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Cerebrovascular disease is a leading cause of disability and mortality in the elderly. 
The term describes a highly heterogeneous group of disorders manifesting as pa-
renchymal brain damage due to cerebral vascular pathology. Based on the size of 
the vessel affected one distinguishes cerebral large- and small vessel disease, i.e. 
atherosclerosis and arteriolosclerosis.

Histopathological studies show marked differences at the tissue level between 
these two processes. Atherosclerotic lesions are characterized by the presence of 
lipid laden macrophages, so called foam cells in the subendothelial areas in the early 
fatty streaks. Over years these lesions progress by accumulating smooth muscle 
cells and extracellular matrix proteins into advanced atherosclerotic plaques featur-
ing extensive fibrosis, necrotic and calcified tissue with cholesterol crystals (1). Both 
epidemiological and experimental studies underscore the central role lipids play 
in the development of atherosclerosis (1). The main histopathological features of 
arteriolosclerotic lesions is a thickening of the vessel wall due to vascular smooth 
muscle cell hyperplasia and fibrohyalinosis (2,3). Major and widely accepted risk 
factors for small vessel disease are age and hypertension (4). The development of 
arteriolosclerosis seems to be independent of lipids and lipoproteins.

From the genetic perspective both athero- and arteriolosclerosis are concep-
tualized as complex traits. The risk of an individual to develop these pathologies 
depends on an interaction between exposure to environmental factors and inher-
ited susceptibility. Efforts are undertaken to identify the genetic factors as their 
knowledge delivers information about etiology and pathomechanisms of these 
disorders and may facilitate the development of preventive and therapeutic strate-
gies on an individual basis. The clinical presentation of both atherosclerosis as well 
as arteriolosclerosis is heterogeneous and ranges from strokes with abrupt onset 
and clear-cut focal neurological deficits to slowly progressive signs and symptoms 
including cognitive impairment, gait disturbances and falls, incontinence and 
mood changes. Large and small vessel disease can also be clinically silent (5). The 
non-uniform phenotypes resulting from common vessel pathology clearly hampers 
genetic research of these traits. 

The heterogeneity can partly be reduced by the introduction of strict diagnostic 
criteria as well as by the use of intermediate, subclinical phenotypes as surrogate 
markers. A frequently used subclinical paradigm of cerebral large vessel disease 
(cLVD) is carotid intima media thickness (IMT) or the presence of atherosclerotic 
plaques as assessed by carotid Doppler sonography (6), while severe subcortical 
white matter hyperintensities and lacunar infarcts detected by magnet resonance 
imaging (MRI) are used as subclinical manifestations for cerebral small vessel dis-
ease (cSVD) (7). The development of uniform definitions and terminology for both 
cerebral large and small disease and its clinical sequelae is very much needed. Such 
“common language” creates a first step in reducing the inconsistency of current 
genetic association studies in cerebrovascular disease. The heritability estimates 
of carotid atherosclerosis vary from 20 to 40% (6). The heritabilty of cSVD is 
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significantly higher, in the range of 55 to 73% (8-10).
 Compared to the large body of literature available on carotid atherosclero-

sis, less is known about cSVD. This is partly due to the fact that detection of this 
phenotype is based on MRI which is a less easily accessable and more cost intensive 
examination than sonography. Only a small number of the large population-based 
studies incorporated brain MRI in their protocol. The prevalence of cSVD based 
on these studies is estimated to be 10-20% in the elderly population (11). It has been 
suggested that these lesions, in the past referred as leukoaraioses, progress gradually 
over time and ultimately may result in subcortical arteriosclerotic encephalopathy 
with concomitant cognitive decline (12). The rate and the determinants of cSVD 
progression as well as the clinical consequences of cSVD remain a major focus of 
research interest for those working on this field.

The aim of this thesis was to contribute to a better understanding of the de-
velopment of cSVD by studying the evolution of these lesions over time and by 
identifying genetic factors determining the risk for cSVD. Large and small vessel 
disease are clearly unique entities, nonetheless they are frequently associated with 
each other, suggesting that they share some common pathways in their develop-
ment. One approach that may help to increase our understanding of cerebrovascular 
disease in general is to search for genetic factors which concur in athero- and arte-
riolosclerosis but also to identify genetic factors which are unique for one of these 
two vessel pathologies. We took such an approach  in the setting of the Austrian 
Stroke Prevention Study (ASPS), a single center, prospective cohort study on the 
cerebral effects of vascular risk factors in the normal elderly population of the city 
of Graz, Austria.

In Chapter 2 we describe rate and determinants of WMH progression over a 
period of 3-year (Chapter 2.1) and 6-year (Chapter 2.2) follow up. 

In Chapter 3 we focus on the genetic determinants of cSVD. In chapter 3.1 we 
give an overview about the genetics of cSVD based on data available on the topic 
in year 2000 and suggest a model to select candidate genes for cSVD. Next we 
present the results of association studies investigating the role of candidate genes in 
cSVD. First we describe the association between cSVD and the apolipoprotein E 
isoforms 2, 3 and 4 (Chapter 3.2), as well as between cSVD and the paraoxonase 1 
polymorphisms at position 54 and 191 (Chapter 3.3). In a separate chapter, Chapter 
3.4 we pool a series of three manuscripts evaluating the role of angiotensinogen 
(AGT) gene promoter haplotypes in cSVD. In the first manuscript we describe 
the presence of five novel haplotypes at the AGT promoter and report a positive 
association between the B-haplotype and cSVD (Chapter 3.4.1). In the second 
manuscript we review the possible role of AGT in cSVD based on the literature 
and present our own first functional data (Chapter 3.4.2). In the third manuscript 
we investigate the effect of the B-haplotype on the transcriptional activity of the 
AGT gene and study the evolutionary relatedness of the different AGT haplotypes 
(Chapter 3.4.3).
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In Chapter 4 we present three studies on the genetics of carotid atherosclerosis. In 
Chapter 4.1. and Chapter 4.2 we investigate if carotid atherosclerosis is associated 
with polymorhisms in the paraoxonase and the AGT gene, which we identified 
as risk factors for cSVD (Chapter 3). In Chapter 4.3 we describe the association 
between beta-fibrinogen promoter polymorphism and carotid atherosclerosis, a 
polymorphism which was not associated with cSVD in our cohort. 

Finally, in Chapter 5 we discuss our main findings and summarise their possible 
implications for future research.
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Progression of cerebral white matter lesions: 

6-year results of 

the Austrian Stroke Prevention Study
Reinhold Schmidt, Christian Enzinger, Stefan Ropele, 

Helena Schmidt, Franz Fazekas

More than half of all elderly people have some degree of cerebral white 
matter lesions. However, the rate of progression of these lesions is uncer-
tain. We aimed toassess the progression of lesions in community-dwelling 
volunteers aged 50–75 years without neuropsychiatric disease. We used 
MRI to grade and measure the total volume of white matter lesions in 296 
volunteers at baseline, 3 years, and 6 years. 58 participants with no lesions 
and 123 with punctate abnormalities at baseline had a low tendency for 
lesion progression, whereas 14 participants with early confluent and nine 
with confluent lesions underwent median increases of 2·7 cm3 (IQR 0·5–
5·9) and 9·3 cm3 (7·1–21· 0), respectively, in lesion volume at 6 years. Lesion 
grade at baseline was the only significant predictor of lesion progression 
(p<0· 0001). Punctate white matter lesions are not progressive and are thus 
benign, whereas early confluent and confluent white matter abnormalities 
are progressive, and thus malignant. 
Lancet 2003; 361: 2046–48

Some degree of cerebral white matter change is almost endemic in elderly people. 
Lesions progress,1–3 but inwhich individuals is unclear. At the extreme end of 
the spectrum, full-blown dementia corresponds with diffuse demyelination and 
arteriolosclerosis.4 We aimed to assess the volume change of white matter lesions 
during 6 years in a community-dwelling cohort. 
 We randomly selected 2007 individuals aged 50–75 years without neuropsy-
chiatric disease from our community register. 509 study participants underwent 
brain MRI at baseline. Follow-up examinations were done at 3 years and at 6 
years. Sampling procedure and clinical assessment have been described.2 296 
volunteers underwent baseline MRI and at least one follow-up examination. 271 
people had a 3-year and 204 a 6-year follow-up assessment. 191 participants had 
all three MRI examinations. At baseline and at each follow-up 1·5 T-scanners 
from the same manufacturer (Philips Medical Systems; Eindhoven, Netherlands) 
and identical protocols were used.

C E identified white matter lesions, drew their outlines onto an overlaid transpar-
ency, and graded them into punctate, early confluent, or confluent lesions (figure). 
Blinding for the date of examinations was impossible since the format of hard cop
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ies changed between baseline and follow-up. Follow-up scans were compared with 
the baseline scan, and the lesions drawn as before. Scan series were reviewed by C E 
and R S and a consensus reached for borderline grades. The volume of lesions was 
quantified independently from visual analysis without knowledge of the sequence 
of the investigation by a trained technician with the DISPImage program (version 
4.8), with the hard copy as reference. Maximum intra-rater coefficient of variation 
was 6·4%. We analysed the scans of 50 randomly selected participants on two 
separate occasions to establish the error in volumetric assessment.3 We set the error 
range as the 95% CI of the most pronounced difference between repeated measure-
ments: –1·59 to 1·81 cm3. We constructed a generalised estimation equation (GEE) 
model including a-priori defined demographic and major vascular risk factors to 
establish predictors of white matter lesion progression. In a second GEE model we 
added the baseline grade of white matter lesions.
At 3-years’ and 6-years’ follow-up the median increase of lesion volume was 0 
cm3 (IQR 0–0·3) and 0·1 cm3 (0–0·7), respectively. Only 25 (9%) and 35 (17%) 
participants had lesions whose increase in volume exceeded possible measurement 
error (1·81cm3) at 3-years’ and 6-years’ follow-up, respectively. All drops in lesion 
volume were within the range of measurement variability.

Older age (=0·07, 95% CI 0·02–0·12, p=0·008) and arterial hypertension 
(=1·14, 0·47–1·81, p=0·001) were significant predictors of white matter lesion pro-
gression. There was a non-significant negative relation for diabetes, but there were 
only 13 people with diabetes in the study. The first model accounted for 10% of the 
variance in change of lesion volume. The addition of the baseline grade of white 
matter lesions increased the explained proportion of variance in volume change 
to 28·5%. In this second model, lesion grade was the only significant predictor of 
lesion progression (=1·78; 95% CI 1·39–2·12, p<0·0001); the relation with age and 
hypertension was no longer significant.

The table shows the change in volume from baseline of each grade of lesion. 
Participants who had no lesions at baseline had negligible changes in volume at 
both follow-up examinations. In none was progression of lesion load greater than 
1·81 cm3, even after 6 years’ follow-up. The change in lesion volume in partici-
pants with punctate lesions was only slightly higher than in the no-lesion group. 
By contrast, individuals with early confluent and confluent lesions at baseline had 
substantial median increases in lesion volume (table and figure). All participants 
with confluent lesions had lesion progression beyond measurement variability at 6 
years’ follow-up.

Our results show that baseline grading of lesions predicts their progression 
better than age and hypertension and is an intermediate factor in the association 
between these risk factors and progression. Since few participants had early conflu-
ent and confluent lesions our results should be confirmed in larger investigations. 
Our results might have been affected by a low response rate for enrolment into 
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the study, a high drop-out rate, and our inability to blind grading assessments for 
the date of examination.

We have shown previously that punctate white matter lesions often represent 
widened perivascular spaces without substantial ischaemic tissue damage, whereas 
early confluent and confluent lesions correspond to incomplete ischaemic destruc-
tion, often with focal transition to true infarcts with advanced microangiopathy.5 
Our results show that punctate white matter lesions are not ischaemic, not progres-
sive, and thus benign; whereas early confluent and confluent lesions areischaemic, 
progressive, and thus malignant. The clinical relevance of white matter lesion 
progression is unclear. Clinical stability in people with no or punctate lesions and 
reduction of functional abilities in individuals with coalescent lesions remains to 
be shown.

    A              B          C
 

   D                 E            F  
Baseline lesion grades in each group (A-C) and change in white matter lesion volume in a 64-year-
old woman (D-F) Arrows show punctate (A), early confluent (B), and confluent (C) lesions. Early 
confluent white matter lesions at baseline (D). In the single slice shown in this figure the volume 
of lesions increased by 2.6cm3 between baseline and 3-year follow-up (E) and by 8.1cm3 between 
baseline and 6-year follow-up (F).
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Baseline white matter lesion grade None (n=91) Punctate (n=164)

Early confluent (n=28) Confluent (n=13) 

3-year follow-up 

Participants, number 85 (93%) 149 (91%) 25 (89%) 12 (92%) 
Volume change from baseline, cm3, median 
(IQR)  

0·0 (0·0–0·0) 0·1 (0·0–0·4) 0·7 (0·1–3·1) 4·8 (1·9–8·8) 

Progression >1·81 cm3, number  0 7 (5%) 9 (36%) 9 (75%) 

6-year follow-up 

Participants, number 58 (64%) 123 (75%) 14 (50%) 9 (69%) 
Volume change from baseline, cm3, median 
(IQR)  

0·0 (0·0–0·0) 0·2 (0·0–1·1) 2·7 (0·5–5·9) 9·3 (7·1–21·0) 

Progression >1·81 cm3, number  0 18 (15%) 8 (58%) 9 (100%) 

Change in white matter lesion volume in each group 
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