitor a patient’s cognitive
function during admission or when treated.

Genetics

Thanks to genome-wide association data we have confirmed and identified several genetic
loci for subclinical brain disease. Yet, for pinpointing the exact causal polymorphisms further
studies are needed. Sequencing and experimental studies may be helpful in this. In addition,
the effect of the identified variants on clinical disease can be studied and can be used in
models to predict for example dementia or stroke. To also identify very rare variants (minor
allele frequency < 1%), sample sizes in the studies should be increased. Another strategy
to improve the ability of finding variants is to perform genome-wide association studies
in studies with a trio-design, i.e., including the parents of an individual. This way de-novo
mutations can also be found. Besides, much can be gained from research that focuses on
gene-gene interactions and gene-environment interactions. Trials in future may increasingly
take into account genetic profiles. This may for example lead to preventive strategies for
stroke and dementia that are adjusted to the genetic profile of a person.

To gain more insight into the etiology and pathophysiology of disease, parallels need to be
drawn between findings for one trait and findings for another trait. They can reveal common
pathways and intermediate pathways of diseases. The use of genetic risk scores and genetic
burden scores can help in this, as we have shown in this thesis. On the other hand, multiple
related traits can be combined into one compound trait. This could increase the likelihood of
finding new loci if a common etiologic pathway is suspected. Alternatively, a meta-analysis
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could be performed of meta-analyses of different traits. Furthermore, parallels need to be
drawn between disease in the young and disease in the old. The development of the brain
at young age, already starting at conception, is crucial for later brain function, and minor
abnormalities at a young age may later aggravate and lead to dementia in old age. To the
extreme, it even might be possible that the genetics of the mother are already important
for brain development of the child. A certain genetic make-up which makes the mother
susceptible to high glucose levels may for example influence brain development. Therefore,
it would also be of interest to perform genome-wide associations on the maternal genome
for a trait in the child, which could be done in trio-designs.

At present most genetic studies are performed in people from European descent. This limits
the generalizability of findings to the majority of the world’s population. Fortunately, studies
are increasingly including more and more people from non-European ethnicities.

CONCLUDING REMARKS

In this chapter | sought to put the main findings of my thesis into perspective and to discuss
methodological considerations, clinical implications and suggestions for future research. |
felt happy to work on this project and to combine two rapidly developing and promising
fields of science: genetics and imaging. | think that the best can be found where different
fields of science combine their powers holds true for every topic in science.
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DANKWOORD
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van communiceren en goede, altijd to-the-point-commentaar maakten het fijn om met jou te
werken. Daarnaast ben je inspirerend geweest voor mijn keuze om radioloog te worden.

Eveneens wil ik mijn co-promoteren dr. [kram en dr. Vernooij bedanken. lk denk dat ik geen
betere co-promoteren had kunnen hebben. Jullie positieve mindset, slimheid, rapheid en
toegankelijkheid zijn van enorme waarde geweest. Beste Arfan, ik vond het altijd fijn en
gezellig met jou te werken. Ik vond de gezamenlijke congresbezoeken erg leuk. Beste Meike,
niet alleen ben je een geweldige co-promoter, ik heb gezien dat je ook een goede people-
manager bent.

Prof.dr. Breteler, beste Monique, jij hebt mij de gelegenheid gegeven om onderzoek te doen
binnen de Rotterdam Study, eerst als masterstudent en later als promovendus. Van begin af
aan voelde ik dat het goed zat. Jouw benadering van wetenschap en kunde van presenteren in
woord en geschrift zijn inspirerend voor mij geweest en denk ik ook voor vele anderen. Ik wil
jou daarvoor bedanken.

Prof.dr. Van Duijn en prof.dr. Biessels wil ik graag bedanken voor zitting te nemen in de
leescommissie en de bereidheid te opponeren tijdens de openbare verdediging van mijn
proefschrift. Prof.dr. Van Duijn wil ik ook bedanken voor haar wetenschappelijke feedback op
mijn papers met betrekking tot de genetica. | would like to thank Dr. Michael O’Sullivan for
serving on my thesis committee and for travelling to the Netherlands for my public defense.
Daarnaast wil ik prof.dr. De Leeuw, prof.dr. Niessen en prof.dr. Sijbrands bedanken voor zitting
te nemen in mijn promotiecomissie. Prof.dr. Niessen wil ik ook bedanken voor zijn expertise en
feedback op het gebied van imaging.

Mijn dank gaat uit naar prof.dr. Krestin voor het geven van de gelegenheid om radiologisch
onderzoek te doen en voor de mogelijkheid om mijn opleiding tot radioloog te volgen in het
Erasmus MC. Dr. Van Lankeren dank ik voor het geven van de ruimte en tijd voor de laatste
loodjes van mijn promotie tijdens mijn opleiding Radiologie.

Alle co-auteurs van de verschillende hoofdstukken wil ik bedanken voor hun bijdragen. Een
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aantal mensen wil ik in het bijzonder bedanken. Dr. Myriam Fornage, | would like to thank
you for supervising the work on the manuscript about the genome-wide association study
on white matter lesions. Your expertise and feedback were of great value. | also would like to
thank the other NeuroCHARGE members for their kind collaboration: Prof.Dr. Seshadri, Prof.
Dr. Longstreth, Dr. Bis, ms. and mr. Prof.Dr. Schmidt and Prof.Dr. Launer. Bedankt Marius de
Groot voor de fijne samenwerking met betrekking tot het “deltawml-paper”. Wat geweldig dat
we hier ook nog een prijs voor hebben gekregen! Renske de Boer, bedankt voor je geweldige
wittestoflesie-segmentatiemethode! Hieab Adams, we hebben veel samengewerkt zowel
met scanklusjes als met analyses. Ik vond het altijd erg gezellig. Ik denk dat je het ver gaat
schoppen. Daniel Bos, inmiddels dr. Bos, ik heb de samenwerking met jou erg gewaardeerd.
Marielle Poels, ook inmiddels dr. Poels, mijn RSS-partner van het eerste uur, jij ook bedankt
voor de fijne samenwerking. Dr. Abbas Dehghan, wil ik graag bedanken voor het mij wegwijs
maken in de wereld van de GWAS.

Mijn speciale dank gaat uit naar alle duizenden deelnemers van de Rotterdam Study (ERGO).
Dankzij jullie kunnen wij heel mooi onderzoek doen en publiceren in vooraanstaande
wetenschappelijke tijdschriften. Ik wil graag ook alle medewerkers bedanken van het ERGO-
onderzoekscentrum. Ik vond het fijn om met jullie te werken. In het bijzonder wil ik dr. Jan
Heeringa bedanken voor de coordinatie van het ERGO-onderzoek en Lydia, Pauli, Marja,
Karin en Charlotte voor hun werk met betrekking tot het MRI-onderzoek. Ook de dames
van het secretariaat Hetty, Jacqueline, Erica, Gabriélle, Esther en Marion wil ik bedanken
voor hun vriendelijkheid en organisatie. Ik ben de dame en heren van de automatisering en
datamanagement Jolande, Nano, René, Frank, René en Eric dankbaar voor het altijd klaar
staan om te helpen bij een computerprobleem, dataprobleem of het opvragen van gegevens.

Mijn collega onderzoekers van de neuro-epidemiologie Ana, Daniel, Dymph, Elisabeth,
Elizabeth, Evert, Hazel, Hieab, Joyce, Jorge, Jory, Keren, Lotte, Mariélle, Marileen, Michiel,
Renée, Rens, Renske, Saloua, Saira, Tom, en Vincent K. en Vincent V. dank ik voor de goede
werksfeer en gezelligheid. Hazel en Saloua, mijn kamergenootjes in de nieuwbouw, jullie humor
is van grote klasse. |k zou graag nog eens met jullie willen grunten door de telefoon. Eline,
Hieab en Vincent V., wat hadden we samen toch interessante komische gesprekken in kamer
21-81, vaak resulterend in de bekende bulderende lach van Vincent V. en de hoogpiekende
giegelende lach van Eline. Dankzij het hoge aantal decibels kon ik toen ik verhuisde naar een
paar deuren verderop er gelukkig nog altijd van meegenieten. Later toen Eline gepromoveerd
was kreeg ze een waardige vervanger in de persoon van Renée, die niet alleen net zo lief
was, maar ook hetzelfde aantal decibels haalde met haar lach. In mijn nieuwe kamer zaten
Mariélle, Jory, soms Tom, en later Hieab en Elizabeth, waar ook de nodige grapjes werden
gemaakt en natuurlijk ook gewerkt werd.

171



Chapter 7

Ook de beeldverwerkers met wie ik veel heb samengewerkt wil ik bedanken: Dirk, Esther,
Eugene, Fedde, Hakim, Henri, Marcel, Marius, Marleen, Renske, Stefan en Wiro. Ik heb veel
van jullie geleerd.
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Tessa, Teun, Toke, Vera, Virginie, en Wishal.

Lieve familie, jullie zijn van onschatbare waarde. Lieve papa en mama, mijn dank is niet in
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je zo een fijne broer bent. Lieve opa en oma’s, bedankt voor jullie warmte en gezelligheid.
Lieve vrienden, dear friends, bedankt voor jullie afleiding, ondersteuning en gezelligheid.
Beste David, Hazem, Ibrahim, Sander, Vincent K. en Wing, jullie in het bijzonder bedankt.
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