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Stroke and its subtypes
Stroke is the third leading cause of death in most Western countries and one of the
leading causes of long‐term disability. It has potentially huge emotional and socio‐
economic impacts on patients, their families, and the health services.1,2 In the
Netherlands, 30 000 persons suffer a stroke each year, while an estimated number of
160 000 persons are living with the consequences of a stroke.3
Up to 80% of all strokes are ischemic, the others being hemorrhagic (primary
intracerebral hemorrhage and subarachnoid hemorrhage). Ischemic strokes can be
further subtyped into cortical and lacunar strokes (Figure 1.1). Cortical strokes are
characterized by the presence of symptoms of cortical dysfunction, e.g. aphasia and
are mainly caused by atherosclerosis of the precerebral or cerebral large vessels or
emboli from the heart, e.g. due to atrial fibrillation or valve prosthesis.4

Figure 1.1

Subtypes of stroke

Lacunar strokes constitute up to 25% of all ischemic strokes.5 Lacunar stroke is
characterized by one of the lacunar syndromes,6 in most cases consisting of unilateral
motor and/or sensory signs, involving the whole of at least 2 of the 3 body parts (face,
arm, and leg) without disturbance of consciousness or cortical functions.7 The
syndromes are termed pure motor stroke (PMS), pure sensory stroke (PSS) and
sensory motor stroke (SMS). Less frequently encountered syndromes are ataxic
hemiparesis (AH), in which hemiparesis is combined with ataxia, and dysarthria clumsy

Chapter 1

12

hand syndrome (DCHS), characterized by facial weakness, dysarthria, and slight
weakness and clumsiness of the hand.
Most lacunar strokes are caused by a lacunar infarct, which is a small ischemic infarct
(less than 15‐20 mm) located in the basal ganglia, the deep cerebral white matter or
the brainstem.8 The term lacunar derives from the Latin ‘lacuna’ and was first coined
by Durand‐Farell in 1842.9 It refers to the cavity or hole that remains after the
infarcted tissue has been removed by macrophages.10
Lacunar infarcts are mainly caused by the occlusion of one single, small, deep
perforating artery which arises directly from the large cerebral arteries,11 and are
probably only rarely caused by emboli from the heart or the large pre‐cerebral
vessels.12,13 The perforating arteries are categorized into the medial striate arteries
arising from the anterior cerebral artery, the lateral striate arteries from the middle
cerebral artery, the anterior choroidal artery from the internal carotid artery, the
thalamo‐perforating arteries from the posterior cerebral artery and the paramedian
branches of the basilar artery.14‐16

Cerebral small vessel disease causes lacunar infarcts, ischemic
white matter lesions, and brain microbleeds
Current knowledge of the underlying vessel pathology of lacunar stroke is largely
based on meticulous autopsy studies performed by Fisher almost half a century
ago.8,11,17 Fisher hypothesized that the occlusion of a small perforating artery can be
caused by one of two distinct small vessel pathologies. The first is lipohyalinosis
affecting the smaller penetrating arteries (less than 0.2 mm in diameter) and causing a
smaller type of lacunes, most of which are asymptomatic (Figure 1.2D). Lipohyalinosis
or segmental wall degeneration is characterized by the loss of normal wall
architecture, collagenous sclerosis, and mural foam cells, usually with evidence of red
cell extravasation. Fisher suggested that this type was related to hypertension. The
second pathology he described is microatheromatosis, consisting of small athero‐
sclerotic plaques, which narrowed or occluded the penetrating artery more proximal
to its orifice. The latter were found in brains with larger, usually single symptomatic
lacunar infarcts (Figure 1.2A and 1.2B).

Leukoaraiosis and its association with lacunar stroke
The term leukoaraiosis comes from the Greek roots ‘leuko’ and ‘araiosis’ and literally
means rarefaction of the white matter. The term is used to describe the radiological
appearance of patchy or diffuse abnormalities in de periventricular and deep white
matter, which have a low attenuation on computer tomography (CT) and high intensity
signals on T2‐weighted magnetic resonance imaging (MRI) sequences (Figure 1.2C).18
MRI is much more sensitive for the detection of white matter changes than CT.19
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These white matter lucencies were originally described in patients with subcortical
arteriosclerotic encephalopathy or Binswanger’s disease.20 White matter changes are
seen in healthy persons,21 especially with increasing age,22 but more frequently in
persons with vascular risk factors,19 and in patients with stroke.23 Among stroke
patients, white matter changes are more prevalent in those with lacunar than those
with cortical infarcts,24 whereas severe white matter lesions are more prevalent in
patients with multiple lacunar infarcts than those with an isolated lacunar infarct.25
The association between extensive white matter changes and age, vascular risk factors
and stroke suggests an ischemic cause of leukoaraiosis in most cases. Unlike the basal
ganglia and the brain stem, the deep white matter is supplied by the distal branches of
the long medullary arteries which arise from the cerebral surface branches of the large
cerebral arteries.26 Pathology studies of leukoaraiosis showed a third microvascular
abnormality besides lipohyalinosis and micro‐atheromatosis namely arteriole‐
sclerosis.27 Arteriolosclerosis consists of concentric hyaline wall thickening leading to
luminal narrowing, without the degeneration seen in lipohyalinosis. The thickening of
the wall results in a poor autoregulatory capacity. The ineffective autoregulation
exposes this vascular bed to the injurious effects of high pressure, as well as those of
low pressure and low‐flow states.28

Brain microbleeds, a third manifestation of cerebral small vessel disease
Brain microbleeds can be seen on gradient echo (GE) or T2* weighted MR sequences
as small (usually <5‐10 mm in diameter) areas of signal loss, which do not vanish over
time (Figure 1.2E).29 They consist of deposits of hemosiderin and represent old small
hemorrhages.
Brain microbleeds are found in 5% of healthy adults, 34% of patients with ischemic
stroke, and 60% of patients with first‐ever intracerebral hemorrhage. Brain
microbleeds are even more prevalent among patients with recurrent strokes being
found in 44% of patients with recurrent ischemic stroke and up to 80% of patients with
recurrent intracerebral hemorrhage.30 MR‐detected brain microbleeds are related to
lacunar stroke, the number of lacunar lesions on MRI, and the severity of white matter
lesions.31,32 As such, brain microbleeds represent one of the manifestations of cerebral
small vessel disease.
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Figure 1.2

Manifestations of small vessel disease on MR imaging
A. Recent lacunar infarct in posterior leg of right internal capsule on T2 and FLAIR images of
the brain
B. Old lacunar infarct in posterior leg of left internal capsule on T2 and FLAIR images of the
brain
C. Extensive periventricular ischemic white matter lesions on T2 and FLAIR images of the brain
D. Multiple asymptomatic lacunar infarcts located mainly in both thalami on T2 and FLAIR
images of the brain
E. Brain microbleeds on FLAIR and FFE (T2*) images of the brain

Introduction

15

The underlying small vessel pathology may be lipohyalinosis, in which red cell
extravasation is found. Lammie demonstrated that degeneration of the wall of
cerebral microvessels might lead to asymptomatic lacunar infarcts surrounded by focal
accumulation of hemosiderin‐containing macrophages (nowadays called brain
microbleeds).28 Microbleeds rarely ever contribute to a lacunar syndrome, more
important is the observation that they might indicate a significantly elevated risk of
subsequent intracerebral hemorrhage.33

Subtypes of lacunar stroke
Pathology and imaging data allow different entities of lacunar stroke to be
distinguished. The first is the subtype characterized by a diffuse vasculopathy of the
cerebral small vessels (lipohyalinosis and arteriolosclerosis), in which the symptomatic
lacunar infarct is associated with multiple asymptomatic lacunar infarcts, white matter
lesions, and brain microbleeds. At the other end of the spectrum is the isolated –
mostly larger – lacunar infarct caused by a small atherosclerotic plaque at the origin of
one of the perforating arteries (microatheromatosis). The lacunar syndromes of both
entities are similar (PMS, PSS, SMS, AH, DCHS) on presentation, but the first subtype
has a worse prognosis as regards short‐term mortality, recurrent stroke, and functional
outcome.34 As different pathologies of lacunar stroke are involved, differences in
etiology are apparent, and this may eventually translate into different prognostic and
therapeutic approaches.

New insights into the pathophysiology of lacunar stroke: the
role of the blood‐ brain barrier
The blood‐brain barrier is a highly specialized vascular endothelial structure in the
brain. In concert with astrocytes, pericytes, and microglia, the blood‐brain barrier
separates the components of the circulating blood from the neurons of the brain.35
Endothelial activation – and eventually dysfunction – represents the transition of a
resting phenotype towards a host defense response which is partly due to prolonged
and/or repeated exposure to cardiovascular risk factors.36‐38 Several lines of evidence
suggest that this activation is the initiating event in the development of lacunar
infarcts and ischemic white matter lesions as it results in comprised integrity of the
endothelium which subsequently leads to blood‐brain barrier dysfunction. This
dysfunction causes increased permeability of the blood‐brain barrier allowing
extravasation of plasma components into the vessel wall and perivascular space,
eventually leading to neuronal and glial cell damage.39
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Function and activation of the endothelium
Vascular endothelium has a variety of physiological functions, such as the expression
of adhesion molecules, maintenance of adequate vessel tone, and hemostasis. The
function of the endothelium can be studied in several ways. First, endothelium
releases vasodilatory (nitric oxide) and vasoconstrictive (endothelins) substances to
maintain adequate vessel tone.36 The balance between these substances is thought to
regulate the basal tone of the blood vessels and can be functionally tested, e.g. by
means of flow‐mediated vasodilatation. Second, in view of the hemostatic barrier
function of the endothelium and its role in inflammation processes, a number of
endothelium‐derived proteins typically related to these functions are of interest.
Circulating, soluble fractions of such proteins can be measured by mostly commercially
available ELISA (enzyme linked immunosorbent assay)‐techniques.36
Endothelial activation is characterized by impaired responses in functional testing,
increased or de novo expression of leukocyte adhesion molecules (E‐selectin,
P‐selectin, ICAM‐1 and VCAM‐1) and a change in phenotype from anti‐coagulant to
pro‐coagulant (e.g. loss of surface thrombomodulin).36,38

Evidence for endothelial activation and leakage of the blood‐brain
barrier
An autopsy study in ten brains, several of which were of stroke patients, described an
‘incomplete lacunar infarct’, defined as ‘selective neuronal necrosis with relative
preservation of glial elements around a penetrating artery’. Many of the vessels in
close proximity to these infarcts had a modest degree of hyaline wall thickening, but in
no instance was a vessel obviously occluded.40 Ma and Olsen coined the term ‘edema‐
related gliosis’ for a similar phenomenon.41 The presence of parenchymal
vacuolization, perivascular lesion distribution, fibrinogen immune‐reactivity and the
similarity to oedema‐related lesions in experimental animals may suggest an important
role for oedema‐mediated tissue damage.40
In animal studies, plasmin injection into the brain parenchyma caused acute fibrinoid
necrosis of the perforating arterial walls and increased endothelial permeability.42,43
Studies of aged stroke‐prone spontaneously hypertensive rats (SHR‐SP) found changes
similar to those in patients with cerebral small vessel disease, including local blood‐
brain barrier leakage and edema.44 In salt‐loaded SHR‐SP, increased vascular
permeability was detected on MRI up to 2 weeks before the lesion, indicative of focal
vasculopathy.45
Imaging‐studies, functional tests of the endothelium, and studies using plasma‐
markers of endothelial function have provided insight into etiological mechanisms in
symptomatic lacunar stroke patients. Detailed MR‐imaging allows the abnormal
lenticulostriatal artery to be visualized in about 10% of lacunar stroke patients.
Strikingly, one study found that the infarct occurred around, instead of at the end of
the artery, and the width of the tubular like structure was larger than expected. The
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authors postulated that this image was due to leakage of blood constituents into
subendothelial and perivascular space and not due to occlusion by a intraluminal
thrombus.46 In another study, the same authors found greater contrast enhancement
in white matter and cerebrospinal fluid after gadolinium administration in lacunar
stroke patients than in cortical stroke patients, suggestive of enhanced leakage of
gadolinium through the blood‐brain barrier in those with lacunar stroke.47,48 Imaging of
retinal vessels showed that abnormalities, including arterial narrowing, sclerosis, and
exudates, were related to cerebral small vessel disease, suggesting that leakage is a
systemic feature of small vessels in these patients.49
Functional tests of the endothelium, namely brachial flow mediated vasodilation,50
cerebrovascular reactivity to L‐arginine,51,52 and tests of CO2 mediated cerebral
vasoreactivity,53‐56 showed impaired responses in lacunar stroke patients, also
supporting a role of endothelial dysfunction.
Finally, a limited number of studies evaluated levels of proteins, which are normally
released by the endothelium and play a role in hemostasis or inflammation. Hassan et
al.57 observed higher levels of endothelial markers related to inflammation
(intercellular adhesion molecule 1 ) and hemostasis (thrombomodulin and tissue factor
pathway inhibitor) in lacunar stroke patients than in healthy controls. Another
important finding in this study was the difference in levels between different subtypes
of lacunar stroke, with higher levels in those with asymptomatic lacunar infarcts
accompanied by extensive white matter lesions. This last finding suggests that
endothelial activation and dysfunction play a role in the subtype of lacunar stroke with
concomitant silent ischemic lesions.

What causes endothelial activation?
The potential causes of endothelial activation and eventually blood‐brain barrier
leakage involve the ‘usual suspects’ hypertension and diabetes mellitus, since they are
both major vascular risk factors and related to lacunar stroke.58,59 Hypertension is
especially of important in the subtype of lacunar stroke with asymptomatic lacunar
infarcts and ischemic white matter lesions.25,60 However, not all patients with lacunar
stroke have diabetes and/or hypertension, so other factors must be important. One of
these factors might be a difference in genetic background.
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Genetic factors in lacunar stroke and its subtypes
In recent years, increasing interest has emerged in the genetic epidemiology of stroke
and its subtypes. Currently, the focus of studies is shifting towards molecular genetics.
Understanding of the basic genetic epidemiology of stroke may be relevant for the
planning of properly targeted genomic screens and other detailed molecular studies.

Results of studies on the genetic epidemiology of ischemic stroke
Three types of genetic epidemiology studies can be distinguished in the literature: twin
studies, prospective cohort‐studies and case‐control studies.
Twin studies found a higher concordance for stroke in monozygotic than in dizygotic
twins (OR 1.65; 95%CI 1.2‐2.3),61‐64 a finding which argues in favor of genetic factors
being involved in the disease.
In nine prospective cohort studies, individuals with a positive family history of stroke
had a higher risk of subsequent stroke than those without such a family history (OR
1.30; 95%CI 1.2‐1.5).64 So far, information on subtypes of ischemic stroke has only
been reported from case‐control studies, demonstrating an association between
family history of stroke and lacunar stroke, with odd ratios ranging from 1.79 to
2.76.65‐67 A disadvantage of family history studies, which define positive family history
as at least one afflicted first‐degree relative, is that the magnitude of genetic factors in
a particular disease cannot be estimated.

Magnitude of genetic factors in a disease: the genetic relative risk
The magnitude of genetic factors in a particular disease can be evaluated by calculating
the genetic relative risk, also called recurrence risk ratio. Genetic relative risk is
calculated by dividing the (life‐time) prevalence of the disease in family members by
the prevalence of the disease in the general population. A greater prevalence of
disease in family members of patients compared to the general population, expressed
by an elevated genetic relative risk (higher than 1) indicates to the involvement of
genes in the disease. For many complex diseases, the average genetic relative risk in
first‐degree relatives is around 2,68 and for stroke a sibling recurrence risk ratio of
overall stroke of 1.66 was reported.69

Genetics in lacunar stroke
As stated above, stroke has a variety of underlying pathologies.70 Each subtype of
stroke is influenced by many factors, making it a so‐called complex disease. A complex
disease is defined as a disease in which multiple genetic and environmental factors
combine to confer the disease state. This contrasts with the limited number of
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monogenetic stroke syndromes, such as cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL) caused by the notch3
mutation.71 Since phenotypic diversity may reflect genotypic diversity, thorough
phenotyping is essential to eliminate phenotypic diversity.72 The fact that there are
different subtypes of lacunar stroke involving different pathophysiological mechanisms
probably means that the various subtypes of lacunar stroke have different genetic
backgrounds. Current knowledge suggests that the subtype of lacunar stroke caused
by diffuse vasculopathy may have the largest genetic component. One study found
that white matter lesions, one of the features of this subtype, were more prevalent in
monozygotic than in dizygotic twins,73 whereas white matter lesions were highly
heritable in healthy elderly people in a population based cohort.74 As endothelial
activation, eventually leading to dysfunction and leakage of the blood‐brain barrier,
plays a pivotal role in the subtype with concomitant white matter lesions and/or
asymptomatic lacunar infarcts,39 genes that influence endothelial function might be
important in this subtype.
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Objective and outline of this thesis
The objective of the studies reported on in the present thesis was to further examine
the pathological processes underlying the different subtypes of lacunar stroke. This
theses focuses on two themes.
The first theme (part II) covers the studies on the hypothesis of vascular endothelial
activation in lacunar stroke subtypes. We evaluated endothelial function by measuring
levels of endothelium‐derived proteins related to hemostasis.
The second theme (part III) comprises studies on the familial aggregation of stroke, as
we postulate that differences in genetic background between subtypes of lacunar
stroke, could explain the existence the different subtypes of lacunar stroke.
Part I introduces the studies reported on in this thesis. Chapter 1, the current one,
offers an introduction to lacunar stroke and its subtypes, as well as the concept of
endothelial activation and leakage of the blood‐brain barrier, current knowledge about
genetic epidemiology in lacunar stroke and an outline of the thesis. Chapter 2
describes a clinical observation in two lacunar stroke patients with concomitant silent
lacunar infarcts, white matter hyperintensities and microbleeds, who suffered an
intracerebral hemorrhage at the location of a previously documented brain
microbleed, while on antithrombotic secondary prevention therapy. Chapter 3
presents a systematic review of the literature for evidence of endothelial activation
and dysfunction in lacunar stroke.
Part II contains our studies on hemostasis‐related markers of endothelial function. In
the study reported on in chapter 4, we examined whether endothelial activation is
associated with the subtype of lacunar stroke with ischemic white matters lesions
and/or asymptomatic lacunar infarcts. To this end, we determined levels of several
circulating hemostasis‐related plasma markers of endothelial function (tissue
plasminogen activator [tPA], plasminogen activator inhibitor type 1 [PAI‐1], tPA‐PAI‐1‐
complex, Von Willebrand factor, tissue factor, thrombomodulin and coagulation factor
VIII) in first‐ever lacunar stroke patients, who were carefully subtyped by brain MR. In
Chapter 5 we describe the results of our study of another endothelial marker, namely
tissue factor pathway inhibitor (TFPI). This was studied separately from the other
endothelial markers, as TPFI is located in several different pools in the human body.
Whereas a substantial amount of TFPI is present in the endothelial cell, were it is
formed and stored, several different forms are present in the plasma. Finally, TFPI can
be secreted into the plasma from the endothelium after administration of heparin. In
this study we measured these pools namely total TFPI, full‐length TFPI, and heparin‐
releasable TFPI. We expected to find the highest levels of different forms of TFPI in the
subtype of lacunar stroke with concomitant silent ischemic lesions.
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Part III of this thesis focuses on familial aggregation of stroke in lacunar stroke
patients. Chapter 6 reports on a family history study using a standardized
questionnaire and additional interview. We determined if the aggregation of stroke in
families of first‐ever lacunar stroke patients was an independent risk factor for the
various lacunar stroke phenotypes. Lacunar stroke phenotypes were classified based
on the presence of various ‘silent’ lesions of cerebral small vessel disease:
asymptomatic lacunar infarcts, ischemic white matter lesions, and brain microbleeds.
Chapter 7 describes the magnitude of genetic factors in lacunar stroke by calculating
the genetic relative risk. To this end, we compared the number of stroke‐affected
family members of 195 lacunar stroke patients with the self‐reported prevalence of
stroke in a Dutch community based cohort of elderly volunteers.
The final section, part V, chapter 8, comprises a general discussion of our findings and
discusses implications for further research. Chapter 9 presents a summary of this
thesis in English, followed by a summary in Dutch.
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Abstract
We present two lacunar stroke patients with concomitant silent lacunar infarcts, white
matter hyperintensities and microbleeds on brain MRI undergoing antithrombotic
secondary preventive treatment, who suffered an intracerebral hemorrhage at the
location of a previously documented brain microbleed (BMB) while on antithrombotic
therapy. We discuss why lacunar stroke patients with concomitant BMBs might be at
risk for subsequent intracerebral hemorrhage when treated with aspirin or oral
anticoagulants. Our cases suggest that BMBs not merely serve as a marker of increased
intracerebral bleeding risk, but might be the actual source of bleeding. Therefore the
presence of microbleeds on MRI may be a strong predictor of bleeding risk in
individual patients. A large prospective study to assess this risk would be relevant, as it
may allow the risk and benefit of antithrombotic therapy in such individuals to be
more carefully balanced.
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Introduction
Brain microbleeds (BMBs) can be seen on gradient echo (GRE) or T2* weighted MR
sequences as small (usually <5‐10 mm in diameter) areas of signal loss, which do not
vanish over time.1 Histopathologically, BMBs consist of focal accumulation of
hemosiderin‐containing macrophages in the microvascular perivascular spaces and are
associated with the small vessel pathology of lipohyalinosis.2 MR detected BMBs are
related to lacunar stroke, the number of lacunar lesions on MRI and the severity of
white matter lesions (WML).3,4
Theoretically, BMBs may pose a risk of intracerebral hemorrhage (ICH) in patients on
long‐term antiplatelet or anticoagulation therapy, but the evidence is merely
anecdotal.5‐8 The issue is relevant as many patients use these antithrombotic drugs for
secondary stroke prevention, and we know that such treatment increases the risk of
ICH. Whether BMBs only indicate the presence of a small vessel angiopathy that
increases bleeding risk, or whether they are the actual sites from which bleedings
occurs, is not known. In the latter case, the presence of BMBs may be a strong,
independent predictor of ICH, which could ultimately be used to estimate the bleeding
risk in individual patients.
We present two lacunar stroke patients with concomitant BMBs who subsequently
suffered an ICH at the site of a previously documented microbleed while on
antithrombotic treatment for secondary stroke prevention.

Cases
Patient A, a 68‐year‐old hypertensive man, experienced sudden left‐sided weakness.
Neurological examination revealed weakness of the left arm and left leg (both MRC
grade 4). Brain MRI showed a recent lacunar infarct in the right internal capsule,
multiple old lacunar infarcts, periventricular hyperintensities and punctuate
hyperintensities in the centrum semi‐ovale. The GRE‐weighted images showed
multiple BMBs in both thalami and lentiform nuclei (Figure 2.1A, 2.1B). Aspirin 100
mg/day and pravastatin 40 mg/day were started for secondary stroke prevention.
Later on, aspirin was replaced by oral anticoagulation (acenocoumarol) because of
newly detected paroxysmal atrial fibrillation. One year later he was admitted because
of recurrent left sided weakness. Brain CT revealed a hemorrhage in the right thalamus
at the side of a previously documented BMB (Figure 2.1C). He died a few days later
because of a sudden cardiac arrest.
Patient B, a man aged 80, suffered sudden dysarthria and right‐sided facial weakness.
Brain MRI revealed multiple old lacunar infarcts in the basal ganglia and thalami, a
recent lacunar infarct in the left internal capsule, extensive periventricular
hyperintensities and confluent hyperintensities in the centrum semi‐ovale. The GRE‐
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weighted images showed multiple BMBs in both thalami and basal ganglia and an old
hematoma in the right nucleus lentiformis (Figure 2.1D, 2.1E). During his hospital stay,
hypertension and diabetes mellitus were diagnosed. Aspirin 100 mg/day, pravastatin
40 mg/day, irbesartan 150 mg/day and metformin 500 mg/day were started for
secondary prevention. He was re‐admitted 12 months later because of sudden
worsening of his dysarthria. Brain MRI showed a recent hemorrhage in the left
thalamus at the site of a previously documented BMB (Figure 2.1F, 2.1G).

Figure 2.1

Brain MR (FLAIR and T2*‐weighted images) of patient A showing a microbleed (A, B). Brain
CT one year later showing a hemorrhage in the right thalamus (C) on the site of the
previously documented microbleed (B). Brain MR (FLAIR and T2*‐weighted images) of
patient B showing multiple microbleeds (D, E). Brain MR (FLAIR and T2*‐weighted images)
showing a hemorrhage in the left thalamus (F, G) at the site of a previously documented
microbleed (D, E). Black arrows indicate microbleed.

Discussion
Both our patients, one on anticoagulation and the other on aspirin for secondary
stroke prevention, suffered ICH at the site of a previously documented BMB. These
cases support the notion that intracerebral bleeding during secondary prevention by
either anticoagulant or antiplatelet therapy may stem directly from the presence of a
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BMB, rather than BMBs serving as an indirect indicator of the small vessel disease that
increases the risk of bleeding. The presence of BMBs on MRI may therefore be a strong
predictor of such risk in individual patients.
Several small case series have found a relation between BMBs and risk of ICH in stroke
patients on antithrombotic therapy.7,9 During a 27‐month follow‐up Fan et al. found 4
of 43 (9,3%) ischemic stroke patients with BMBs suffering an ICH, and 1 of 87 (1,3%)
without BMBs. In two patients in this study, ICH occurred at a BMB site which had
been detected at baseline. Jeon et al. found recurrent ICH at an earlier detected BMB
site in three cases. Apart from our two cases, these are the only cases reported so
far.6,10
Chalela et al. described three ischemic stroke patients with multiple BMBs in whom
ICH occurred either after rtPA (n=1) or after the initiation of antiplatelet therapy (n=2).
These hemorrhages occurred in brain areas normal on GRE imaging and remote from
the BMBs, which led the authors to hypothesize that BMBs might be an indicator of a
diffuse hemorrhage prone‐vasculopathy.8 Wardlaw´s finding that BMBs were
associated with clinically and radiologically defined lacunar stroke supports this idea.3
Furthermore, we found in a previous study that ICH was more frequent in first‐ever
lacunar stroke patients with concomitant radiological signs of cerebral small vessel
disease such as leukoaraiosis and silent lacunar infarcts (five ICHs in 63 lacunar stroke
patients (7,9%)) than in lacunar stroke patients without these features (one in 196
(0,5%)) during a follow‐up of just two years. However, we did not measure BMBs as
very few patients underwent MRI.11
These data support the idea that in a subgroup of patients with multiple (‘silent’)
lacunar lesions, WMLs or both, the prevalence of BMBs and hence the risk of ICH may
be relatively high. The underlying small vessel pathology might be lipohyalinosis, which
is one of the two types of underlying vascular pathology distinguished by Fisher.12
Lipohyalinosis or segmental wall degeneration is characterized by the loss of normal
wall architecture, collagenous sclerosis and mural foam cells, usually with evidence of
red cell extravasation. Lammie demonstrated that this degeneration of the wall of
cerebral microvessels might lead to ‘incomplete lacunar infarcts’ presumably due to
increased vessel wall permeability. Also, it might lead to asymptomatic lacunar infarcts
surrounded by focal accumulation of hemosiderin‐containing macrophages (nowadays
called BMBs).13 Subsequently, Wardlaw hypothesized that cerebral small vessel disease
results from breakdown of the blood‐brain barrier leading to increased cerebral
microvascular permeability.14 As such, BMBs are not only an indicator of increased
vessel wall fragility, but also of increased vessel wall permeability.
Our cases suggest that microbleeds not merely serve as a marker of increased intra‐
cerebral bleeding risk, but constitute the actual source of bleeding. Therefore the
presence of microbleeds on MRI may be a strong predictor of bleeding risk in
individual patients.
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As approximately one quarter of lacunar stroke patients have BMBs, only a large study
with sufficient follow‐up can provide reliable estimates of the strength of the
association between BMBs and bleeding risk. However, assessment of such risk is
relevant, as it may allow the risk and benefit of antithrombotic therapy in such
individuals to be more carefully balanced.
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Abstract
Background
Endothelial dysfunction is thought to play an important role in the pathogenesis and
progression of cerebral small vessel disease in lacunar stroke patients.
Methods
We systematically searched the literature (MEDLINE, EMBASE) for evidence of
endothelial activation and dysfunction in lacunar stroke. The selected papers were
assessed by a predefined checklist to assess methodological and informative quality.
The papers were categorized into subheadings concerning the different physiologic
functions of the endothelium and a subheading concerning toxins for the endothelium.
Results
29 articles were eligible for further analysis. We found 16 publications on regulation of
vascular tone by the endothelium, which showed an impaired function at several time‐
points after the stroke by means of different clinical methods (e.g. flow‐mediated
vasodilatation and CO2 reactivity). Nine references showed elevated levels of markers
of hemostatic function of the vascular endothelium (e.g. von Willebrand factor,
thrombomodulin) in acute and subsequent phases. In four papers, adhesion‐molecules
(e.g. E‐ and P‐selectin) were only elevated during the acute phase. Homocysteine, in
high concentrations a toxin for the endothelium, was elevated in patients in three
papers.
Conclusions
The current literature suggests that endothelial dysfunction might be involved in the
pathogenesis of lacunar stroke, especially in those patients with concomitant silent
lacunar infarcts and ischemic white matter lesions. Future research on endothelial
function in lacunar stroke should concentrate on long‐term clinical, as well as
radiological follow up, in well‐defined cases and combine multiple methods to evaluate
endothelial function.
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Introduction
Lacunar infarction accounts for a quarter of all ischemic strokes.1 By definition, lacunar
infarcts are small infarcts (2‐20 mm in diameter) located in the basal ganglia, the deep
cerebral white matter or the brainstem and are the result of occlusion of a single small
perforating cerebral artery.2 Fisher observed that this occlusion could be caused either
by a general destructive process of the microvessels termed segmental arterial
disorganization (arteriolosclerosis or lipohyalinosis) or by a local atherosclerotic
process termed microatheromatosis.3
The endothelium has a variety of physiological functions, such as the expression of
adhesion molecules, maintenance of adequate vessel tone and hemostasis. Endothelial
cell activation is – among others ‐ characterized by the increased or de novo
expression of leukocyte adhesion molecules (E‐selectin, P‐selectin, intracellular
adhesion molecule‐1 [ICAM‐1] and vascular cell adhesion molecule‐1 [VCAM‐1]) and a
change in phenotype from anti‐coagulant to pro‐coagulant (e.g. loss of surface
thrombomodulin [TM]).4,5
Recent observations suggest that activation of the cerebral microvascular endothelium
might be the primary step in the pathogenesis of lacunar stroke, subsequently leading
to increased permeability of the blood‐brain barrier (BBB). This increased permeability
allows blood products to reach the perivascular space and cause glial and neuronal
damage.6‐8
For this review we systematically searched the literature for evidence of endothelial
activation and dysfunction in lacunar stroke.

Methods
Search strategy (appendix 1)
We searched the published literature from January 1966 (MEDLINE) and from January
1989 (EMBASE). By way of the advanced search method we combined the following
terms: ’small vessel disease’, ‘small artery disease’, ‘micro‐angiopathy’, ‘lacunar
stroke’, ‘lacunar infarction’, ‘lacunar syndrome’, ‘lipohyalinosis’ and ‘micro‐
atheromatosis’ using Boolean operator ‘OR’. We used the Boolean operator ‘AND’ to
link these to the terms ‘endothelium’, ‘vessel wall’, ‘endothelial dysfunction’,
‘endothelial cell activation’, ‘endothelial activation’, ‘cerebrovascular reactivity’ and
‘blood‐brain barrier’. The search was updated until August 2008.

Eligibility of studies
We sought publications with original data on humans suffering from lacunar stroke.
Articles without stroke classification or articles concerning only large‐vessel stroke,
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cardio‐embolic stroke or hemorrhagic stroke were excluded. Only articles in English,
Dutch and German were included, as the authors were familiar with these languages.
We excluded studies relating to genetically determined cerebral small‐vessel disease,
such as cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. The references in the selected articles were scanned for other
relevant articles, using the same criteria.
Two authors (I.K. en R.O.) independently selected articles in the above stated manner.
A third reviewer (J.L.) resolved any discrepancies.
Since the endothelium possesses different physiologic functions – i.e. regulation of
vessel tone, hemostasis, expression of adhesion molecules – we categorized the
studies into subheadings. Our search strategy also generated articles on toxins for the
endothelium; those were categorized separately.
The methodological and informative qualities of the selected studies were assessed
independently by two authors (I.K. and R.O.) by means of a predesigned checklist
(appendix 2).

Results
By searching MEDLINE and EMBASE we found 111 papers. Applying the above‐
mentioned criteria yielded a total of 17 articles that were suitable for further
analysis.9‐25 The main reasons for excluding papers were non‐cerebral disease (n=31),
silent cerebral small‐vessel disease (n=18), reviews (n=19) and language (n=12) .
Scanning the references of the selected articles added another 12 articles.15,6‐36 The
main characteristics of the studies and their quality assessed by the checklist are
provided in Table 3.1. Background information and main findings of the studies for
each subheading are discussed below.

Regulation of vascular tone
One of the most important vasoactive substances released by the endothelium is nitric
oxide (NO). NO is synthesized by endothelial constitutive NO synthase (ecNOS), using
the L‐arginine as substrate. NO stimulates guanylyl cyclase in the vascular smooth
muscle cells, which leads to vasodilatation and increased blood flow. Various
pharmacological (e.g. bradykinin) and physical (e.g. shear stress) stimuli lead to the
release of NO.4 In addition to vasodilatory substances, the cerebral endothelium
secretes vasoconstrictive substances, known as endothelins (ETs). The balance
between these substances is thought to regulate the basal tone of the blood vessels.

Diagnostic test

9

27

26

25

Yahashi 15

Hassan

19

Gormley10

39

23

Mochizuki

Molina

Maeda36

Cupini

Hund

24

de Leeuw

Pretnar‐Oblak17

Pretnar‐Oblak

Chen

ET
polymorphism
ecNOS
(T‐786C, Intron
4ab and G894T)
ecNOS
(27‐bp repeat)
polymorphism

acetazolamide

acetazolamide

CO2 reactivity

CO2 reactivity

CO2 reactivity

CO2 reactivity

L‐arginine

FMD

L‐arginine

FMD

58

300

300

25

46

20

14

5

12

18

20

56

Patients
with
lacunar
stroke

18

13

27

87

51

38

20

21

104

600

600

16

46

15

6/6

12

19

21

40

70(70/68)

67(67)

67(67)

62(58)

57(58)

60(57/58)

61(58/58)

62(25/57)

58(52)

61(63/59)

61(61/60)

68(68/67)

14/26

17/26

17/26

13/28

19/28

13/28

19/28

16/28

17/28

18/28

15/28

18/28

NINDS

LI/LA

Clinic‐and
image‐based
Clinic‐and
image‐based
LI/LA

NINDS51

Image‐based

Not given

TOAST

TOAST

TOAST

49

TOAST

Controls (N)
Age of
Quality of Classification
patients
article
of stroke
Other
Silent brain
Healthy
subtype
ischemic
infarcts or
population (controls) (check‐list)
in years
stroke selected because
based‐
of vascular risk
controls
factor profile

Selected papers on endothelial dysfunction in symptomatic lacunar stroke

Regulation of vascular tone

Subheading
Author

Table 3.1

=

‐

↓

↓
(1‐3mnd)
↓

‐

‐

↓

↓

↓

‐

=

‐

‐

‐

‐

↓

‐

=

=

‐

‐

Conclusions
Subacute
Chronic
(1 month) (≥3 months)

intron‐4ab‐insertion‐deletion
genotype associated with LI

↓

‐

‐

‐

‐

↓

‐

‐

‐

↓

Acute
(days)

Systematic review

37

32

29

33

ecNOS
(27‐bp repeat)
polymorphism
ecNOS
(Glu298Asp/
G894T)
polymorphism
ecNOS
(Glu298Asp/
G894T)
polymorphism
ADMA
47

75

95

103

34

20

31

28

Cherian

Catto

Nomura

Nomura

Kario

16

Kozuka

14

Hassan13

25

vWF
(concentration)
vWF
(concentration)

TM

67

59

35

24

vWF
(concentration)
TM

vWF (activity)

32

TM

vWF (activity)

TM

160

133

112

48

18

205

184

66

43

86

66(66/67)

72(72/67)

68(66)

68(66)

73(72)

68(68/60)

16/28

16/28

19/28

21/28

14/28

19/28

Clinic‐and
image‐based

OCSP

NINDS

OCSP

50

Image‐based

NINDS

LI/LA

LI/LA

Clinic‐and
image‐based

‐

‐

=

‐

‐

=

=

=

=

↓

‐

‐

‐

=

↑

=

‐

‐

↑

↑
‐

=

↑

‐

27

=

=

=

‐

↑

↑

↑

↑

‐

‐

↑

↑

↑

↑

Clinic‐and homozygosity for G allele in lacunar
image‐based stroke

NINDS

‐

21/28

16/28

13/26

16/26

11/26

TFPI

67(67)

65(67)

66(66/65)

70(69/68)

67(67/66)

‐

50

38

236

460

516

‐

110

286

365

261

TF

TM

The hemostatic function of the endothelium

Khan

18

Markus

Elbaz

Hou

38

Chapter 3

35

12

vWF
(concentration)
tPA polymorphism

35

11

MTHFR C677T
polymorphism

205

68

Homocysteine

151

38

47

MTHFR C677T
polymorphism
Homocysteine

172

172

Homocysteine

65
(67)
66
(66/67)

66
(67)

16/28

16/28

20/28

Clinic‐and
image‐based

LI/LA

LI/LA

OCSP
Clinic‐and‐
image‐based

↑

‐

‐

↑

↓

‐
↓

‐

‐

↑

↑
=

‐

‐

MTHFR 677T allele more frequent in
LA
‐
‐
↑

‐

=

↑

‐

‐

↑/↓: Elevated or reduced levels of endothelial marker (or functional test) in patients with lacunar stroke compared to (healthy) controls, =: no differences in levels
between patients and controls, ‐: not tested.
FMD = Flow‐mediated vasodilatation; ecNOS = endothelial constitutive nitric oxide synthase; ET = endothelin; ADMA = asymmetric dimethylarginine; TM =
thrombomodulin; TF = tissue factor; TFPI = tissue factor pathway inhibitor; vWF = von Willebrand factor; tPA = tissue plasminogen activator; ICAM‐1 = intracellular
13
adhesion molecule‐1; MTHFR = methylenetetrahydrofolate reductase; LI/LA = isolated lacunar infarct/ Ischemic leukoaraiosis, as proposed by Hassan et al.

Eikelboom30

Khan18

Hassan

15/28
16/28

NINDS

‐

association TT genotype with
lacunar stroke

↑

‐

74(74/75)
66(66/67)

19/28

LI/LA

OCSP

OCSP

↑

E‐selectin

33
205

68(68/60)

21/28

14/26

15/28

‐
‐

99
133

86

67(67)

74(74/73)

74(74/75)

=
↑

56
67

25

50

301

33

P‐selectin
P‐selectin

Toxin for the endothelium

Bath
28
Cherian

27

138

99

↑

P‐selectin

Kozuka14

110

44

56

E‐selectin

ICAM‐1

Hassan13

Vascular inflammation

Jannes

Bath

Systematic review

39

Chapter 3

40

Shear stress, induced by a rise in blood flow due to a short ischemic episode in distal
tissue, induces vasodilatation through the release of NO by the endothelium (flow‐
mediated vasodilatation, FMD). FMD can be assessed by ultrasonography by
measuring the change in diameter in response to increased blood flow in the brachial
artery.4 Two studies assessed FMD in lacunar stroke patients, whereas only 1 study
assessed endothelium‐mediated vasodilatation after infusion of L‐arginine (a NO‐
donor) by measuring the change in mean arterial velocity (Vm) in the middle cerebral
artery.9,17,27 These studies showed an impaired response in FMD and L‐arginine
reactivity, that improved in both patients with lacunar stroke and patients with a
similar risk factor profile after treatment with atorvastatine.17
NO is important for the modulation of CO2‐mediated cerebral blood flow in healthy
humans37 and an impaired CO2 vasoreactivity was found in patients with endothelial
dysfunction.38 We found 4 studies on CO2 vascular reactivity in lacunar stroke
patients.23‐26,36,39 All studies found impaired vasomotor reactivity at different time
intervals after the ischemic event. Similar results were found by 2 studies which used
acetazolamide.25,39
Six studies10,15,19,29,32,33 focused on functional gene polymorphisms known to be
involved in the regulation of NO and ET activity. None of the polymorphisms of ET
seem relevant to lacunar stroke,10 but 2 polymorphisms of the ecNOS‐gene – intron
4ab19 and Glu298Asp29 ‐ are associated with the occurrence of lacunar stroke. From
most studies, the direct mechanism by which the polymorphism influences the
pathogenesis of lacunar stroke can only be hypothesized from the function of NO,
because the end products (NOx and ET) were not determined due to the abluminal
localization of ET and the oxidation of NO.
Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of NO, and it may
play a role in mediating endothelial dysfunction.40 In lacunar stroke patients, the grade
of leukoaraiosis was positively correlated with the levels of ADMA, compared to
community controls free of cerebrovascular disease.18

Hemostatic function of the endothelium
Vascular endothelial function can be studied by measuring the levels of molecules of
endothelial origin.4
TM is produced and expressed on the endothelial cell surface, where it mediates the
activation of protein C upon binding to thrombin. Activated protein C inhibits, by
proteolytic cleavage, the cofactors Va and VIIIa of the coagulation cascade. Release of
the soluble form of TM (sTM) is regarded as a marker of endothelial cell activation.41
We found 5 studies which measured sTM levels in lacunar stroke patients.13,14,16,20,31
Studies which evaluated patients during the chronic phase found higher levels of sTM
in patients than in controls, especially in those with multiple lacunar infarcts and
leukoaraiosis.13
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Von Willebrand factor (vWF) is mainly found in endothelial cells (Weibel‐Palade
bodies), but to some extent also in blood platelets (α‐granules). vWF connects the
activated blood platelet to the subendothelial collagen. In plasma, it circulates in a
non‐covalent complex with coagulation factor VIII.42 Several different assays are used
to determine either the concentration or the function of vWF. We found 6 studies on
vWF in lacunar stroke patients, 4 of which measured concentrations of vWF,16,28,34,35
whereas 2 determined its activity.14,31 Most studies show elevated levels and activity of
vWF within days of ictus and also after several months.
Tissue factor (TF) is a protein which is located at extravascular sites not exposed to the
blood, i.e. adventitial fibroblasts and vascular smooth muscle cells. TF is encountered
by the blood in case of injury or endothelial disruption. The contact between TF and
factor VII(a) leads to the formation of an active complex which activates factor X and
factor IX. The physiological inhibitor of TF is tissue factor pathway inhibitor (TFPI),
which binds to activated factor Xa within the TF‐VIIa‐Xa‐complex, thus limiting
thrombin formation. TFPI is mainly present in endothelial cells.43 We found only 1
study on TF and TFPI in lacunar stroke patients, which showed an association between
levels of soluble TF and the extent of leukoaraiosis, but no association with the number
of lacunes. Elevated levels of TFPI were found in patients with isolated lacunar
infarction compared to either patients with leukoaraiosis or healthy controls.13
Endothelial cells synthesize and release tissue plasminogen activator (tPA) into the
bloodstream. tPA mediates the conversion of plasminogen to plasmin, which breaks
down fibrin. The possession of a thymidine (T) allele (‐7351C/T polymorphism) is
associated with reduced DNA transcription approximately leading to half the tPA
release observed in those homozygous for the cytosine (C) allele.44 Jannes et al. found
a significant association between the TT genotype of the tPA ‐7351C/T polymorphism
and lacunar stroke. Unfortunately, levels of tPA were not assessed in this population,
so the influence of the polymorphism on levels of tPA could not be evaluated.12

Serum markers of vascular inflammation
Selectins are transmembrame glycoproteins expressed on activated vascular
endothelium (E‐ and P‐selectin) and activated platelets (P‐selectin). These adhesion
molecules attract leukocytes from the circulation and promote leukocyte rolling along
the endothelium. The leukocytes adhere to the endothelium through the actions of
ICAM‐1 and VCAM‐1.45 Besides being expressed by the endothelium, ICAM‐1 is also
expressed by leukocytes.46 Soluble isoforms of the adhesion molecules are present in
the circulation after cellular activation.47 We found 4 studies reporting on the serum
levels of adhesion molecules in lacunar stroke patients.13,14,28,35 Elevated levels of E‐
and P‐selectin were confined to the acute phase in most studies. The authors
explained the fall in levels of P‐ and E‐selectin after 3 to 6 months by the widespread
use of cholesterol‐lowering agents and antithrombotic therapies.28 ICAM‐1 levels were
elevated in both isolated lacunar infarction and ischemic leukoaraiosis compared with
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controls.13 These results suggest an acute‐phase response of the endothelium but no
chronic endothelial activation. The prolonged elevated levels of ICAM‐1 are probably
due to white blood cell activation in the chronic phase.

Homocysteine, a toxin for the endothelium
Genetic factors, environmental factors or a combination of both can cause elevated
levels of homocysteine, which can lead to endothelial dysfunction.48
Three studies have reported on homocysteine in lacunar stroke patients. All studies
found significantly higher levels of homocysteine in patients, especially in those with
leukoaraiosis.11,18,30
We found 2 studies concerning the most frequent genetic defect involving the enzyme
methylenetetrahydrofolate reductase. Eikelboom et al. found an equal distribution of
the methylenetetrahydrofolate reductase genotype between stroke subtypes,30 but
further subtyping of lacunar stroke patients showed an association with ischemic
leukoaraiosis subtype.11

Conclusions and future options
In this systematic review, we reviewed papers on endothelial function in patients with
lacunar stroke. A proper definition of endothelial dysfunction is missing, but it is
generally accepted that endothelial activation – and eventually dysfunction –
represents the conversion of a quiescent phenotype towards a host defence response
due to prolonged and/or repeated exposure to cardiovascular risk factors.4,5,40 In our
search strategy we used different search terms to bypass this definition problem.
Although the assessment of endothelial function was quite diverse, elevated levels of
serum markers suggestive of endothelial activation (e.g. sTM, vWF, TFPI), abnormal
values of FMD as an indicator of endothelial function and elevated levels of
homocysteine and ADMA were all associated with lacunar stroke in the chronic phase,
especially in lacunar stroke with concomitant white matter lesions and silent lacunar
infarcts.
However, uniform and robust conclusions are difficult to draw due to the
heterogeneity of the studies. First, patient populations9,12,14,15,20,23,31,32,34,35 were
described using different classification systems for ischemic stroke, such as the Trial of
Org 10172 in Acute Stroke Treatment (TOAST) criteria,49 the Oxfordshire Community
Stroke Project (OCSP) Classification50 and National Institute of Neurological Disorders
and Stroke (NINDS) Ad Hoc Committee classification.51 The use of different definitions
probably leads to different case series of lacunar stroke patients studied, making the
results difficult to compare. Second, while most studies regarded lacunar stroke as a
homogeneous disease, pathological52 and clinical53,54 studies support the hypothesis
that two forms of lacunar strokes exist, i.e. isolated lacunar infarct and lacunar stroke
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with concomitant silent lacunar infarcts and diffuse white matter lesions. Only some
studies classified lacunar stroke according to these subtypes,10,11,13,18,19 and it were
these studies that found the clearest associations between endothelial dysfunction
and lacunar stroke. This suggests that endothelial dysfunction might be especially
involved in cerebral small‐vessel disease due to lipohyalinosis. Consequently, we
propose that future studies should precisely classify the type of lacunar stroke using
the established clinical criteria of lacunar syndromes55 combined with MRI findings,56
without inclusion of a risk factor profile in the classification system.57
Another limitation was that several studies9,23,35,39 measured markers of endothelial
dysfunction only in the acute phase of the lacunar stroke. The results of these studies
reflect an acute‐phase response of endothelium instead of a long‐term process of
endothelial dysfunction. Furthermore, the studies published so far cannot establish
whether the endothelial dysfunction is causative or consecutive. Obviously, it would be
ideal to collect samples before the event occurs in an population‐based design;
however, this would require a very large population. The second best choice would be
to collect samples several months after the event and to repeat the sample collection,
thereby excluding the influence of the acute‐phase response, and follow patients
clinically as well as by brain MRI for progression of silent cerebral small‐vessel disease.
None of the markers described are brain‐specific endothelial markers.58 Also, the mere
presence of cardiovascular risk factors (e.g. diabetes),4 symptomatic disease of large
vessels of the brain14,31,34 and heart42 leads to elevated levels of endothelial markers.
However, studies on subtypes of lacunar stroke11,13,18,19 found differences related to
concomitant white matter lesions and asymptomatic lacunar infarcts, after adjustment
for conventional vascular risk factors. On the other hand, controls with symptomatic
large‐vessel disease were not included in these studies. Ideally, future studies should
include controls with symptomatic atherosclerotic disease (e.g. coronary and carotid
disease), and asymptomatic controls with a similar risk factor profile. In all patients,
the burden of generalized atherosclerotic disease should be measured by objective
methods as intima‐media thickness.
A final shortcoming of the reviewed studies was that they focused on serum markers
of endothelial dysfunction (TM), on causative agents (homocysteine) or on function
assessment (FMD). For the future, it would be best to combine these different
methods in the same patients.
Finally, it is postulated that endothelial dysfunction is the first step in dysfunction of
the BBB.8 We found only 1 paper concerning BBB dysfunction in lacunar stroke, in
which preliminary imaging data, suggesting leakage of the BBB, is presented.22 So more
studies on function and integrity of the BBB are necessary.
In conclusion, the current literature suggests that endothelial dysfunction might be
involved in the pathogenesis of lacunar stroke, especially in those patients with
multiple lacunar infarcts and ischemic white matter lesions. For the future, patients
should be classified by the combination of clinical symptoms and the results of brain
MRI. Besides clinical follow‐up, disease progression should be evaluated by repeated
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MRI. The endothelial function should be tested in the chronic phase after the lacunar
stroke (3 months) and repeated at fixed intervals, applying the whole spectrum of
endothelial function tests. This would allow biochemical markers of endothelial
function to be related to the endothelial function itself and the clinical and radiologic
follow‐up.
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Abstract
Background and purpose
Lacunar stroke (LS) can be subtyped according to the absence (isolated lacunar infarct
[ILA]) or presence of concomitant white matter lesions (WML) and/or asymptomatic
lacunar infarcts. Endothelial activation is thought to play a pivotal role in the subtype
with WML and/or asymptomatic lacunar infarcts. The aim of this study was to evaluate
whether endothelial activation is associated with WML and/or asymptomatic lacunar
infarcts in LS patients. Here, we determined levels of circulating blood markers of
endothelial function in LS patients.
Methods
In 149 patients, all whom had brain‐MRI, levels of tissue plasminogen activator (tPA),
plasminogen activator inhibitor type 1 (PAI‐1), tPA‐PAI‐1 complex, von Willebrand
factor, tissue factor, thrombomodulin, and coagulation factor VIII were determined.
Levels of blood markers were related to subtypes of LS, and adjusted for age, gender
and vascular risk factors.
Results
In subtypes of LS, tPA activity was increased in patients with WML (0.79 IU/mL vs 0.44
IU/mL for ILA; P=0.02) and PAI‐1‐antigen levels were lowest in patients with WML
(27.5 ng/mL vs 44.0 ng/ml for ILA; P=0.02). The association between WML and PAI‐1
remained significant after multivariable analysis (OR 0.99; 95%CI 0.98‐1.00 per ng/mL
change of PAI‐1; P=0.04).
Conclusions
We found further evidence for the hypothesis of endothelial activation in the subtype
of LS caused by a diffuse small vessel vasculopathy, as we found higher levels of tPA in
patients with concomitant extensive WML than in those with ILA. Second, low levels of
PAI‐1 were associated with WML. We postulate that differences in activity of
components of the fibrinolytic system might contribute to WML development.
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Introduction
Lacunar stroke accounts for one‐quarter of all ischemic strokes1 and is characterized by
one of the lacunar syndromes2 with a compatible lacunar infarct on brain imaging.
Lacunar infarcts are located deep within the brain and caused by the occlusion of a
single perforating artery. Several pathology3 and clinical4‐6 studies support the
hypothesis that there are different forms of lacunar stroke, ie, isolated lacunar infarct
(ILA) caused by a small atheromatous plaque and lacunar stroke with concomitant
diffuse white matter lesions (WML) and asymptomatic lacunar infarcts (aLAC), caused
by a generalized diffuse destruction of the vessel wall.
Recent observations suggest that activation of the cerebral microvascular endothelium
might be the primary step in the pathogenesis of lacunar stroke, especially in the
subtype with concomitant WML and aLAC. Activation of the endothelium leads to
increased permeability of the blood‐brain barrier, which allows plasma components to
reach the perivascular space and cause glial and neuronal damage.7‐9
The function of vascular endothelial cells can be assessed in vivo by measuring levels of
circulating molecules of endothelial origin.10 Because of its hemostatic barrier function,
a number of endothelium‐derived proteins are typically related to hemostasis and
coagulation. The von Willebrand factor (vWF) connects the blood platelet to the
subendothelial collagen. In plasma, it circulates in a noncovalent complex with
coagulation factor VIII.11 Tissue factor (TF) is normally only encountered by the blood in
case of endothelial disruption, but a wide variety of agents can lead to expression of TF
on cultured endothelial cells. By binding to activated factor VIIa, TF initiates the
extrinsic coagulation pathway.12 Thrombomodulin (TM) is normally expressed on the
endothelial cell surface, where it mediates the activation of the anticoagulant protein
C.13 Tissue plasminogen activator (tPA) converts plasminogen to plasmin, which lyses
clots.14 The activity of tPA is inhibited by binding to plasminogen activator inhibitor
type 1 (PAI‐1), which is also constitutively secreted by the endothelium.15
The aim of this study was to determine whether endothelial activation was associated
with WML and/or aLAC. Here, we determined the levels of circulating blood markers of
endothelial function in lacunar stroke patients and expected to find the highest levels
of these markers in the subtype with concomitant WML and/or aLAC as compared to
ILA.

Methods
Study population
From May 2003 until December 2007, all residential consecutive patients presenting at
emergency department or outpatient clinic with a first‐ever ischemic stroke (n=1093)
were registered in the Maastricht Stroke Registry.5 Lacunar stroke was defined as one
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of the recognized lacunar syndromes with a lesion on imaging compatible with the
occlusion of a single perforating artery or, if no such lesion was visible on imaging,
using established criteria of unilateral motor and/or sensory signs, involving the whole
of at least 2 of the 3 body parts (face, arm and leg) without disturbance of
consciousness or cortical functions.1 To increase likelihood that the lacunar syndrome
had resulted from cerebral small vessel disease, we excluded 26 patients with a
potential cardioembolic source of embolism (mainly atrial fibrillation) and 25 patients
with severe precerebral large vessel disease (at least one internal carotid artery with
>50% stenosis). Of the remaining lacunar stroke patients (n=234), 117 did not
participate for several reasons (eg, contraindication for MR imaging, use of oral
anticoagulants, heparin or low‐molecular‐weight heparin, extensive comorbidity,
unwilling to participate in scientific research). Participating patients were younger and
more often male than those who refused to participate.
Applying the same criteria, we also recruited 32 lacunar stroke patients from a nearby
hospital (Orbis Medical Center; Sittard, The Netherlands). Age and gender, as well as
vascular risk factor profile were recorded. Hypertension was defined as repeated
measurements of systolic blood pressure >140 mmHg and diastolic blood pressure >90
mmHg or current treatment with antihypertensive drugs. A history of smoking was
recorded if someone had smoked at any time in their lives. Diabetes mellitus was
recorded in the case of a previous diagnosis of insulin‐dependent or noninsulin‐
dependent diabetes, or repeated elevated levels of fasting glucose (>6 mmol/L).
Presence of symptomatic coronary artery disease, peripheral arterial disease and levels
of cholesterol were recorded.
At the end of 2007 we had collected a total number of 149 lacunar stroke patients,
which we expected to be sufficient for this observational study, because a previous
study reported positive results on a population of 110 lacunar stroke patients.16
The study protocol was approved by the local ethical review committees of both
hospitals. Informed consent was obtained from all participants.

Imaging
MR images were obtained and assessed by a previously described protocol17 a median
of 30 days after the event (interquartile range, 8‐76 days). Two experienced vascular
neurologists assessed the MR images by consensus. The interobserver agreement,
expressed by Cohen’s kappa (κ), was determined prior to this study: 0.89 for
symptomatic infarct, 0.96 for the presence of ≥1 aLAC, 0.77 for periventricular WML,
and 0.84 for deep WML.18

Subtyping lacunar stroke
Patients were categorized as extensive WML if the periventricular WML score of the
modified Fazekas scale was 3 and/or the deep WML score of the Fazekas scale was 2 or
3. Patients were categorized as aLAC if ≥1 asymptomatic lacunar infarcts were present
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on MR imaging in the absence of WML. If neither aLAC nor WML were present on MR‐
imaging, then patients were categorized as ILA.

Samples
By venepuncture of a vein in the antecubital fossa, fasting blood samples were drawn
in all patients at least 3 months after the ischemic event. Prescribed medication
including anti‐platelet agents and statins were continued at time of blood withdrawal.
After discarding the first tube (to minimize puncture‐related coagulation activation),
the blood was divided over a tube containing citrate‐anticoagulant at low pH (to
prevent formation of tPA‐PAI‐1 complex and preserving components of the fibrinolytic
system; Stabilyte tube, Biopool) and a tube containing 3.2% sodium citrate. Platelet‐
poor plasma was prepared by a 2‐step centrifugation process; 5 minutes at 2000 g and
10 minutes at 11000 g at room temperature. Plasma aliquots were stored at ‐80°C and
defrosted at 37°C before analysis.

Laboratory assays
TF, TM and PAI‐1 antigen levels and tPA‐PAI‐1 complexes were measured by
commercially available enzyme‐linked immunosorbant assay kits (IMUBIND tissue
factor enzyme‐linked immunosorbant assay Kit by American Diagnostic; Asserachom
Thrombomodulin by Roche; TECHNOZYM PAI‐1 antigen enzyme‐linked immunosorbant
assay reagent kit and tPA‐PAI‐1 complex enzyme‐linked immunosorbant reagent Kit,
both by Technoclone). The tPA activity was determined with a chromolize tPA kit
(Biopool). The vWF antigen was measured by a turbidimetric method and coagulation
factor VIII by a 1‐stage activated partial tromboplastin time (aPTT)‐based clotting test,
both on a automatic analyzer (BCS analyzer; Siemens). The coefficients of variation for
TF, TM, PAI‐1, tPA‐PAI‐1 complexes, tPA activity, vWF and FVIII were <10%, <7.4%, 3 to
10%, 3 to 10%, <10%, 1.4 to 2.4%, and 2 to 14%, respectively.

Statistical analysis
Normally distributed data are presented as mean ± SD, variables with skewed
distributions are presented as median and interquartile ranges, and categorical
variables as frequencies. We compared means by the independent t‐test for normally
distributed variables and the Mann‐Whitney test for variables with skewed
distributions (tested by Kolmogorov‐Smirnov‐Test). Pearson χ2 statistic was used for
categorical variables. A 2‐tailed P<0.05 was considered significant.
For the error bars in the Figure, only normally distributed data could be used. Levels of
vWF were normally distributed and levels of tPA and PAI‐1 became normally
distributed after logistic transformation.
We modeled the relation between the levels of endothelial markers for lacunar stroke
sutypes (ILA vs extensive WML and ILA vs aLAC). Statistical significance of these
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relationships was assessed using binary logarithmic regression analyses. The model
was adjusted for age, gender, hypertension, diabetes, cholesterol levels at admission
and smoking history. Covariates were forced into the models simultaneously (enter
method in SPSS). Analyses were performed using the SPSS statistical software package
(version SPSS 16.0 for Windows; SPSS Inc).

Results
Clinical characteristics
Fifty‐three patients had extensive WML, 53 had ≥1 aLAC without WML, and 43 patients
were classified as ILA. In 26 (17%) patients, MR imaging showed no symptomatic
lacunar infarct, and the diagnosis was based on clinical criteria. Patients with extensive
WML were older than patients with ILA (68.2 ± 9.3 for extensive WML and 58.9 ± 9.9
for ILA; P<0.001). Distributions of gender, conventional vascular risk factors and levels
of cholesterol were similar between lacunar stroke subtypes (Table 4.1). Antiplatelet
agents (100% of patients) and statins (90% of patients) were used at time of blood
withdrawal. The fasting blood sample was taken 137 days (interquartile range, 106‐
206) after the stroke.
Table 4.1

Clinical characteristics of lacunar stroke subtypes
Isolated
lacunar infarct
(n=43)

Age (years)
Male
Hypertension
Diabetes Mellitus
Total cholesterol (mmol/L)
Smoking
Coronary artery disease
Peripheral artery disease

58.9 ± 10.0
26 (61)
27 (63)
6 (14)
5.6 ± 1.1
22 (54)
4 (9)
1 (2)

With extensive WML
(n=53)

68.2 ± 9.3
30 (57)
36 (68)
6 (11)
5.8 ± 1.2
25 (48)
8 (15)
2 (4)

P
<0.01
0.70
0.60
0.70
0.50
0.68
0.39
0.69

With aLAC,
without extensive WML
(n=53)
P
60.4 ± 13.0
0.55
37 (59)
0.34
35 (66)
0.74
7 (13)
0.92
5.7 ± 1.4
0.80
19 (36)
0.11
7 (13)
0.55
2 (4)
0.69

Data are presented as mean ± SD or number (%). WML indicates white matter lesions; aLAC, asymptomatic
lacunar infarcts. P values for comparison with isolated lacunar infarct.

Levels of plasma markers of endothelial function and coagulation factor
VIII
The tPA activity was elevated in patients with extensive WML (median, 0.79 IU/mL;
interquartile range, 0.37‐1.33) as compared to patients with ILA (0.44 IU/mL;
interquartile range, 0.34‐0.72; P=0.02) by Mann‐Whitney test (Table 4.2, Figure 4.1).
Differences in tPA activity were in the expected direction in patients with aLAC,
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compared to ILA; however, they were not statistically significant (0.62 IU/mL;
interquartile range, 0.31‐1.06; P=0.21). After multivariable analysis (Table 4.3), the
association between between tPA activity and WML was no longer significant (OR, 2.82
per IU/mL; 95% CI, 0.96‐8.25; P=0.06).
Table 4.2

Levels of plasma markers of endothelial function and coagulation factor VIII in lacunar stroke
subtypes

tPA activity, IU/mL
PAI‐1 , ng/mL
tPA‐PAI‐complex, ng/mL
vWF antigen, %d.N
FVIII, %d.N
TM, ng/mL
TF, pg/mL

Isolated lacunar infarct

With extensive WML

(n=43)

(n=53)

0.44 (0.34‐0.72)
44.5 (22.9‐84.3)
11.0 (8.2‐14.5)
131 ± 53
109 ± 25
27.0 (20.1‐37.2)
76 (40‐102)

0.79 (0.37‐1.33)
27.5 (13.1‐53.9)
11.0 (8.4‐14.4)
140 ± 51
113 ± 26
27.4 (21.3‐35.3)
86 (35‐144)

P
0.02
0.02
NS
NS
NS
NS
NS

With aLAC, without
extensive WML
(n=53)
P
0.62 (0.31‐1.06)
NS
41.4 (22.5‐73.0)
NS
11.5 (8.7‐16.7)
NS
148 ± 50
NS
115 ± 26
NS
27.0 (22.1‐35.9)
NS
60 (21‐122)
NS

Data are presented as mean ± SD or median (interquartile range). P value for comparison with isolated
lacunar infarct. WML indicates extensive white matter lesions; aLAC, asymptomatic lacunar infarcts; FVIII,
coagulation factor VIII; PAI‐1, plasminogen activator inhibitor type 1; TF, tissue factor; TM, thrombomodulin;
tPA, tissue plasminogen activator; vWF, von Willenbrand factor; %d.N, percentage of normal.

Table 4.3

Relationship between lacunar stroke subtype and plasma markers of endothelial function,
adjusted for age, gender and conventional vascular risk factors.

tPA
PAI‐1
tPA‐PAI‐1‐complex
vWF
TM
TF

Unadjusted Model OR (95% CI)
Extensive WML aLAC, without WML
3.82 (1.51‐9.69)*
2.22 (0.84‐5.86)
0.99 (0.98‐1.00)*
1.00 (0.99‐1.01)
0.97 (0.91‐1.03)
1.00 (0.95‐1.06)
1.00 (1.00‐1.01)
1.01 (1.00‐1.02)
1.01 (0.99‐1.04)
1.01 (0.99‐1.04)
1.00 (1.00‐1.00)
1.00 (1.00‐1.00)

Adjusted Model OR (95% CI)
Extensive WML
aLAC, without WML
2.82 (0.96‐8.25)
2.53 (0.88‐7.29)
0.99 (0.98‐1.00)*
0.99 (0.98‐1.00)
0.93 (0.85‐1.02)
0.99 (0.93‐1.06)
1.00 (0.99‐1.01)
1.01 (1.00‐1.02)
1.00 (0.97‐1.04)
1.01 (0.98‐1.05)
1.00 (1.00‐1.00)
1.00 (1.00‐1.00)

Result of binary logistic regression analysis presented as OR with 1 unit of change in level of plasma marker
(95% CI). * P<0.05

PAI‐1‐levels were lower in patients with extensive WML (27.5 ng/mL; interquartile
range, 13.1‐53.9) than in those with ILA (44.5 ng/mL; interquartile range, 22.9‐84.3;
P=0.02) by Mann‐Whitney test. The association between WML and PAI‐1 remained
significant after multivariable analysis (OR, 0.99 per ng/mL; 95%CI, 0.98‐1.00; P=0.04).
Levels of PAI‐1 in patients with aLAC were not significantly different from patients with
ILA (41.4 ng/mL; interquartile range, 22.5‐73.0; P=0.45).
Levels of vWF antigen were highest in patients with aLAC (148 ± 50 percentage of
normal [%d.N]) followed by patients with WML (140 ± 51%d.N.), and lowest in those
with ILA (132 ± 52%d.N.); however differences were not significant (P=0.11 for aLAC
versus ILA and P=0.41 for WML versus ILA) by independent t test.
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Plasma levels of tPA‐PAI‐1 complex, TF, TM and coagulation factor VIII were similar for
subgroups of lacunar stroke patients.
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Figure 4.1

Error Bars depicting the levels of tissue plasminogen activator, plasminogen activator inhibitor
type 1, and von Willebrand factor for subtypes of lacunar stroke. ILA indicates isolated lacunar
infarct; WML, white matter lesions; aLACs, asymptomatic lacunar infarcts.
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Discussion
Several pathology7,19 and imaging20,21 studies provide evidence for the hypothesis that
endothelial activation, eventually followed by leakage of plasma components into the
vessel wall, perivascular space, and brain parenchyma might be causative in the
development of lacunar infarcts and WML.9 The function, and activation, of the
vascular endothelium can be evaluated by functional tests such as flow‐mediated
vasodilatation or by measuring soluble markers secreted by the endothelium.10 In first‐
ever lacunar stroke patients, we found further evidence for this hypothesis, because
we found higher levels of tPA, a marker of endothelial function, in patients with
concomitant extensive WML compared to patients with ILA.
To the best of our knowledge, we are the first to evaluate tPA as a marker of
endothelial function in a substantial cohort of lacunar stroke patients. The elevated
levels of tPA in patient with extensive WML coincided with low levels of PAI‐1 in these
patients. PAI‐1 and tPA are extensively present in the small blood vessels of the white
matter,22 and both proteins may be involved in mediating neuronal cell damage.23
Although the exact mechanisms are still unknown, low activity of PAI‐1 is associated
with tPA‐induced tissue damage24 resulting from NMDA‐induced ischemia by tPA after
crossing the blood‐brain barrier.25 Hence, we hypothesize that this mechanism might
contribute to the development of WML through shifts in the balance between these
components of the fibrinolytic system, ie, patients with WML lack the protective effect
of PAI‐1 for tPA‐induced tissue damage.
Several studies26,27 found increased levels of vWF in lacunar stroke patient compared
to controls. In our study, levels of vWF were higher in patients with extensive WML
and aLAC than in those with ILA; however, differences were not statistically significant.
The direction of the differences we found might suggest that endothelial activation is
confined to the subtype with WML and/or aLAC.
Levels of soluble TF were similar for subtypes of lacunar stroke patients, which is in
apparent contrast to Hassan et al.16 who found higher levels of soluble TF in patients
with increasing grades of leukoaraiosis. One confounding factor in this regard may be
the use of medication. In our study, almost all patients used statins at time of blood
withdrawal. Besides their lipid‐lowering properties, statins reduce levels of TF,28 which
may have contributed to the equal levels of TF in lacunar stroke subtypes. Similarly, we
expected to find higher levels of soluble TM in patients with WML and/or aLAC
compared to those with ILA, because several studies found elevated levels in lacunar
stroke patients.16,26 However, although TM is expressed throughout the systemic
circulation and microvasculature, its presence and distribution in the cerebral
microvasculature is debated.29‐31 Despite the fact that TM may be considered as an
endothelial marker, it therefore might not be the most suitable marker for a disease of
the cerebral small vessels.
The main strength of our study is that we were able to collect a substantial cohort of
carefully subtyped lacunar stroke patients. Subtyping was done by combining
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established criteria of the classical lacunar syndromes with imaging criteria and,
second, by excluding patients with a possible embolic source of (lacunar) infarct, eg,
atrial fibrillation and carotid artery disease. This enabled us to define a strict
phenotype of lacunar stroke patients who most probably developed the stroke due to
an intrinsic disease of the cerebral small vessels. Our classification system was free of
vascular risk factors, as suggested for studies on the pathophysiology of lacunar
stroke.32 Furthermore, we assessed endothelial function after the acute phase and can
thereby draw conclusions on the chronic process which might contribute to the
development of the disease.
Our study has several limitations. First, we only selected patients with lacunar stroke
and therefore could not compare or extrapolate our results to other types of ischemic
stroke. Because aLAC and WML mainly appear in patients with lacunar stroke, and
because cerebral small vessel disease underlies all, extrapolation to the other types of
ischemic stroke is unwarranted. Second, our study is cross‐sectional. As such, it cannot
be established whether endothelial activation is causative of consecutive. Long‐term
follow‐up of patients with intermittent brain MR scanning might solve this problem.
Third, the studied endothelial markers cannot be regarded as brain‐specific endothelial
cell markers. However, because several lines of evidence suggest that the small vessel
disease which underlies lacunar stroke is a systemic disease33,34,35, the pattern of
endothelial cell activation may also be considered representative for the brain small
vasculature. Fourth, despite the fact that we collected the largest series of well –
subtyped lacunar stroke patients until now, we found differences in a limited number
of endothelial markers. As we based our sample size estimations on a study of 110
lacunar stroke patients,16 we expected that 149 patients would be sufficient. Pooling of
our results with those from others may be a possibility to overcome this problem.
Finally, 17% of patients had no symptomatic lacunar infarct on MR imaging. This may
relate to the short duration of symptoms (though at least 24 hours) in some, but also
to the rather long MRI delay in some patients, which blurs the distinction between
recent and possible concomitant old lacunar lesions. However, this did not lead to
incorrectly included patients, because clinically, they had experienced a lacunar stroke
as diagnosed by established criteria.2

Conclusion
We found modest differences in levels of some of the circulating plasma markers of
endothelial function in lacunar stroke patients with concomitant WML compared to
ILA. Our findings seem to provide support for the hypothesis of endothelial activation
in this subtype of lacunar stroke.
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Abstract
Objectives
New insights in the pathophysiology of lacunar stroke, suggest that it is caused by
increased permeability of the blood‐brain barrier due to endothelial activation. As
endothelial cells are the major production‐ and storage site of tissue factor pathway
inhibitor (TFPI), this protein can be used as marker of endothelial activation. In this
study we measured the different pools of TFPI, as a marker of endothelial function, in
first‐ever lacunar stroke patients.
Methods
We determined antigen levels of total and free full length (FL‐)TFPI using ELISA in 149
patients and 42 controls. Heparin‐releasable free FL‐TFPI was determined in a random
subset of 17 patients and 15 controls. By brain MRI, we classified LS patients as
isolated lacunar infarct (ILA) or with silent ischemic lesions (SIL).
Results
Plasma levels of total‐TFPI were highest in patients with SIL compared to ILA, but this
association disappeared after correction for age and levels of LDL‐cholesterol.
However, levels of heparin‐releasable free FL‐TFPI were higher in patients than
controls.
Discussion
While ambient plasma levels of total‐TFPI were not different in subtypes of lacunar
stroke, the increased levels of heparin‐releasable TFPI in patients suggest a role of
endothelial activation in the pathogenesis of lacunar stroke.
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Introduction
Lacunar stroke is characterized by one of the lacunar syndromes with a compatible
lacunar infarct on brain‐imaging.1 The suggested pathofysiological mechanism is
initiated by activation of the neurovascular endothelium, that leads to increased
permeability of the blood‐brain barrier. Subsequently, blood products reach the
perivascular space causing glial and neuronal damage. This mechanism is particularly
important in the subtype of lacunar stroke with concomitant silent ischemic lesions
(SIL), i.e. white matter lesions (WML) and/or asymptomatic lacunar infarcts (aLACs).2,3
The function of vascular endothelial cells can be assessed in vivo by measuring levels of
molecules of endothelial origin,4 such as tissue factor pathway inhibitor (TFPI).5 TFPI is
the physiological inhibitor of the factor VIIa/tissue factor (TF) pathway of blood
coagulation.6 The mature form of TFPI, termed full length (FL), has an acidic amino‐
terminal region followed by three tandemly arranged Kunitz domains and a basic
carboxy‐terminal region.7 On secretion from the endothelial cell, part of TFPI is bound
to cell surface proteoglycans. In plasma, most TFPI is conjugated to lipoproteins,
mainly LDL, and consists of several carboxy‐terminal–truncated forms, whereas only
10% of plasma TFPI is the free FL‐form of the molecule.8,9 Heparin administration
displaces TFPI from the cell surface glycocalyx and induces secretion of TFPI from
endothelial cells, causing a several fold increase in plasma levels of the free FL‐
form.10,11
In this study, we determined circulating levels of TFPI, as a marker of endothelial
activation in first‐ever lacunar stroke patients. First, we measured total‐TFPI, consisting
of free‐ and lipoprotein bound forms, and the levels of free FL‐TFPI. Second, in a subset
of patients and controls levels of heparin‐releasable free FL‐TFPI were measured.

Methods
Study population
As reported previously, between May 2003 and December 2007, we prospectively
recruited 149 first‐ever lacunar stroke patients at the Maastricht University Medical
Centre (MUMC) and the nearby Orbis Medical Centre Sittard, the Netherlands.12
Patients with a potential cardio‐embolic source or severe (pre‐) cerebral large vessel
disease were excluded. Vascular risk factor profile was registered.
Forty‐two patients visiting the outpatient neurology clinic for myogenic back pain or
entrapment neuropathies, participated as healthy controls. They had no vascular or
inflammatory diseases, no hypertension or diabetes and no silent ischemic lesions on
cerebral MRI. Over 95% of the patients and controls were Caucasians.
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Subtyping of lacunar stroke
We performed a MRI in all patients by a previously described protocol.13 Cases were
classified as SIL‐positive if one or more asymptomatic lacunar infarcts (aLACs) and/or
extensive WML were present on MR‐imaging. Extensive WML was defined as a
periventricular WML‐score of 3 and/or a deep WML‐score 2 or 3 on the modified
Fazekas scale.14 If neither aLACS nor extensive WML were present on MR‐imaging,
cases were categorized as isolated lacunar infarct (ILA).

Samples
After overnight fasting, venous blood samples were drawn at least 3 months after the
ischemic event (median 137 days, IQR 106‐206). The first tube was used to determine
levels of cholesterol, LDL‐cholesterol, HDL‐cholesterol and triglycerides, and the
second one contained 3.2% sodium citrate as an anticoagulant to determine TFPI
levels. Platelet poor plasma was immediately after blood withdrawal prepared by a
two step centrifuge process; the first step at 2000xg for 5 minutes and directly
followed by centrifugation of the supernatant at 11.000xg for 10 minutes at room
temperature. Plasma aliquots were stored at ‐80°C and thawed at 37°C before analysis.

Assays total and free FL‐TFPI
We used conventional tests of the extrinsic (prothrombin time [PT]) and intrinsic
(activated partial tromboplastin time [aPTT]) coagulation pathways to rule out overt
clotting disorders.
Levels of total‐TFPI were measured in plasma using a commercially available ELISA‐kit
(Asserachom®Total TFPI by Diagnostica Stago, France). This ELISA was designed to
measure the total level of plasma TFPI (free‐ and lipoproteins‐bound‐TFPI forms).
We performed an in‐house developed free FL‐TFPI ELISA in duplicate on all samples, as
this assay exclusively measures the bioactive free FL‐TFPI.15 Levels of free FL‐TFPI were
expressed as percentage of normal (%d.N.). The normal level, stated as 100%, was
measured in normal pooled plasma (NPP) from 87 healthy hospital workers (MUMC).

Heparin‐releasable FL‐TFPI
For this sub‐study, we applied exclusion criteria consisting of thrombotic episode in the
last 3 months, hemorrhagic diathesis, history of brain hemorrhage, presence of brain
microbleeds on MRI, use of oral anticoagulants, (known) allergy to heparin or
malignant hypertension. After blood sampling and registration of vital parameters,
7500 IE of unfractionated heparin (Heparin LEO, LEO Pharma B.V., Breda, The
Netherlands) were injected intravenously by a butterfly‐needle on the same side. After
10 minutes we obtained a second (post‐)heparin blood‐sample from the opposite arm
by venepuncture.
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Levels of free FL‐TFPI were measured by ELISA‐technique as described above. Anti‐Xa
activity, as a measure for heparin‐concentration, was determined with use of biophen
heparin (hyphenbiomed) on an automatic analyser (Siemens BCS®analyzer, Germany).

Standard Protocol Approvals, Registrations, and Patients Consents
The study protocol was approved by the local research ethics committee of both
hospitals, and informed consent was obtained from all participants.
The sub‐study for the administration of heparin, was registered in the Dutch Trial
Register (Nederlands Trial Register, NTR 1392, www.trialregister.nl) and in EudraCT
(European Union Drug Regulating Authorities Clinical Trials) Database (EudraCT‐
number 2008‐004280‐19) and we obtained separate informed consent from the
participants.

Statistical analysis
Normally distributed data are presented as mean ± standard deviation (SD), variables
with skewed distributions as median and interquartile ranges (IQR), and categorical
variables as frequencies. We compared means by the independent T‐test or Mann‐
Whitney U test and categorical variables by Pearson χ2 statistic.
We performed binary univariate and multivariate logistic regression analyses to model
the relation between plasma levels of total‐TFPI and free FL‐TFPI for patients and
controls and for subgroups of patients (ILA versus SIL‐positive). The following
covariates were considered: age, gender, hypertension, diabetes, smoking history,
coronary artery disease and levels of total cholesterol, LDL‐cholesterol, HDL‐
cholesterol and triglycerides at blood‐withdrawal for study. Covariates were only
included in the model if statistical significant at a level of P<0.1 by previous testing.
Selected covariates were forced into the models simultaneously (enter method in
SPSS).
We compared concentrations of free FL‐TFPI before and after (heparin‐releasable
FL‐TFPI) administration of heparin between controls and patients. We created a new
variable (Delta‐TFPI), which was calculated by subtracting the pre‐levels from the post‐
levels of free FL‐TFPI. In binary logistic regression analysis, we adjusted the relation
between levels of free FL‐TFPI and patients versus controls for age. We calculated that
a study with enough statistical power (alpha 0.05 and beta 0.20) to detect a 20%
difference in heparin samples would require 15 subjects in both samples.
A two‐tailed probability value of P<0.05 was considered significant. Analyses were
performed using the statistical software packages SPSS (version SPSS 16.0 for
Windows, SPSS Inc., Chicago, Illinois, USA).
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Results
Clinical characteristics are depicted in Table 5.1. The clinical lacunar syndromes
consisted of pure motor stroke, sensory motor stroke, pure sensory stroke, ataxic
hemiparesis/dysarthria‐clumsy hand syndrome and other in respectively 68 (45.6%),
36 (24.1%), 28 (18.8%), 10 (6.7%) and 7 (4.7%) of the patients.

Table 5.1

Clinical characteristics, levels of total‐TPFI, free FL‐TFPI and heparin‐releasable free FL‐TFPI
All patients

Lacunar Stroke Patients
Isolated lacunar Silent ischemic
lesions
infarct (ILA)
(SIL‐positive)
(n=106)
(n=43)

Controls

(n=42)
(n=149)
Clinical characteristics
Age (years)
62.7 ± 11.7
58.9 ± 10.0
64.3 ± 11.9*
61.6 ± 7.7
Male
93 (62)
26 (61)
67 (63)
21 (50)
Hypertension
98 (66)‡
27 (63)
71 (67)
0
Diabetes Mellitus
19 (13)‡
6 (14)
13 (12)
0
Level of cholesterol (mmol/L)
4.2 ± 0.8‡
4.0 ± 0.9
4.3 ± 0.8†
5.7 ± 1.0
LDL (mmol/L)
2.3 ± 0.6‡
2.1 ± 0.7
2.4 ± 0.6†
3.8 ± 1.0
HDL (mmol/L)
1.2 (1.0‐1.5)
1.1 (0.9‐1.3)
1.2 (1.0‐1.5)*
1.1 (1.0‐1.5)
Triglyceriden (mmol/L)
1.3 (0.9‐ 1.8)
1.3 (0.9‐2.2)
1.2 (0.9‐1.8)
1.1 (0.8‐1.7)
Lipid lowering medication
134 (90)
39 (91)
95 (90)
3 (7)
Smoking
81 (55)
20 (47)
61 (58)
19 (45)
Coronary artery disease
19 (13)‡
4 (9)
15 (14)
0
Levels of TFPI
Total‐TPFI (ng/mL)
69.5 (60.5‐83.9)‡ 61.3 (54.7‐77.7) 71.0 (62.8‐86.0)* 80.3 (68.1‐91.9)
Free FL‐TFPI (%d.N)
138 ± 49
138 ± 45
138 ± 50
142 ± 29
Heparin challenge
n=17
n=15
FL‐TFPI‐Pre (%d.N.)
146 ± 37
‐‐
‐‐
174 ± 56
FL‐TFPI‐Post (%d.N)
1297 ± 246‡
‐‐
‐‐
1039 ± 302
FL‐TFPI‐Delta (Post minus pre)
1151 ± 226‡
‐‐
‐‐
865 ± 286
Data are presented as mean ± SD, median (IQR) or number (%).
‡P<0.05 for patients versus controls.*P<0.05 and †P<0.1 for ILA vs. SIL‐positive.

Total‐TFPI and free FL‐TFPI
Levels of plasma total‐TFPI were lower in patients than in controls (P<0.01; OR 0.98
[95%CI 0.96‐1.00] per ng/mL). In multivariate analysis, which included hypertension,
diabetes and coronary artery disease, the association remained (OR 0.94 [95%CI 0.94‐
0.99] per ng/mL). However, if levels of total cholesterol and LDL‐cholesterol were
added to the model, the relation between lacunar stroke and levels of total‐TFPI was
no longer statistically significant (OR 1.02 [95%CI 0.98‐1.06] per ng/mL).
Levels of total‐TFPI in lacunar stroke subtypes were different from the control group
(P<0.01; OR 0.95 [95%CI 0.93‐0.98] per ng/mL for ILA and P=0.03; OR 0.99 [95%CI 0.97‐
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1.00] per ng/mL for SIL‐positive). In multivariate analysis these associations remained
for ILA (OR 0.93 [95%CI 0.88‐0.99] per ng/mL), but not for SIL‐positive (OR 0.97 [95% CI
0.94‐1.00] per ng/mL). However, the association with ILA became non‐significant if
total cholesterol and LDL‐cholesterol were added to the model (OR 0.97 [95%CI 0.90‐
1.04] per ng/mL).
In lacunar stroke subtypes, levels of total‐TFPI were higher in SIL‐positive compared to
ILA (P<0.01; OR 1.03 [95%CI 1.00‐1.05] per ng/mL). In the multivariate analysis, which
included age (ORage 1.04 [95% CI 1.00‐1.07] per ng/mL) the association was
attenuated but remained with a OR of 1.02 (95%CI 1.00‐1.05) per ng/mL. Again, adding
levels of cholesterol, LDL‐cholesterol and HDL‐cholesterol to the model, further
diminished the association (OR 1.01 [95%CI 0.98‐1.03] per ng/mL).
Levels of free FL‐TFPI did not differ between lacunar stroke patients and controls, and
nor between subtypes of lacunar stroke (Table 5.1).

Heparin‐releasable FL‐TFPI
In 17 patients and 15 controls, we obtained levels of heparin‐releasable FL‐TFPI. The
time between stroke and administration of heparin was 46 (±14) months. Distribution
of age (64.9 ± 9.7 for patients versus 62.3 ± 6.8 for controls, P=0.27), gender (77% male
versus 80%, P=0.81), diabetes (12% versus 0%, P=0.17), and smoking (67% versus 71%,
P=0.81) was similar for patients and controls. Diagnosis of hypertension was more
frequent in patients (65% versus 0%, P<0.01), however bloodpressure‐levels at time of
heparin‐challenge were similar for patients and controls (140 ± 15 mmHg versus
137 ± 10 mmHg for systolic levels, P=0.56 and 89 ± 8 versus 88 ± 6 for diastolic levels,
P=0.55). Patients had lower levels of total cholesterol (4.2 ± 0.7 mmol/L versus
5.9 ± 0.5 mmol/L, P<0.01) and LDL‐cholesterol (2.4 ± 0.6 mmol/L versus
3.9 ± 0.5 mmol/L, P<0.01). In all, a prolonged APTT of >300 seconds was found and
levels of anti‐Xa‐activity in these samples were increased, but similar in patients
(3.29 ± 0.83 IU/mL) and controls (3.31 ± 1.19 IU/mL, P=0.96).
Heparin‐administration caused an almost 9‐fold increase in levels of free FL‐TFPI.
Levels of free FL‐TFPI in the post‐sample were higher in patients than controls (P=0.01)
as was the delta‐TFPI (P<0.01) (Figure 5.1). The association between levels of heparin‐
releasable FL‐TFPI and lacunar stroke patients persisted after adjusting for age (OR
1.00 [95%CI 1.00‐1.01] for heparin‐releasable FL‐TFPI and OR 1.01 [95%CI 1.00‐1.01]
for delta‐FL‐TFPI). Finally, as we included 17 lacunar stroke patients, subtypes of
lacunar stroke could not be evaluated.
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Scatter plot of pre‐ and post heparin levels of FL‐TFPI in controls and lacunar stroke patients.
Levels of FL‐TFPI, presented as mean (± SD), before (pre) and 10 minutes after (post) heparin
injection in 15 controls and 17 patients. *P<0.05

Discussion
Although levels of total‐TFPI were lower in lacunar stroke patients than in controls and
levels of TFPI were higher in lacunar stroke patients with concomitant silent ischemic
lesions (SIL) than those with isolated lacunar infarct (ILA), both associations
disappeared after adjusting for age and levels of cholesterol. There was no difference
in levels of the bioactive form of TFPI (free full length [FL]‐TFPI) between patients and
controls and for subtypes of lacunar stroke. After heparin‐administration, we observed
a nine‐fold increase in levels of free FL‐TFPI, and levels were higher in patients than in
controls.
Pathology16,17 and imaging18,19 studies provide evidence for the hypothesis that
endothelial activation, eventually followed by leakage of plasma components into the
vessel wall, perivascular space and brain parenchyma might be causative in the
subtype of lacunar stroke with SIL.2 The SIL‐subtype is linked to the pathological
picture of a generalized diffuse destruction of the vessel wall (lipohyalinosis) contrary
to the localized atherosclerotic plaque (microatheromatosis) found in the ILA‐
subtype.20 Endothelial function can be evaluated by measuring levels of substances
normally excreted by the endothelium,21 such as TFPI, of which the major pool is
present in the endothelium.5 Data on TFPI in ischemic stroke are very limited and most
studies assessed TFPI during the acute phase, as those were designed to evaluate the
acute ischemic event.22,23 Others did not subtype ischemic stroke,24,25 which is
important as different pathophysiological mechanisms underlie ischemic stroke. Only
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one study, measured total‐TFPI in lacunar stroke patients during the chronic phase and
found higher levels in patients than controls, especially in the ILA‐subtype.26 Both
findings are exactly opposite to ours, and can be explained by the following. First, the
majority of plasma TFPI (80%) is conjugated to low‐density lipoproteins (LDL),9 and LDL
levels correlate with plasma TFPI‐concentration.27 In hypercholesterolemic patients,
lowering levels of cholesterol and LDL by a HMG‐CoA‐reductase‐inhibitor leads to
lower levels of total TFPI.28 Almost all our patients, but only three of our controls, used
statins and this seems to explain a tendency of lower TFPI concentrations in patients
compared to controls. Information on statin‐use in the other study is not available.
Second, the higher levels of TFPI in the lacunar stroke subtype with SIL in our study, is
probably explained by an age‐effect, as both SIL29 and levels of total‐TFPI30 increase
with age. A magnitude of the disease related effect on TFPI, cannot be inferred from
our data.
Only 10% of plasma TFPI circulates in a free full‐length form.27 We measured this
bioactive form of TFPI using an in‐house developed ELISA, and found no differences
between (subgroups of) lacunar stroke patients and controls. As circulating levels of
TFPI conjungated to lipoproteins and free FL‐TFPI only reflect a small percentage of
total TFPI in the human body,27 we determined variations in a larger (endothelial‐
associated) TFPI pool. After intravenous administration of heparin, which is a potent
inducer of FL‐TFPI release from the endothelium, we found increased levels of heparin‐
releasable, endothelium‐bound FL‐TFPI in lacunar stroke patients compared to
controls, also when adjusted for age. It is suggested in the literature that the heparin‐
releasable TFPI not only consists of the glycocalyx‐bound‐TFPI, but also contains a
fraction of intracellular preformed pools of TFPI.11 The finding of higher levels of free
FL‐TFPI after intravenous administration of heparin indicates the release of a relatively
large fraction of TFPI from endothelial cells, which may also be indicative of
endothelial activation in lacunar stroke patients.
The main strength of our study is that we measured the different forms of TFPI,
including heparin‐releasable TFPI. In addition, by collecting the samples at least
3 months after the ischemic event, the influence of the acute phase response was
most probably excluded. Furthermore, as we also measured the different components
of the lipid spectrum at the same time point, we were able to evaluate their influence
on levels of TFPI. Finally, the study was conducted in a unique cohort of carefully
subtyped lacunar stroke patients, which developed the infarct due to an intrinsic
disease of the cerebral small vessels.
A limitation of our study is that we confined patient selection to patients with lacunar
stroke and could therefore not compare or extrapolate our results to other types of
ischemic stroke. In addition, our study is cross sectional. As such, it cannot be
established whether endothelial activation is causative or merely an epiphenomenon
of lacunar stroke. Long term follow up of patients with repeated brain MR scanning
might solve this question. Second, we evaluated TFPI as a marker of endothelial
activation, and therefore measured only concentrations of TFPI. We performed no
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activity‐assays related to its anticoagulant function. Third, TFPI is not a brain‐specific
marker. However, as evidence emerges that small vessel disease which underlies
lacunar stroke is a systemic disease,31 the pattern might also be considered
representative for the brain small vasculature.
Differences in levels of total‐TFPI in lacunar stroke patients were mainly explained by a
combination of age dependent effects and use of medication. However, the finding of
higher levels of heparin‐releasable FL‐TFPI in lacunar stroke patients than controls,
supports the hypothesis that endothelial dysfunction plays a role in the pathogenesis
of lacunar stroke. Further studies are required to confirm our findings and to evaluate
differences between subgroups of lacunar stroke.
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Abstract
Background and purpose
Results from case‐control and case‐case studies indicate that a positive family history
of stroke (FHstroke) is an independent risk factor for lacunar stroke. Different lacunar
stroke phenotypes can be distinguished on the basis of the presence of asymptomatic
lacunar infarcts (aLACs), ischemic white matter lesions, or brain microbleeds. The aim
of the present study was to determine whether familial aggregation of stroke was
different for lacunar stroke phenotypes.
Methods
In 157 patients with first‐ever lacunar stroke, a complete first‐degree FHstroke was
obtained by a standardized questionnaire and additional interview. Lacunar stroke
patients were categorized successively into groups depending on the presence of
aLACs, ischemic white matter lesions, and brain microbleeds on magnetic resonance
imaging.
Results
Fifty‐two percent of patients reported a positive FHstroke in at least one of their first‐
degree relatives. In younger (<65 years) probands, a high frequency of parental
FHstroke (59% versus 20%, P<0.01) in those with aLACs as compared to probands
without aLACs was found. In multivariate analysis, the strongest associations were
found for parental FHstroke (odds ratio=6.46; 95% CI 1.96‐21.33), maternal FHstroke
(odds ratio=4.00; 95% CI 1.18‐13.56), and paternal FHstroke (odds ratio=5.40; 95% CI
1.14‐25.61).
Conclusion
A family history of stroke might be an independent risk factor for the lacunar stroke
phenotype with aLACs at younger ages, suggesting a role for genetic factors in this
phenotype caused by a diffuse vasculopathy.
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Introduction
Lacunar stroke, which accounts for ≈25% of all ischemic strokes, is defined as one of
the lacunar syndromes with a compatible lacunar infarct on brain imaging.1,2 Lacunar
infarcts are caused by the occlusion of a single, small, perforating artery. Several
pathology3 and clinical4,5 studies support the hypothesis that different subtypes of
lacunar stroke exist: isolated lacunar infarct caused by a small atheromatous plaque
(microatheromatosis) and lacunar stroke with concomitant asymptomatic lacunar
infarcts (aLACs) and/or diffuse white matter lesions (WMLs) caused by diffuse
vasculopathy of the cerebral small vessels, called lipohyalinosis. A third lipohyalinosis
associated lesion is the brain microbleed (BMB), which consist of focal accumulation of
hemosiderin‐containing macrophages in the microvascular perivascular spaces.6,7
Family history studies support a role of genetic factors in the risk of stroke in
general.8‐10 Studies in which stroke was classified by subtype (for example, according to
TOAST criteria) showed that a positive family history of stroke (FHstroke) was an
independent risk factor for lacunar stroke, especially in younger patients.11‐13 Because
different pathologies underlie the subtypes of lacunar stroke, the influence of genetic
factors in the development of lacunar stroke subtypes might be different. Therefore,
familial aggregation of stroke could differ between the lacunar stroke subtypes,
independent of conventional vascular risk factors, for example hypertension and
diabetes. The aim of the present study was to determine whether familial aggregation
of stroke was different for lacunar stroke subtypes. Therefore, we collected a FHstroke
of first‐degree relatives (FDRs) in a cohort of first‐ever lacunar stroke patients, who
were subtyped clinically and radiologically. We were especially interested in patients
whose stroke occurred at younger ages (<65 years), as we expected the largest role of
genetic factors in that group.

Methods
Patients
As we employed a case‐case study‐design, to avoid recall bias, we only included
lacunar stroke patients. The consecutive registration of residential stroke patients at
the Maastricht University Medical Centre (MUMC) has been described earlier.14 From
this registry lacunar stroke patients were included if they had a first‐ever lacunar
stroke, which was defined as (1) one of the recognized lacunar syndromes with a lesion
on imaging compatible with the occlusion of a single perforating artery or (2) when no
such lesion was visible on imaging, established criteria of unilateral motor and/or
sensory signs that involved the whole of at least 2 of the 3 body parts (face, arm and
leg) without disturbance of consciousness or cortical functions were used.1 Patients
with lacunar stroke and a potential cardio‐embolic source of the embolus (for example
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atrial fibrillation) and lacunar stroke patients with severe (pre‐)cerebral large vessel
disease (at least one internal carotid artery stenosis >50%) were excluded.
Furthermore, when a monogenic cause of cerebral small vessel disease (for example
CADASIL) was considered, specific genetic tests were applied to confirm the diagnosis
and those patients were not included. By applying the same criteria, we also recruited
26 lacunar stroke patients from a nearby hospital (Orbis Medical Center, Sittard, The
Netherlands) and 22 patients retrospectively from the earlier stroke registry at MUMC
(February 1999‐September 2002). The final sample included 157 patients with first‐
ever lacunar stroke. Clinical characteristics were documented at time of stroke as
reported previously: age, sex, hypertension, diabetes mellitus, previous or current
smoking, levels of cholesterol at hospital admission and coronary artery disease.14 The
study protocol was approved by local research ethics committees of both hospitals,
and written informed consent was obtained from all participants.

Obtaining FHstroke
A first‐degree FHstroke was obtained by a written questionnaire given to the patient.
During regular follow‐up visits to the outpatient clinic, information was checked by the
neurologist or resident by questioning the clinical picture in family members. When
patients were unable to visit the outpatient clinic, information was verified by
discussion with the patient or a close relative by telephone by the same investigator
(I.L.H.K.). A positive FHstroke was defined as a history of stroke in at least one FDR.
Nine different dichotomized categories of FHstroke were established; total (composite
of all FDRs), female (mothers and sisters), male (fathers and brothers), parental
(mothers and fathers), maternal, paternal, sibling (sisters and brothers), sister and
brother. Relatives’ medical records were unavailable to validate subtype of stroke or
vascular risk factor profile.

Imaging
Magnetic resonance images consisting of axial T2‐weighted fast spin‐echo, fluid‐
attenuated inversion‐recovery and gradient echo sequences were obtained and
assessed according to a previously described protocol.15 The symptomatic lacunar
infarct, aLACs and WML on the modified Fazekas scale, were defined as described
previously.14 BMBs were defined as punctuate hypointense lesions on gradient echo
images with a diameter of <10 mm. Two experienced vascular neurologists assessed
the MR images by consensus. The inter‐observer agreement, expressed by Cohen’s κ,
was determined before the study: 0.89 for symptomatic infarct, 0.96 for the presence
of ≥1 aLACs, 0.77 for periventricular WMLs, 0.84 for deep WMLs and 0.68 for BMBs.16
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Subtyping of lacunar stroke
Consecutively, each patient was evaluated for the presence of aLACs, WMLs and BMBs.
First, they were placed in the category aLACs‐positive when ≥1 aLACs were present and
aLACs‐negative if none were present. Second, all cases were reevaluated for the
presence of extensive WML. Cases were categorized as WML‐positive, if peri‐
ventricular WML score on the modified Fazekas scale was 3 and/or the deep WML
score was 2 or 3; otherwise, they were scored as WML‐negative. Third, in 115 patients
gradient echo weighted images were available. When BMBs were present those cases
were classified as BMB‐positive; otherwise, cases were classified as BMB‐negative.

Statistical analysis
Continuous data are presented as mean ± standard deviation (SD) and categorical
variables as counts and frequencies. We compared means by the two‐sample
independent t‐test, as all of the continuous variables were normally distributed.
Pearson χ2 statistic or Fisher’s exact test was used for categorical variables.
Binary univariate and multivariate logistic regression analyses were performed with
lacunar stroke phenotype (that is, aLACs, WMLs or BMBs) as the dependent variable
and one of the 9 categories of FHstroke as independent variable of interest. The
following covariates were considered: age, sex, hypertension, diabetes mellitus,
current or previous smoking habit, levels of cholesterol on admission and coronary
artery disease. Additionally, because data‐collection might influence the results, cohort
(prospective MUMC, retrospective MUMC and prospective Orbis Medical Center) was
considered a covariate. Covariates were entered into the multivariate logistic‐
regression analysis in case of an association between the covariate and aLACs, WMLs
or BMBs. A probability value <0.1 was chosen as statistically significant only in this
context. The selected covariates were forced into the multivariate model
simultaneously (enter method in SPSS).
Because there is evidence suggesting that genetic factors are more important in
younger individuals,13 we tested whether age was an effect modifier. Therefore, the
interaction between FHstroke and a dichotomized age variable (at 65 years) was
included in a multivariate logistic regression model in which lacunar stroke phenotype
was the dependent variable. The population was divided into two groups, younger
(<65 years) and older (≥65 years) probands, and the relationship between FHstroke
and the different lacunar stroke phenotypes was evaluated as described. A two‐tailed
probability value <0.05 was considered statistically significant. Analyses were
performed using the statistical software packages SPSS (version SPSS 16.0 for
Windows, SPSS Inc., Chicago, IL).

Chapter 6

82

Results
Clinical characteristics
Clinical characteristics of younger (n=80) and older (n=77) probands for the different
lacunar stroke phenotypes are depicted in Table 6.1 and Table 6.3 (for older
probands).
Table 6.1

Clinical characteristics and FHstroke in younger lacunar stroke patients (<65 years, n=80) for
different lacunar stroke phenotypes

Clinical characteristics
Age
Male
Hypertension
Diabetes Mellitus
Cholesterol (mmol/L)
Smoking
Coronary artery disease
FHstroke
All FDR
Female
Male
Parents
Mother
Father
Siblings
Sister
Brother

aLACs
aLACs‐
aLACs‐
negative
positive
(n=35)
(n=45)

Extensive WMLs
WML–
WML‐
negative
positive
(n=67)
(n=13)

BMBs (n=52)
BMB‐
BMB‐
negative
positive
(n=39)
(n=13)

53.6 ± 6.8
22 (63)
17 (49)
1 (3)
5.8 ± 1.3
19 (56)
3 (9)

52.7 ± 7.0
27 (60)
28 (62)
8 (18)*
5.9 ± 1.4
35 (78)†
3 (7)

52.9 ± 6.8
44 (66)
37 (55)
9 (11)
5.8 ± 1.2
44 (67)
4 (6)

54.1 ± 7.3
5 (39)*
8 (62)
0
6.2 ± 1.7
10 (77)
2 (15)

54.8 ± 6.6
30 (77)
24 (62)
5 (13)
5.7 ± 1.3
27 (69)
2 (5)

55.2 ± 7.3
6 (46)†
7 (54)
1 (8)
5.8 ± 1.9
10 (77)
3 (23)*

13 (37)
10 (29)
5 (14)
7 (20)
5 (14)
3 (9)
7 (21)
5 (15)
3 (9)

27 (61)†
19 (42)
15 (34)†
25 (59)‡
18 (42)‡
11 (27)
6 (14)
3 (7)
4 (9)

33 (50)
23 (34)
15 (23)
26 (41)
18 (28)
11 (18)
10 (15)
6 (9)
5 (8)

7 (54)
6 (46)
5 (39)
5 (39)
5 (39)
3 (23)
3 (23)
2 (15)
2 (15)

20 (51)
14 (36)
9 (23)
15 (41)
11 (30)
5 (14)
7 (18)
4 (11)
5 (13)

6 (50)
6 (46)
2 (17)
5 (46)
4 (31)
2 (18)
3 (25)
3 (25)
0

FHstroke indicates family history of stroke; aLACs, asymptomatic lacunar infarcts; WMLs, white matter
lesions; BMBs, brain microbleeds and FDRs, first degree relatives. Data are presented mean ± SD or counts
(%) in upper part of table and counts (%) of probands with a positive FHstroke in that part of table. *P<0.1
†P<0.05 ‡P<0.01

In 97 of 157 patients (62%) one or more aLACs were present. In young probands,
differences were found in prevalence of diabetes (18% for aLACs‐positive versus 3% for
aLACs‐negative, P<0.1) and smoking (78% versus 56%, respectively, P<0.05).
We found that 55 out of 157 patients (35%) had extensive WML as evaluated on the
modified Fazekas scale. In young probands, male gender was less frequent in those
with extensive WML (39% versus 66%, P<0.1).
One or more BMBs were observed in 37 of 115 patients (32%). In younger probands,
the BMB‐positive group had a smaller proportion of males (46% versus 77%, P<0.05),
but more had coronary artery disease (23% versus 5%, P<0.1).
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Table 6.2 FHstroke in relation to lacunar stroke phenotypes for younger probands (<65 years)

All FDR
Female
Male
Parents
Mother
Father
Siblings
Sister
Brother

Unadjusted Model
OR(95%CI)
aLACs
WMLs
2.69 (1.08‐6.72)* 1.17 (0.35‐3.84)
1.83 (0.71‐4.69) 1.64 (0.49‐5.45)
3.10 (1.00‐9.64) 2.13 (0.61‐7.47)
5.65 (2.01‐15.90)‡ 0.89 (0.26‐3.03)
4.32 (1.40‐13.29)* 1.63 (0.47‐5.65)
3.91 (0.99‐15.40) 1.42 (0.33‐6.02)
0.61 (0.18‐2.02) 1.65 (0.39‐7.07)
0.42 (0.09‐1.92) 1.79 (0.32‐10.03)
1.03 (0.22‐4.96) 2.18 (0.38‐12.70)

BMBs
0.95 (0.26‐3.47)
1.53 (0.43‐5.46)
0.67 (0.12‐3.62)
1.22 (0.32‐4.74)
1.05 (0.27‐4.15)
1.42 (0.24‐8.59)
1.48 (0.32‐6.91)
2.83 (0.54‐15.01)
0

aLACs
2.65 (0.95‐7.37)
1.40 (0.49‐4.02)
3.75 (1.08‐13.07)*
6.46 (1.96‐21.33)‡
4.00 (1.18‐13.56)*
5.40 (1.14‐25.61)*
0.42 (0.11‐1.57)
0.26 (0.05‐1.35)
0.92 (0.18‐4.75)

Adjusted Model
OR(95%CI)
WMLs
0.88 (0.23‐3.39)
1.30 (0.33‐5.10)
2.47 (0.60‐10.30)
0.84 (0.22‐3.23)
1.45 (0.36‐5.83)
1.97 (0.39‐9.98)
1.22 (0.24‐6.16)
1.34 (0.19‐9.29)
1.50 (0.23‐9.90)

BMBs
0.37 (0.06‐2.11)
0.85 (0.18‐4.09)
0.56 (0.08‐3.78)
0.64 (0.11‐3.77)
0.51 (0.08‐3.05)
1.64 (0.21‐12.79)
1.14 (0.19‐7.02)
2.77 (0.41‐18.80)
0

FHstroke indicates family history of stroke; aLACs, asymptomatic lacunar infarcts; WMLs, white matter
lesions; BMBs, brain microbleeds and FDRs, first degree relatives. Multivariate analyses were adjusted for
age (continuous), diabetes, smoking, sex and coronary artery disease. *P<0.05, ‡P<0.01

FHstroke
A FHstroke in any FDR was present in 81 of 157 patients (52%). In younger patients
with aLACs, a parental (59% versus 20%, P<0.01) and maternal (42% versus 14%,
P<0.01) FHstroke was more frequent than in those without aLACs (Table 6.1). As we
did not find differences in sibling FHstroke, this higher number of affected parents
caused high prevalence of FDR FHstroke in patients with aLACs as compared to those
without aLACs (61% versus 37%, P<0.05). In patients older than 65 years, the
frequency of a FHstroke was similar for those with or without aLACs (Table 6.3).
The prevalence of a FHstroke in probands with or without extensive WMLs were
similar. In older probands with BMBs a maternal FHstroke was more frequent than in
probands without BMB (38% versus 11%, P<0.05); however, the number of probands
in those groups was very limited.

Logistic regression analysis
In separate logistic regression analysis to evaluate the age effect, the interaction
between age and FHstroke was significant for aLACs (P=0.02) but not for WMLs or
BMBs.
In evaluating the association between lacunar stroke phenotype and FHstroke, the
strongest associations were found in younger probands with aLACs for FDR FHstroke,
parental FHstroke, maternal FHstroke and paternal FHstroke, as shown in Table 6.2. No
association was found in for sibling FHstroke. In older probands, no association was
found for aLACs and FDR FHstroke (univariate odds ratio [OR]=0.85; 95% CI 0.33‐2.21;
multivariate OR=0.78; 95% CI=0.26‐2.31), parental FHstroke (univariate OR=0.96; 95%
CI 0.35‐2.37; multivariate OR=0.93; 95%CI=0.28‐3.11]) or sibling FHstroke (univariate
OR=0.80; 95% CI 0.28‐2.28; multivariate OR=0.58; 95% CI 0.16‐2.03)(Table 6.4) .
Overall, parental and sibling FHstroke of stroke had no influence on the presence of
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WML or BMB in univariate and multivariate analysis, irrespective of age of patient
(Table 6.2 for younger probands, and Table 6.4 for older probands).
Table 6.3

Clinical characteristics and FHstroke in older lacunar stroke patients (≥65 years, n=77) for
different lacunar stroke phenotypes

Clinical Characteristics
Age
Male
Hypertension
Diabetes Mellitus
Cholesterol (mmol/L)
Smoking
Coronary artery disease
FHstroke
All FDRs
Female
Male
Parents
Mother
Father
Siblings
Sister
Brother

aLACs
aLACs‐
aLACs ‐
positive
negative
(n=52)
(n=25)

Extensive WMLs
WML‐
WML‐
positive
negative
(n=42)
(n=35)

BMBs (n=63)
BMB‐
BMB‐
positive
negative
(n=24)
(n=39)

71.6 ± 5.4
10 (40)
16 (64)
3 (12)
5.7 ± 1.1
7 (30)
1 (4)

72.9 ± 5.8
32 (62)*
36 (71)
9 (17)
5.6 ± 1.2
23 (46)
11 (21)*

72.8 ± 6.3
19 (54)
25 (74)
5 (14)
5.5 ± 1.2
15 (46)
4 (11)

72.3 ± 5.1
23 (55)
27 (64)
7 (17)
5.7 ± 1.1
15 (38)
8 (19)

73.9 ± 6.3
19 (49)
25 (64)
3 (8)
5.5 ± 1.2
14 (38)
5 (13)

14 (56)
5 (20)
11 (44)
10 (44)
4 (17)
6 (25)
8 (32)
2 (8)
7 (28)

27 (52)
17 (32)
18 (35)
20 (43)
11 (24)
9 (19)
14 (28)
8 (15)
12 (24)

20 (57)
12 (34)
16 (46)
18 (55)
8 (24)
10 (30)
11 (31)
6 (17)
10 (29)

21 (50)
10 (24)
13 (31)
12 (32)
7 (19)
5 (13)
11 (27)
4 (10)
9 (22)

18 (46)
8 (21)
16 (41)
14 (39)
4 (11)
10 (27)
11 (29)
5 (13)
10 (26)

71.2 ± 5.2*
16 (67)
20 (83)
5 (21)
5.9 ± 1.1
9 (38)
5 (21)
14 (58)
10 (42)
6 (25)
10 (48)
8 (38)†
2 (10)
5 (21)
2 (8)
4 (17)

FHstroke indicates family history of stroke; aLACs, asymptomatic lacunar infarcts; WMLs, white matter
lesions; BMBs, brain microbleeds and FDRs, first degree relatives. Data are presented as mean ± SD or
counts(%) in upper part of table and counts of probands(%) with a positive FHstroke in that part of table.
*P<0.1 †P<0.05

Table 6.4

All FDR
Female
Male
Parents
Mother
Father
Siblings
Sister
Brother

Family history of stroke in relation to lacunar stroke phenotypes for older probands (≥65 years)
Unadjusted Model
OR (95%CI)
aLACs
WMLs
0.85 (0.33‐2.21) 0.75 (0.30‐1.85)
1.94 (0.62‐6.07) 0.60 (0.22‐1.62)
0.67 (0.25‐1.79) 0.53 (0.21‐1.35)
0.96 (0.35‐2.37) 0.40 (0.15‐1.06)
1.57 (0.44‐5.59) 0.73 (0.23‐2.29)
0.71 (0.22‐2.30) 0.35 (0.11‐1.16)
0.80 (0.28‐2.28) 0.80 (0.30‐2.16)
2.09 (0.41‐10.67) 0.51 (0.13‐1.97)
0.79 (0.27‐2.35) 0.70 (0.25‐1.99)

BMBs
1.63 (0.59‐4.56)
2.77 (0.90‐8.51)
0.48 (0.16‐1.47)
1.43 (0.48‐4.24)
4.92 (1.26‐19.23)*
0.13 (0.07‐1.45)
0.65 (0.19‐2.16)
0.62 (0.11‐3.47)
0.56 (0.15‐2.04)

aLACs
0.78 (0.26‐2.31)
1.16 (0.32‐4.27)
0.80 (0.27‐2.40)
0.93 (0.28‐3.11)
1.11 (0.25‐4.99)
1.10 (0.28‐4.33)
0.58 (0.16‐2.03)
1.32 (0.22‐8.00)
0.60 (0.16‐2.23)

Adjusted Model
OR (95%CI)
WMLs
0.64 (0.23‐1.75)
0.37 (0.11‐1.23)
0.53 (0.20‐1.45)
0.25 (0.75‐0.81)*
0.45 (0.12‐1.67)
0.33 (0.09‐1.21)
0.77 (0.25‐2.38)
0.47 (0.11‐2.14)
0.66 (0.21‐2.14)

BMBs
0.99 (0.30‐3.24)
1.36 (0.36‐5.21)
0.45 (0.13‐1.54)
0.72 (0.19‐2.72)
1.77 (0.36‐8.73)
0.23 (0.03‐1.53)
0.48 (0.11‐2.06)
0.48 (0.06‐3.61)
0.49 (0.11‐2.09)

FHstroke indicates family history of stroke; aLACs, asymptomatic lacunar infarcts; WMLs, white matter
lesions; BMBs, brain microbleeds and FDRs, first degree relatives. Data are depicted as OR (95%CI).
Multivariate analysis were adjusted for age (continuous), diabetes, smoking, sex and coronary artery disease.
*P<0.05
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Discussion
By means of a case‐case study design, we studied FHstroke in a substantial cohort of
well‐subtyped lacunar stroke patients. A parental history of stroke was an independent
risk factor for patients with aLACs, which was confined to younger patients (<65 years).
Familial aggregation of stroke in lacunar stroke patients is suggestive for a genetic
component. We found a significant association between positive parental FHstroke
and the subtype with aLACs. Patients with concomitant aLACs more often have a
diffuse arteriopathy of the small, penetrating arteries than do those without aLACs.17
Recent observations suggest that activation of the cerebral microvascular
endothelium, followed by leakage of the blood‐brain barrier is causative in the
development of this arteriopathy and subsequently of aLACs.18 There is limited
evidence of endothelium‐related polymorphisms, as the angiotensin‐converting
enzyme insertion/deletion polymorphism19 and the homocysteine‐related methylene
tetrahydrofolate reductase‐677 polymorphism20 are of influence in the subtypes of
lacunar stroke with silent ischemic lesions. Our study supports a role for genetic
factors in the lacunar stroke subtype with aLACs.
FHstroke is an independent risk factor for stroke at younger ages.10,12 In our study, we
found that in younger patients the familial aggregation of stroke was caused by higher
number of affected parents. This could be due to genetic factors, which could play a
more prominent role at younger ages. However, because memory problems increase
with age, this could also explain the difference, although it cannot explain the
differences between the lacunar stroke subtypes (aLACs‐positive versus aLACs‐
negative), as those patients were the same age.
A strength of our study is that we were able to collect a reasonable cohort of carefully
subtyped lacunar stroke patients. Subtyping was conducted by combining established
criteria of the classical lacunar syndromes with imaging criteria, and second by
excluding patients with a possible embolic origin of the (lacunar) infarct, for example
atrial fibrillation and carotid artery disease. This enabled us to define a strict
phenotype of lacunar stroke patients who most probably developed the stroke owing
to intrinsic disease of the cerebral small vessels. Our classification system was free of
vascular risk factors, as suggested for studies on the pathophysiology of lacunar
stroke.21 Furthermore, we used a case‐case study model, as we aimed to compare
different subtypes of lacunar stroke, thereby avoiding recall bias, which can undermine
case‐controls studies, as stroke patients are likely more aware of any FHstroke than
controls.22 In the total group of lacunar stroke patients, 52% reported to have at least
one affected family member, this figure is in line with results from previous case‐
control‐studies, wherein a prevalence of FHstroke of 43 to 50% in lacunar stroke
patients compared with a 30% prevalence in healthy controls was reported.11‐13
Familial clustering of the risk factor profiles and lifestyle, such as diet and physical
activity, could be alternative explanations for familial aggregation of stroke in lacunar
stroke patients. The familial clustering of vascular risk factors, for example
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hypertension and diabetes,8,23,24 is almost always the case. In our study, the adjusted
logistic‐regression analyses for the aLACs phenotype yielded results similar to those of
the unadjusted analyses.
Previous studies suggest that similar stroke subtypes in family‐members do occur in
family members, as monozygotic twins were more concordant for WMLs than were
dizygotic twins.25 A high heritability of WMLs was found in family members of the
Framingham cohort,26 and a high prevalence of microangiopathic lesions in siblings of
lacunar stroke patients were reported by Leistner et al.27 Therefore, one could
speculate that the chance of lacunar stroke in FDRs of our patients is higher than the
chance of another stroke subtype in those FDRs.
In this study we found no association with the extent of WMLs. WMLs were evaluated
by a visual rating scale, that is, the Fazekas scale. This scale correlates acceptably to
quantitative lesion volumes; however visual rating scales may show a so‐called ceiling
effect.28 Owing to this ceiling effect, we might have missed an association between the
extent of WMLs and FHstroke.
The association of parental stroke with younger age and silent lacunar infarcts,
suggests the possibility of a direct, dominant genetic effect, as seen in CADASIL or
Fabry disease. By extensive evaluation of each case before study inclusion and follow‐
up of patients by a team of vascular neurologists, we tried to exclude monogenic
cases. However, as incomplete pictures of CADASIL and phenotypic variance of
heterozygous female carriers (Fabry disease) are known, we cannot completely
exclude the inclusion of these patients.
In conclusion, we found that parental FHstroke might be an independent risk factor for
the subtype of lacunar stroke with concomitant aLACs, although confined to younger
patients. This finding could suggest a role for genetic factors in the subtype of lacunar
stroke caused by diffuse vasculopathy. Genes influencing endothelial function might
play a role, as activation of the microvascular cerebral endothelium might be the
initiating step in the development of aLACs. For future studies, stringent phenotyping
is a prerequisite, as different genes and environmental factors might play different
roles in the subtypes of lacunar stroke. Our findings require confirmation in other
cohorts of well‐ subtyped lacunar stroke patients.
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Abstract
Background
Positive family history of stroke is an independent risk factor for lacunar stroke.
However, the magnitude of familial aggregation of a certain disease is better evaluated
by the genetic relative risk. This is calculated by dividing the prevalence of specific
disease in family members of patients by the prevalence of this disease in the general
population. In a cohort of lacunar stroke patients, who were subtyped clinically and
radiologically, we determined the genetic relative risk of stroke.
Methods
By questionnaire and additional interview, we obtained a complete first‐degree family
history of stroke. The prevalence of stroke in first‐degree relatives of these lacunar
stroke patients was compared to the self‐reported prevalence of stroke in a Dutch
community based cohort of elderly volunteers. Secondly, the influence of proband
characteristics and family composition on parental and sibling history of stroke were
evaluated.
Principal findings
We collected data of 1066 first‐degree relatives of 195 lacunar stroke patients. Strokes
occurred in 13.5% of first‐degree relatives. The genetic relative risk was 2.94 (95%CI
2.45‐3.53) for overall first‐degree relatives, 4.52 (95%CI 3.61‐5.65) for patients’ parents
and 2.10 (95%CI 1.63‐2.69) for patients’ siblings. Age of proband and proband status
for hypertension influenced the chance of having a parent with a history of stroke
whereas the likelihood of having a concordant sibling increased with sibship size.
Conclusions
We found an increased genetic relative risk of stroke in first‐degree relatives of
patients with lacunar stroke. Our data warrant further genomic research in this well‐
defined high risk population for stroke.
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Introduction
Up till now, studies on genetic epidemiology of stroke consisted mostly of family
history (FH) studies, which defined positive FH of stroke as the presence of at least one
affected first‐degree relative (FDR). These studies found an association between FH of
stroke and lacunar stroke, with odds ratios varying from 1.79 to 2.76.1‐3 As the chance
of the presence of a common disease in a family increases with family size, a better
approach to evaluate the magnitude of the contribution of genetic factors in a certain
disease is to estimate the genetic relative risk (GRR), also called recurrence risk ratio
(λR). The GRR is calculated by dividing the (life‐time) prevalence of a certain disease in
family members of patients by its prevalence in the general population. A higher
prevalence of disease in family members of patients compared to the general
population, expressed by an elevated (>1) GRR, corresponds to the involvement of
genes in the disease. For many complex diseases, the average GRR in FDR is around 2.4
For stroke, a sibling recurrence risk ratio (λs) of 1.66 was reported.5
We confined our study to lacunar stroke patients with well‐defined lacunar stroke. As
stroke is a heterogeneous disease, the abovementioned figures might differ between
stroke subtypes. In other words, the contribution of genetic factors might differ
between stroke subtypes, as different pathofysiological mechanisms underlie stroke‐
subtypes, i.e. cardio‐embolic stroke versus small artery disease. Also, several
conventional vascular risk factors are involved in the aetiology of stroke and these
factors themselves also have a substantial genetic component.
The aim of the present study was to determine the GRR of stroke in FDR of a cohort of
first‐ever lacunar stroke patients who were subtyped clinically and radiologically. We
designed this study as an exploration to gain insight in the eligibility of lacunar stroke
patients for further genomic research. Secondly, the influences of the conventional
vascular risk factors and sibship size were evaluated.

Methods
Participants
The consecutive registration of residential stroke patients from May 2003 until
December 2007 at the Maastricht University Medical Centre (MUMC) was described
earlier.6 From this registry lacunar stroke patients were included if they had a first‐ever
lacunar stroke, which was defined as (1) one of the recognized lacunar syndromes with
a lesion on imaging compatible with the occlusion of a single perforating artery or if no
such lesion was visible on imaging, (2) established criteria of unilateral motor and/or
sensory signs that involved the whole of at least 2 of the 3 body parts (face, arm and
leg) without disturbance of consciousness or cortical functions were used.7 To increase
likelihood that the lacunar syndrome had resulted from small vessel disease, we
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excluded patients with a potential cardioembolic source of the embolus (mainly atrial
fibrillation) and those with severe precerebral large vessel disease (at least one
internal carotid artery with more than 50% stenosis). Furthermore, if a monogenic
cause of cerebral small vessel disease (e.g. CADASIL) was considered, specific genetic
tests were applied to confirm the diagnosis and those patients were not included. By
applying the same criteria, we also recruited 25 lacunar stroke patients from a nearby
hospital (Orbis Medical Center, Sittard, The Netherlands) and retrospectively 60
patients from the earlier stroke registry in the MUMC (February 1999‐September
2002). The final sample included 195 patients with first‐ever lacunar stroke. Over 95%
of the patients were of native Dutch Origin. Clinical characteristics were documented
at time of stroke as reported previously: age, gender, hypertension, diabetes mellitus,
previous or current smoking, and coronary artery disease.6

Brain imaging
MR‐images (axial T2‐weighted fast spin echo and fluid attenuated inversion recovery)
in 157 cases and CT‐images in 38 cases were obtained with a median of 22 days
(interquartile range 4‐69 days) after the ischemic event. Two experienced vascular
neurologists (JL and RJvO) assessed the images by consensus. The inter‐observer
agreement, expressed by Cohen’s kappa (κ), was determined prior to this study and
was 0.89 for symptomatic lacunar infarct.8

Obtaining FH of stroke in patients and general population
A first degree FH of stroke was obtained by a written questionnaire given to the
patient. The patient received an oral instruction containing the question “Did one of
your parents or siblings ever suffer from a stroke, diagnosed by a physician?”. During
regular follow‐up visits to the outpatient clinic, information was verified by one of the
vascular neurologists (JL and RJvO) or residents (ILHK, RPWR and JS) by questioning the
clinical picture in family members. If patients were not able to visit the outpatient
clinic, information was checked with patient or close relative by telephone by the same
investigator (ILHK). As such, we collected ‘self‐reported’ data, not ‘doctor‐confirmed’
data.
Information on the self‐reported prevalence of stroke in the general population was
extracted from the Dutch Rotterdam study.9 In this study self‐reported prevalence of
stroke was obtained by a similar question as in our study. Complete data of the
Rotterdam study were available for 7661 individuals aged 55 years and older, of which
352 (4.5%) reported a stroke (152 of 3034 men and 200 of 4627 women). The mean
age was 69.9 years for men and 71.8 years for women.9
Finally, forty‐nine patients visiting the outpatient neurology clinic of the MUMC for
non‐cerebrovascular disease and free of hypertension, diabetes mellitus and clinically
evident cardiovascular disease, participated as healthy controls. These persons
received the questionnaire and oral instruction, as described above. These data were
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used to calculate the GRR in our general population compared to the general
population of Rotterdam.

Ethics
The study protocol was approved by local research ethics committees of both hospitals
(Maastricht University Medical Centre and Orbis Medical Centre, Sittard), and written
informed consent was obtained from all participants.

Statistical analysis
Data are presented as mean ± standard deviation (SD), as all continuous variables were
normally distributed. Categorical variables are presented as frequencies (%).
We calculated the GRR by dividing the prevalence of stroke in known family members
of lacunar stroke patients by the prevalence of stroke in the Rotterdam study. The GRR
was calculated for all FDR, male FDR, female FDR, parents, mothers, fathers, siblings,
sisters and brothers.
By binary logistic regression analysis we evaluated the relationship of proband
characteristics (age at time of stroke, gender and vascular risk factors) to a
dichotomized FH of stroke in respectively parents and siblings. As the number of
known siblings might influences the chance of having a positive family history of
stroke, the relationship between proband characteristics and sibling family history of
stroke, was adjusted for sibship size in a second model.

Results
The mean age of our cohort of 195 first‐ever lacunar stroke patients was 63.1 ± 11.6
years and 60% was of male gender. Hypertension, diabetes mellitus and smoking were
present in respectively 60%, 14% and 53% of patients (Table 7.1).
Table 7.1

Clinical characteristics of 195 lacunar stroke patients

Clinical characteristics of probands
Age (in years)
Male Gender
Hypertension
Diabetes mellitus
Current or previous smoking
Coronary artery disease

Mean ± SD or number (%)
63.1 ± 11.6
117 (60)
117 (60)
27 (14)
103 (53)
26 (13)

Data are represented as mean ± SD or number of affected patients (%).

Information on the prevalence of stroke could be obtained of 1066 FDR, consisting of
371 parents and 695 siblings. As most parents had died at time of our study,
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reasonable information on mean age of parents is unavailable. Respectively 6 (3%), 64
(33%) and 125 (64%) of probands had both, one or none parent with a history of
stroke. The mean age of siblings was 62.9 ± 13.5 years (62.9 ± 13.7 for brothers and
62.8 ± 13.2 for sisters) and the median number of siblings was 3 (IQR 2‐5). In 23% of
probands at least one sibling had a history of stroke and 88% of probands had at least
one non‐affected (discordant) sibling (Table 7.2).
A total of 144 of 1066 FDR (13.5%) reported a stroke, from which a GRR for FDR of
lacunar stroke patients of 2.94 (95%CI 2.45‐3.53) could be calculated. Regarding
parents, 77 of 371 (20.8%), suffered a stroke, resulting in a GRR of 4.52 (95%CI
3.61‐5.65), whereas 67 of 695 (9.6%) of siblings had a history of stroke, leading to a
GRR of 2.1 (95%CI 1.63‐2.69). Thirteen of 292 FDR of 49 healthy controls reported a
stroke (4.5%), resulting in a GRR for FDR of healthy controls of 0.97 (95%CI 0.56‐1.66)
(Table 7.3).
Table 7.2

Composition of families of 195 lacunar stroke patients

Composition of families
Parents
History of stroke

Siblings
History of stroke

No history of stroke

Number (%)
None
One
Both

125 (64)
64 (33)
6 (3)

None
One
Two or more
None
One
Two
Three or more

150 (77)
31 (16)
14 (7)
23 (12)
27 (14)
45 (23)
100 (51)

Data are represented as number of patients (%). For example, 125 patients had no parent with a history of
stroke.
Table 7.3

9

Genetic Relative Risk (GRR) compared to general population of Rotterdam

Lacunar stroke patients (n=195)
FDR
All
Female
Male
Parents
All
Mother
Father
Sibs
All
Sister
Brother
Healthy controls (n=49)
All FDR

Number known

Number
affected (%)

Genetic Relative Risk

1066
519
547
371
186
185
695
333
362

144 (13.5)
74 (14.3)
70 (12.8)
77 (20.8)
45 (24.2)
32 (17.3)
67 (9.6)
29 (8.7)
38 (10.5)

2.94 (2.45‐3.53)
3.30 (2.51‐4.14)
2.55 (2.14‐3.62)
4.52 (3.61‐5.65)
5.60 (4.20‐7.47)
3.45 (2.43‐4.91)
2.10 (1.63‐2.69)
2.01 (1.39‐2.93)
2.10 (1.49‐2.94)

292

13 (4.5)

0.97 (0.56‐1.66)

Figures are number of known and affected family‐members (%) and GRR (with 95% CI). FDR indicates first‐
degree relative.
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There was a decrease in the likelihood of having at least one concordant parent with
increasing age of proband (OR 0.97 [95%CI 0.95‐1.00] per year). The likelihood of
having an concordant parent, but not sibling, increased with proband status of
hypertension (OR 2.28 [95%CI 1.12‐4.32]). Neither proband gender nor proband status
for previous or current smoking, diabetes mellitus or coronary artery disease
significantly influenced the likelihood of having a concordant parent or sibling. The
likelihood of having an affected sibling increased with the sibship size (OR 1.30 [95%CI
1.14‐1.47]). However, no changes were found if the relation between sibling history of
stroke and proband characteristics was adjusted for sibship size (Table 7.4).
Table 7.4

Relationship of proband characteristics to family history of stroke in parents and siblings

Proband characteristics

FHstroke in parents
OR (95%CI)

Age
Gender
Hypertension
Diabetes mellitus
Coronary artery disease
Smoking

0.97 (0.95‐1.00)*
0.90 (0.50‐1.65)
2.28 (1.12‐4.32)*
2.08 (0.88‐4.94)
1.26 (0.52‐3.01)
0.76 (0.42‐1.40)

FHstroke in siblings
FHstroke in siblings
OR (95%CI), unadjusted OR (95%CI), adjusted for
sibship size
1.02 (1.00‐1.04)
1.02 (0.98‐1.05)
0.67 (0.34‐1.33)
0.77 (0.37‐1.57)
1.13 (0.56‐2.28)
1.11 (0.53‐2.32)
0.24 (0.55‐1.08)
0.33 (0.74‐1.50)
0.77 (0.27‐2.18)
0.76 (0.26‐2.26)
1.31 (0.65‐2.64)
1.23 (0.59‐2.56)

Data are depicted as OR (95%CI). FHstroke indicates family history of stroke. *P<0.05

Discussion
In FDR of well‐subtyped first‐ever lacunar stroke patients, we found an almost three‐
fold increase in GRR of stroke. The increase was more pronounced in patients’ parents
than siblings. Part of the impressive GRR of 4.52 in parents will be explained by the
higher age and the fact that the self‐reported prevalence of stroke increases from 2.5%
for the ages 55‐64 years to 11.6% for those aged over 80 (for males, for females
respectively 1.6% to 10.5%).9 The data on siblings are in line with the average GRR of
many complex polygenic diseases,4 however higher than the figure for overall stroke.5
Secondly, age of proband and proband status for hypertension influenced the chance
of having a parent with a history of stroke and the likelihood of having an concordant
sibling increased with sibship size.
The finding of familial aggregation of stroke in lacunar stroke patients has been
reported by others.1‐3 However, these were family history studies in which a positive
family history was defined as the presence of at least one affected FDR. The advantage
of the GRR above the family history design is that the number of affected family
members and the number of known family members is taken into account, providing
more information of the magnitude of familial aggregation of stroke.
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Besides the advantage of determing the GGR above the family history design, the
second strength of our study is the selection of a substantial well‐subtyped population.
A thorough definition of the phenotype is essential before exploring what genes
contribute to a disease. We defined a strict phenotype of lacunar stroke, first by
combining established criteria of the classical lacunar syndromes with imaging criteria,
and second by the exclusion of lacunar stroke patients with a possible cardio‐ or
carotid‐embolic stroke cause.10 Final, we did not classify lacunar stroke based on the
presence of risk factors (like hypertension or diabetes), but purely on clinical and
radiological criteria, a definition which is suggested for studies on the pathophysiology
of lacunar stroke.11 By this method, we selected patients who developed the stroke
most probably due to an intrinsic disease of the cerebral small vessels, and thereby
raising the chance of finding genetic factors. Results of recent large genome wide
association studies (GWAS) are disappointing which might be explained by small
sample sizes and the inclusion of different stroke phenotypes.12 For future studies,
collaboration of several dedicated medical centers is needed as huge numbers of
patients need to be included. But also, if stringent uniform classification of lacunar
stroke is applied, the chance of finding genes will increase and it this will probably limit
the number of patients needed.13

Limitations
First, data on subtype of stroke in FDR could not be provided, as we used self‐reported
history of stroke. Arguments for similar subtypes of stroke in family‐members can be
found in the literature, for example high heritability of white matter lesions – one of
the features of lacunar stroke ‐ in the Framingham Heart Study,14 more concordant
monozygotic than dizygotic twins for white matter lesions,15 and high prevalence of
micro‐angiopathic lesions in siblings of lacunar stroke patients.16 However, we
acknowledge that at least some surplus of the stroke in FDR will have different
etiology, e.g. cardio‐embolic stroke or large‐artery stroke. Second, alternative
explanations for the aggregation of stroke, besides genetic factors causing stroke, in
families of lacunar stroke patients are possible. Shared environmental factors, e.g. diet
or smoking habits, or shared intermediate phenotypes, e.g. hypertension, could be
responsible for the familial aggregation.17,18 We found that proband status of
hypertension was related to a parental history of stroke, but as information about the
risk factor profile in FDR of lacunar stroke patients was unavailable, we cannot provide
information on hypertension status in parents. Final, prevalence data on stroke in our
direct geographic region were only available in a group FDR of 49 healthy controls.
Fortunately, nearby (200 km road‐distance) population‐based figures were available
from the Rotterdam study9, which we used. As we found a GRR of 0.97 for our
controls, we assume that the population in our geographic region is genetically similar
to the population of Rotterdam. As the mean age of the Rotterdam population was
slightly older than our FDR of lacunar stroke patients, we will not overestimate the risk.
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Furthermore, the stroke prevalence in FDR of our healthy controls and in the
Rotterdam cohort is in line with self reported prevalence’s in larger population based
cohorts from other European countries, therefore these figures seem quite robust.19,20
The composition of our families is similar to other populations, as the median number
of sibs in our study was 3, in line with the 954 siblings of 310 probands reported by
Meschia21 and a mean of 3.1 sibling reported by Hassan et al.22

Conclusion
We found an increased GRR of stroke in FDR of patients with lacunar stroke using a
classification based on establish clinical criteria of lacunar syndromes combined with
imaging‐findings, without inclusion of a risk‐factor profile in the classification system.
Selection of such a well defined high risk population for stroke can be a start for
further genomic research.
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Introduction
Lacunar strokes account for approximately one‐quarter of all ischemic strokes and are
characterized by the presence of one of the lacunar syndromes that are accompanied
by a compatible lacunar infarct on brain imaging.1,2 Lacunar infarcts are located deep
within the brain and are caused by the occlusion of a single perforating artery.3,4
Half a century ago, based on meticulous pathology studies, Fisher distinguished two
types of cerebral small vessel disease underlying lacunar infarcts. The first is the
subtype with concomitant asymptomatic lacunar infarcts caused by a diffuse
vasculopathy termed lipohyalinosis, while the second consists of an isolated larger
lacunar infarct caused by a small atherosclerotic plaque at the origin of one of the
perforating arteries.4 About two decades ago, Boiten et al. suggested that these
subtypes can be identified during life, thus distinguishing between patients with an
isolated lacunar infarct and patients with concomitant silent lacunar infarcts and
extensive white matter lesions.5 This hypothesis was later supported by imaging
studies6 and studies of risk factor profile5,7 and studies of prognosis.8,9
One of the mechanisms involved in the pathogenesis of cerebral small vessel disease
might be vascular endothelial activation. Based on pathology and imaging studies,
Wardlaw et al. hypothesized that endothelial activation and eventually dysfunction,
might be the initiating event in the development and progression of cerebral small
vessel disease.10 According to this hypothesis, endothelial dysfunction leads to
increased permeability of the blood‐brain barrier, allowing leakage of plasma proteins
across the blood‐brain barrier into the vessel wall and perivascular space, eventually
causing the development of lacunar infarcts, white matter lesions and brain
microbleeds.10
The objective of the studies reported on in the present thesis was to further examine
the pathophysiological processes underlying the different subtypes of lacunar stroke,
focusing on two themes. First, we evaluated the presence of vascular endothelial
activation in first‐ever lacunar stroke patients by measuring levels of hemostasis‐
related markers of endothelial function. We expected the highest levels in those with
concomitant asymptomatic lacunar infarcts and white matter lesions (chapters 4 and
5). Second, as different pathologies underlie the subtypes of lacunar stroke, different
genetic factors might influence the development of lacunar stroke subtypes. We
therefore evaluated differences in the aggregation of stroke in first‐degree relatives of
patients with the lacunar stroke subtypes (chapter 6). Chapter 7 evaluates the
magnitude of genetic factors by calculating the genetic relative risk in lacunar stroke.
The present general discussion chapter discusses the results of our studies on these
two themes and suggests methods for further research.
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Evaluating endothelial function by measuring levels of hemostasis‐
related markers released by the endothelium
Our finding of higher levels of tissue plasminogen activator (tPA) in lacunar stroke
patients with concomitant extensive white matter lesions than in those without these
lesions (chapter 4) and the higher levels of heparin‐releasable tissue factor pathway
inhibitor (TFPI) in lacunar stroke patients than in controls (chapter 5) may point to
involvement of endothelial activation in the pathogenesis of the cerebral small vessel
disease underlying lacunar stroke. However, levels of several other endothelial
markers were similar for controls, patients and subgroups of patients. If endothelial
dysfunction is indeed a relevant mechanism in these patients, one would expect the
levels of all endothelial markers to differ between controls, patients and subgroups of
patients. The next paragraphs discuss possible explanations for the lack of difference
between these groups for several of these endothelial markers.
One reason for the absence of difference of a particular “endothelial” marker might be
that the selected endothelial protein is not expressed by the brain microvasculature.
For example, thrombomodulin is a frequently used marker of endothelial function, and
is expressed throughout the systemic circulation and microvasculature, but its
presence and distribution in the cerebral microvasculature is still a matter of
debate.11‐13 Although an immunocytochemistry study reported the complete absence
of thrombomodulin in the brain microvasculature,11 a subsequent study found
substantially less thrombomodulin in several subcortical regions, where lacunar
infarcts are located, than in the neocortex.12
Let us suppose that these immunocytochemistry studies are the golden standard and
produce uniform results. Performing such studies is rather difficult, because of the low
early case fatality rate of lacunar stroke, whereas autopsy rates have declined
dramatically in various countries. Theoretically, the involvement of a single protein like
thrombomodulin could be further analyzed in an animal model. However, a recent
review showed that there is no animal model offering all features of cerebral small
vessel disease.14 It therefore remains a challenge to prove the presence and relevance
of any of the more or less specific endothelial markers in the brain. On the other hand,
as several lines of evidence suggest that the small vessel disease which underlies
lacunar stroke is a systemic disease, the pattern of systemic endothelial cell activation
may also be considered representative of the brain microvasculature.15‐17 This
assumption of systemic disease could be corroborated by identifying associations
between differences in levels of plasma markers of endothelial function and findings of
functional tests of endothelial function in different vascular beds, e.g. flow‐mediated
vasodilatation in the fore‐arm, cerebrovascular reactivity to L‐arginine and retinal
measurements.
A completely different explanation for the lack of difference in levels of endothelial
markers, could be the use of certain medications by our patients. In recent years,
several secondary prevention trials in stroke have led to the implementation of
medication regimes to reduce lipids and glucose levels and blood pressure.18‐20 In
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addition to their direct effect on levels of blood lipids, blood glucose and blood
pressure, these medications, mainly statins21 and ACE inhibitors,22 have also been
reported to have pleiotropic or vasculoprotective effects. We will limit the discussion
to statins, as almost all of our patients (about 90%) used them, which might have
influenced our results regarding levels of total‐TFPI (chapter 5) and tissue factor
(chapter 4).
Statins lower plasma levels of low density lipoprotein (LDL) by inhibiting 3‐hydroxy‐3‐
methylglutaryl coenzyme A reductase. In addition to these lipid‐lowering capacities,
statins have been reported to have numerous pleiotropic properties, mainly involving
modulation of inflammation and improving endothelial function.21,23 Treatment with
atorvastatin or pravastatin was found to improve endothelial function in patients with
lacunar stroke and persons with a similar risk factor profile.24,25 In contrast, severely
affected lacunar stroke patients failed to show improved endothelial function after an
intensive statin regime.26 These studies suggest that treatment with statins at an early
stage of the disease improves endothelial function, but whether this treatment slows
down the disease progression is not known. Treatment with pravastatin 40 mg daily
did not limit the 3‐year progression of cerebral ischemic lesions.27 On the other hand,
slower progression of diabetic retinopathy ‐ also a microvascular disease ‐ was
achieved when intensive dyslipidemia treatment was combined with intensive control
of glycaemia.28 In conclusion, it is possible that the inconsistency in data regarding
endothelial function could in part be explained by the effects of statins, as these lower
the circulating levels of several of these biomarkers.
The conclusion from all these data must be that effects of statins on endothelial
function in lacunar stroke patients needs to be further evaluated, firstly as this may
yield new insights into the pathophysiology of the disease and secondly because
therapeutic options seem to be within reach. Designing a study to evaluate the role of
statins in lacunar stroke patients is not an easy matter. The first and probably main
problem is that of selecting the control group. A control group of patients who do not
use statins is unavailable, as almost all ischemic stroke patients are treated with statins
nowadays. Also, cessation of statins for research purposes alone is not possible in this
high risk group, as positive effects of statins, irrespective of the ischemic stroke
subtype,29 have been demonstrated.19,30An alternative strategy could be a comparison
between a high and low dosage regime of statins, as any dose of statins will probably
improve endothelial function, but only stringent statin regimes (lowering LDL levels to
below 2.0 mmol/L) might reduce disease progression, as suggested by a study among
diabetes patients.28 Such a study design should include follow‐up by MR imaging, for
several reasons. Differences in disease progression between the study groups found
on imaging could precede differences in the clinical picture, i.e. new vascular events or
cognitive decline. Furthermore, MR imaging allows for quantitative assessment of the
disease severity, which is important as patients with severe disease might gain less
from treatment.26 Finally, MR imaging allows the number of brain microbleeds to be
evaluated. Intensive statin treatment might increase the number of hemorrhagic
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strokes,19 whereas microbleeds might be the source of hemorrhage in patients
suffering from cerebral small vessel disease, as suggested in the literature31 and stated
in chapter 2 of this thesis. The use of other medications should be carefully recorded.
For example, active lowering of blood pressure by perindopril delayed the progression
of white matter lesions in patients with cerebrovascular disease.32 As the mere
presence of cardiovascular risk factors, for example diabetes,33 or vascular disease
elsewhere in the body, for example coronary artery disease,34 causes elevated levels of
endothelial markers, these conditions should be taken into account. Ideally, the
individual severity of generalized atherosclerotic disease should be measured in all
patients by objective methods such as intima‐media thickness.
Finally, as more effective acute stroke treatments (e.g. rtPA, stroke units) and stringent
secondary prevention treatments (combination of different antiplatelet regimes, life
style adjustments, blood pressure control, control of glucose levels) become
implemented in routine clinical practice, differences caused by adjusting statin
treatment will become smaller. Larger cohorts, probably collected at several large
stroke centers, together with longer follow‐up, will be required to find the more subtle
differences. A final problem in the interpretation of the results is the fact that the
present lacunar stroke patients are older than the lacunar stroke patients two decades
ago,35 thereby introducing biochemical effects of ageing, such as the age‐related
increase in levels of TFPI36 and vWF.37 Furthermore, various practical problems will be
encountered with older persons, such as medication interactions and reduced
willingness to participate in research.
Even after considering all these caveats, it remains tempting to propose a large
prospective clinical trial in patients with lacunar strokes involving different statin
regimes and including several sensitive biomarkers for endothelial function, as well as
MR imaging techniques.

Genetic factors in the pathogenesis of lacunar stroke
Data available from family history studies have shown that a family history of stroke is
more common among patients with ischemic stroke, especially in the subtypes of
atherothrombotic and lacunar stroke.38‐40 In addition, a limited number of twin studies
found that monozygotic twins were more concordant for stroke than dizygotic twins,
which is consistent with a role of genetic factors in stroke.41 These studies provided the
background for the studies described in chapters 6 and 7. The study reported on in
chapter 7 found an increased genetic relative risk of stroke in first‐degree relatives of
patients with a first‐ever lacunar stroke. The advantage of the genetic relative risk
above the family history design is that the number of affected family members and the
number of known family members are taken into account, providing more information
on the magnitude of familial aggregation of stroke. In the study described in chapter 6,
we thoroughly phenotyped the lacunar stroke patients by MR imaging, and found that
a family history of stroke might be an independent risk factor for the lacunar stroke
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phenotype with asymptomatic lacunar infarcts. These findings suggest a role for
genetic factors in the lacunar stroke phenotype caused by diffuse vasculopathy
initiated by endothelial dysfunction.
Different genetic factors act on different components of a disease, for example
predisposing or moderating the effect of conventional vascular risk factors, modifying
infarct size and outcome or influencing the effect of therapeutic interventions. Perhaps
the most important reason to evaluate genetic factors in (lacunar) stroke is that
identifying genetic variants associated with an increased stroke risk allows us to
identify new pathways involved in the pathogenesis of (lacunar) stroke. Further
unravelling the pathophysiology may eventually allow new treatments to be
developed.42 In recent decades, three different methods of identifying disease‐related
genes have been used: family linkage studies, candidate‐gene association studies and
most recently, genome‐wide association studies.
Family‐based association studies or linkage studies test whether genetic markers co‐
segregate with a given disease within families.43 This study design has been
successfully used to identify genes underlying monogenetic forms of ischemic stroke,
such as cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL).44 This design is less feasible in a complex disease like
lacunar stroke, as many different genes contribute to a small increase in the risk.
Hence, linkage studies for complex diseases have low power with the usual sample
sizes.
Candidate‐gene association studies test the associations between a disease and
genetic variants selected through a priori hypotheses about the underlying
pathophysiology. As it has been postulated that endothelial function is important in
the pathogenesis of lacunar stroke, it seems relevant to study genes related to
endothelial function. Two polymorphisms in the ecNOS‐gene45,46 – intron 4ab and
Glu298Asp ‐ and the TT genotype of tPA ‐7531C/T47 were found to be related to
lacunar stroke. The homocysteine‐related MTHFR 677T allele and the DD genotype of
the ACE insertion(I)/deletion(D) polymorphism were related to lacunar stroke patients
with ischemic white matter lesions (chapter 3).48 However, a number of these case‐
control candidate‐gene studies have produced conflicting results, with some finding an
association while others did not.43 One of the possible explanations for these
discrepancies is ‘population stratification’, as matching of cases and controls is often
poor, for example not from the same ethnic groups or ancestry.49 Theoretically, if a
study sample contains a mixture of different ancestries, a correlation between a
marker and a disease may be explained by the structure of the study sample, rather
than by a mechanistic or biological link.50
More recently, a novel genetic screening technique, genome‐wide association studies
(GWAS), has become available. The use of this technique might resolve some of the
above issues. GWAS uses a case‐control design, and explores the genetic risk factors
underlying a condition by genotyping a large number (one hundred thousand to one
million) single nucleotide polymorphisms (SNPs) that are distributed across the
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chromosomes. SNPs are single base positions where the sequence content varies
between different chromosomes within a population. The advantage is that no a priori
hypothesis regarding genomic loci of interest is adopted, so that new stroke risk alleles
can be discovered and new insights can be gained into the underlying
pathophysiology.43 Several GWAS‐related issues are important to consider. GWAS
requires large sample sizes, approximately ten to twenty thousand cases, because
most susceptibility alleles discovered so far have ORs in the range of 1.2 to 1.5,51
although smaller numbers might be sufficient in strictly phenotyped patients and
isolated populations.52 Population stratification, similar to the candidate‐gene case‐
control approach, is also a problem in GWAS. Finally, a region of interest found in a
GWAS does not contain a single mutation of major physiological effect but rather
offers an epidemiological indication that something nearby is important.52
Despite all these methodological issues, several new genetic loci have been found by
GWAS in various fields of medicine, for example in type 2 diabetes mellitus53 and in
macular degeneration.54 Several GWASs have been performed in ischemic stroke, with
rather disappointing results. An early study by Matarin et al. comprising 278 ischemic
stroke patients and 275 controls persons, did not reveal a SNP conferring a large effect
on the risk of ischemic stroke, probably because it was underpowered.55 And even the
large study by Ikram et al., who identified two SNPs on chromosome 12p13 in close
range of the NINJ2 and WNK1, could not be replicated in a sample of more than 10 000
persons.56,57 However, when stroke subtypes were taken into account, interesting
associations were found. The chromosome 9p21.3 region, which had previously been
related to coronary artery disease, represents a major risk locus for atherosclerotic
stroke.58 Two variants identified as risk factors for atrial fibrillation were also
associated with cardio‐embolic stroke.59,60 A Japanese study, using the NINDS‐
classification, found that a SNP in protein kinase C eta was significantly associated with
lacunar infarction in two independent Japanese samples. This is an interesting finding,
as this protein is mainly expressed on vascular endothelial cells and foamy
macrophages.61 In conclusion, thorough phenotyping of ischemic stroke subtypes will
be essential in future studies.
In our cohort of lacunar stroke patients, we applied strict vascular risk factor‐free
definitions, i.e. the classical lacunar syndromes,2 in combination with radiological
criteria on MR imaging, which allowed us to differentiate between the recent clinically
symptomatic infarct and concomitant lesions. MR imaging also allowed evaluation of
the presence and nature of such lesions. It is not only the presence of concomitant
lesions which is of interest, but also their type, as different pathophysiological
processes may underlie different MR‐morphological types of concomitant lesions, for
example lipohyalinosis relating to asymptomatic lacunar infarcts, and arteriolosclerosis
relating to white matter lesions (chapter 1). Therefore, the influence of genetic factors
is likely to differ between the lacunar stroke phenotypes, as both the frequency and
nature of concomitant brain lesions may vary among lacunar stroke patients.
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In addition to enhanced characterization of the lacunar stroke phenotypes, improved
genotyping is another essential condition for future molecular genetic studies. The
GWAS approach relies on the existence of common variants, but usually finds only
small effect sizes, with ORs up to 1.5. GWAS are suboptimal in terms of detecting so‐
called rare variants with higher ORs (above 2). The rare variant hypothesis proposes
that a significant proportion of the inherited susceptibility to human chronic diseases
may be due to the effects of a series of low frequency variants with moderate to high
penetrance.62 In anticipation of the opportunity to perform whole‐genome sequencing
in all enrolled subjects, several of the current study designs have been optimized to
detect a role of potentially causal variants in small sample sizes. In a family‐based
design, or in a carefully selected population at one or both ends of a phenotype
(extreme‐trait sequencing), candidate genes are completely sequenced in each
population member and thereafter in an appropriate control group. Candidate genes
are selected based on criteria like modest linkage evidence or supposed
pathophysiological mechanisms, e.g. endothelial dysfunction and related endothelial
markers. Family‐based sequencing is most successful if causal variants are rare and a
relatively small proportion of the population is affected. The success of extreme‐trait
sequencing depends mainly on accurate phenotyping.62,63 Such studies have not been
carried out in lacunar stroke, but are potentially interesting as the disease seems to
meet the above conditions, i.e. being relatively rare and well‐phenotyped by our
previously described method. This method probably requires only a few hundred
patients, instead of the many thousands of patients in GWAS. Such limited numbers
can be obtained by collaboration between a small number of dedicated stroke centers.
Finally, as methods for these molecular genetic studies are becoming more complex,
effective cooperation between the different disciplines is essential to design and
perform targeted studies. In this case, this means dedicated vascular neurologists to
select well‐phenotyped lacunar stroke patients and appropriate controls, geneticists to
select the appropriate molecular genetics methods and software specialists to process
the high volumes of data that will be produced.
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Lacunar stroke accounts for approximately a quarter of all ischemic strokes. These
strokes are usually caused by the occlusion of a single small perforating artery, leading
to a small ischemic infarct (of less than 15‐20 mm) located in the basal ganglia, the
deep cerebral white matter or the brainstem. Lacunar stroke is in most cases
characterized by one of the classical lacunar syndromes. These syndromes consist of
unilateral motor and/or sensory signs, involving the whole of at least 2 of the 3 body
parts (face, arm, and leg) without disturbance of consciousness or cortical functions.
About half a century ago, Fisher performed meticulous pathology studies on brains of
lacunar stroke patients. He distinguished two types of cerebral small vessel disease
underlying these lacunar infarcts. He described the variant caused by a small
atherosclerotic plaque at the origin of one of the perforating arteries (micro‐
atheromatosis) leading to an isolated lacunar infarct. The other variant was caused by
a diffuse vasculopathy (lipohyalinosis), and characterized by concomitant silent lesions,
namely asymptomatic lacunar infarcts. Studies in clinically and radiologically subtyped
lacunar stroke patient demonstrated that these asymptomatic lacunar infarcts were
related to ischemic white matter lesions and brain microbleeds. Microbleeds are small
(<5‐10 mm) areas of signal loss seen on gradient echo Magnetic Resonance Images
(MRI) and consist of deposits of hemosiderin.
In the previous decade, Boiten and Lodder hypothesized that these subtypes can be
distinguished during life, based on differences in imaging characteristics. The
hypothesis was later confirmed by others by clinical differences, such as differences in
long‐term prognosis, between the types.
Based on pathology and imaging data, Wardlaw and others hypothesized that
endothelial activation is the initiating event in the development and progression of
cerebral small vessel disease in the subtype with concomitant silent lesions.
Endothelial activation and eventually dysfunction leads to increased permeability of
the blood‐brain barrier. This allows the leakage of plasma proteins across the blood‐
brain barrier into vessel wall and perivascular space, finally resulting in lacunar infarcts,
white matter lesions and brain microbleeds.
The objective of the studies in the present thesis was to further examine the
pathological processes underlying the different types of cerebral small vessel disease
causing lacunar stroke. This thesis focuses on two themes. First, we evaluated the
presence of endothelial activation in patients with lacunar stroke by measuring blood
levels of hemostasis‐related endothelial markers. Differences in levels of these
bloodmarkers between the subtypes of lacunar stroke were evaluated (chapter 4 and
5). Second, we evaluated genetic‐epidemiologic the role of genetic factors in lacunar
stroke and its subtypes. We assumed that the role of genetic factors would differ, as
different pathofysiological processes are supposed to be involved in the subtypes.
Therefore, we studied the aggregation of stroke in first‐degree relatives of lacunar
stroke patients and its subtypes (chapter 6 and 7).
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Chapter 1, general introduction, provides the abovementioned background and
outline of the current thesis.
In chapter 2 we describe two lacunar stroke patients with concomitant asymptomatic
lacunar infarcts, white matter lesions and microbleeds on MRI. Both patients suffered
an intracerebral hemorrhage at the location of a previously documented brain
microbleed. We conclude that our cases suggest that brain microbleeds not merely
serve as a marker of increased intracerebral bleeding risk, but are the actual source of
bleeding. Therefore the presence of microbleeds on MRI may be a strong predictor of
the bleeding risk in individual patients. A large prospective study to assess this risk
would be relevant, as it may allow the risk and benefit of antithrombotic therapy in
such individuals to be more carefully balanced.
Chapter 3 contains a systematic review of the literature for evidence of endothelial
activation and dysfunction in symptomatic lacunar stroke patients. Our search
(Appendix 1) yielded 29 articles eligible for further analysis and assessment by a check‐
list for methodological and informative quality (Appendix 2). The papers were
categorized into subheadings concerning the different physiologic functions of the
endothelium and a subheading concerning toxins for the endothelium.
Publications on regulation of vascular tone by the endothelium, showed an impaired
function at several time‐points after stroke by means of different functional tests.
Levels of hemostasis‐related endothelial markers were elevated in the acute and
subsequent phases. However, levels of adhesion‐molecules were only elevated during
the acute phase. Finally homocysteine, which is a toxin for the endothelium in high
concentrations, was elevated in patients with a lacunar stroke.
We conclude that the literature suggests that endothelial dysfunction might be
involved in the pathogenesis of lacunar stroke, especially in those patients with
concomitant silent lesions. However, robust conclusions were difficult to draw for
several reasons. First, most studies regarded stroke as a homogenous disease. Others
did apply subtyping, but different ischemic stroke classification systems were used,
leading to different case series. Consequently, we propose that future studies should
precisely classify the type of lacunar stroke using the established clinical criteria of
lacunar syndromes combined with MRI findings, without inclusion of a risk factor
profile in the classification system. Second, a substantial amount of studies measured
levels of endothelial markers only during the acute phase, by which the effect of the
acute phase response cannot be ruled out. With these thoughts in mind we designed
the methods of our studies on markers of endothelial function in first‐ever lacunar
stroke patients.

119

Summary

Circulating hemostasis‐related markers of endothelial function
Because of its hemostatic barrier function, a number of endothelium derived proteins
typically related to hemostasis and coagulation are present in the plasma. In chapter 4,
we determined levels of several of such circulating proteins (tissue plasminogen
activator [tPA], plasminogen activator inhibitor type 1 [PAI‐1], tPA‐PAI‐1‐complex, Von
Willebrand factor [vWF], tissue factor, thrombomodulin, and coagulation factor VIII) in
first‐ever lacunar stroke patients. We expected to find the highest levels of these
markers in the patients with concomitant white matter lesions and/or asymptomatic
lacunar infarcts.
tPA‐activity was increased in patients with white matter lesions (0.79 IU/mL versus
0.44 IU/mL for isolated lacunar infarct, P=0.02) and PAI‐1‐antigen levels were lowest in
patients with white matter lesions (27.5 ng/mL versus 44.0 ng/mL for isolated lacunar
infarct, P=0.02). The latter remained significant after multivariate analysis (OR 0.99;
95%CI 0.98‐1.00 per ng/mL change of PAI‐1, P=0.04). Levels of vWF‐antigen were
highest in patients with asymptomatic lacunar infarcts followed by patients with white
matter lesions and lowest in those with the isolated lacunar infarct, however those
differences were not statistically significant. No differences were found in the other
markers we measured.
We conclude that we found further evidence of endothelial activation in the subtype
of lacunar stroke caused by a diffuse small vessel vasculopathy, as levels of tPA were
increased in patients with concomitant extensive white matter lesions compared to
patients with the isolated lacunar infarct. Second, we conclude that the combination of
low levels of PAI‐1 and high levels of tPA in patients with white matter lesions,
suggests that differences in activity of components of the fibrinolytic system might
contribute to white matter lesion development. Finally, we acknowledge that levels of
several endothelial markers were equal between lacunar stroke subtypes. This might
be explained by the use of medication, as statins lower levels of tissue factor, and the
presence of several endothelial markers, for example trombomodulin, in the brain
microvasculature is debated.
In chapter 5 we measured levels of the different forms of tissue factor pathway
inhibitor (TFPI) and expected to find the highest levels in patients with concomitant
silent ischemic lesions. TFPI is located in different pools in the human body. TFPI is
produced and stored in the vascular endothelial cell. On secretion from the endothelial
cell, part of TFPI is bound to cell surface proteoglycans. Most plasma TFPI is conjugated
to lipoproteins, mainly LDL, and consists of several carboxy‐terminal–truncated forms,
whereas only 10% of plasma TFPI is the free full‐length form.
Antigen levels of total TFPI (free and lipoprotein bound forms) and free full‐length‐TFPI
were determined using ELISA in 149 patients and 42 controls. On administration of
heparin, TFPI is released from the endothelium. Levels of heparin‐releasable TFPI were
determined in a random subset of 17 patients and 15 controls. Using brain MR, lacunar
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stroke patients were classified as isolated lacunar infarct or with silent ischemic
lesions.
Although levels of total‐TFPI were lower in lacunar stroke patients (median 69.5 [IQR
60.5‐83.9] ng/mL) than in controls (80.3 [68.1‐91.9] ng/mL, P<0.01) and levels of total‐
TFPI were higher in lacunar stroke patients with concomitant silent ischemic lesions
(71.0 [62.8‐86.0] ng/mL) than those with isolated lacunar infarct (61.3 [54.1‐77.7]
ng/mL, P<0.01), both associations disappeared after adjusting for age and levels of
cholesterol. Again the lack of difference in levels of total‐TFPI, seems to be explained
by the use of medication by our lacunar stroke patients. The majority of plasma TFPI
consists of truncated forms which are conjungated to LDL‐cholesterol. As statins lower
levels of LDL‐cholesterol, levels of TFPI will also decrease. Furthermore, there was no
difference in levels of the free full‐length‐TFPI between patients and controls and
between subtypes of lacunar stroke.
Finally, as circulating levels of total and free full‐length‐TFPI only reflect a small
percentage of total amount of TFPI in the human body, variations in a larger
(endothelial‐associated) TFPI pool were determined by intravenous administration of
heparin. Heparin‐administration lead to a nine‐fold increase in levels of free full‐
length‐TFPI and levels were higher in patients than in controls (1297 ± 246 %d.N.
[percentage of normal] versus 1039 ± 302 %d.N., P=0.01). The heparin‐releasable TFPI
not only consists of the glycocalyx‐bound‐TFPI, but also contains a fraction of
intracellular preformed pools of TFPI. The finding of higher levels of free full‐length‐
TFPI after intravenous administration of heparin indicates the release of a relatively
large amount of TFPI from endothelial cells, which may also be indicative of
endothelial activation in lacunar stroke patients.

Genetic epidemiologic studies and lacunar stroke
Data available from case‐control studies showed that a family history of stroke is an
independent risk factor for lacunar stroke. In addition, a limited number of twin
studies found that monozygotic twins were more concordant for stroke than dizygotic
twins, which is consistent with a role for genetic factors in stroke.
In chapter 6, we determined whether familial aggregation of stroke was different for
the lacunar stroke phenotypes. By standardized questionnaire and additional interview
we studied the family history of stroke in 157 first‐ever lacunar stroke patients,
phenotyped by MRI for the presence of asymptomatic lacunar infarcts, white matter
lesions and brain microbleeds.
52% of patients reported a positive family history of stroke in at least one of their first‐
degree relatives. In younger (<65 years) probands, a higher frequency of parental
family history of stroke in those with asymptomatic lacunar infarct than in probands
without asymptomatic lacunar infarcts (59% versus 20%, P<0.01) was found. In
multivariate analysis, the strongest associations were found for parental family history
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of stroke (OR 6.46 [95%CI 1.96‐21.33]), maternal family history of stroke (OR 4.00
[95%CI 1.18‐13.56]) and paternal family history of stroke (OR 5.40 [95%CI 1.14‐25.61]).
We conclude that familial aggregation of stroke in patients with concomitant
asymptomatic lacunar infarcts is suggestive for a genetic component. The specific
finding of familial aggregation in this subtype, points to a role of genetic factors in the
underlying pathology of endothelial activation.
In this study we find no association with the extent of white matter lesions. We might
have missed an association, as we assessed extent of white matter lesions by a visual
rating scale, i.e. the Fazekas scale. This scale correlates acceptably to quantitative
lesion volumes, however visual rating scales may show a so‐called ceiling effect, i.e.
the variability in lesion volumes is high in patient groups with similar high visual scores.
In chapter 7 the genetic relative risk of stroke in lacunar stroke patients was
calculated. Therefore we compared the prevalence of stroke in families of 195 first‐
ever lacunar stroke patients to the prevalence of stroke in a Dutch community based
cohort of elderly volunteers.
144 of 1066 first‐degree relatives (13.5%) experienced a stroke. The genetic relative
risk was 2.94 (95%CI 2.45‐3.53) for all first‐degree relatives, 4.52 (95%CI 3.61‐5.65) for
patients’ parents and 2.10 (95%CI 1.63‐2.69) for patients’ siblings. These figures are
higher than the average genetic relative risk for a complex disease and for stroke in
general. The finding of familial aggregation of stroke in families of lacunar stroke
patients has been reported by others. However, these were family history studies in
which a positive family history was defined as the presence of at least one affected
first‐degree relative. The advantage of the genetic relative risk above the family history
design is that the number of affected family members and the number of known family
members is taken into account, providing more information of the magnitude of
familial aggregation of stroke.
In chapter 8 (general discussion) we discuss the implications of the findings in this
thesis for future research.
The first theme concerns the lack of differences in plasma levels of several endothelial
markers between patients and controls, and between lacunar stroke subtypes. The
presence of certain endothelial markers in the brain microvasculature is debated in
several pathology studies. We discuss the relevance of this topic, as data is emerging
that the disease is not limited to the cerebral microvasculature, but that it is a systemic
one. Functional tests of the vascular endothelium in various vascular beds combined
with levels of endothelium related plasma markers could provide further insights.
Furthermore, the use of statins by our lacunar stroke patients might have reduced
differences in levels of endothelial markers. A study in which endothelial function is
compared for a high dose regime and low dose regime of statins, could generate new
insights in pathofysiology and second, new therapeutic options seem at reach.
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The second theme comprises shortcomings of past molecular genetic studies in lacunar
stroke, such as the limited application of linkage studies and conflicting results of
candidate gene studies. Genome wide association studies seemed to be a promising
method as no a priori hypothesis regarding genomic loci of interest is needed, thereby
having the advantage of discovering new stroke risk alleles. However the huge
numbers of patients required, small effect sizes of the common variants found and the
fact that only regions of interest are found and, let us to conclude that this method is
less feasible in lacunar stroke. More recently, the search for rare variants in common
disease has been described in which regions of interest are completely sequenced.
These regions of interest are based on pathofysiological considerations, for example
genes related to endothelial function. One of the requirements for this type of
research is a well defined phenotype of the disease, as applied in our cohort of lacunar
stroke patients. This might be a promising method for further research for genetic
factors and ultimately disentangling the pathofysiology of lacunar stroke.
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Samenvatting
Ongeveer een kwart van alle ischemische beroertes wordt veroorzaakt door een
zogenaamd lacunair herseninfarct. Dit type herseninfarct is het gevolg van een
afsluiting van een perforerend bloedvat, is meestal klein (<15‐20 mm) en is
gelokaliseerd in de basale kernen, diepe cerebrale witte stof of hersenstam. Klinisch
kenmerkt een lacunair herseninfarct zich door één van de klassieke lacunaire
syndromen zoals éénzijdige motorische uitval, éénzijdige sensibele uitval of een
combinatie van beide. Hierbij zijn tenminste 2 van de 3 lichaamsdelen (gelaat, arm
en/of been) betrokken en er mag geen sprake zijn van een bewustzijnsstoornis of een
hogere corticale functiestoornis.
Ongeveer een halve eeuw geleden verrichtte Fisher pathologisch‐anatomisch
onderzoek op hersenen van patiënten met een lacunair herseninfarct. Hij
onderscheidde een tweetal aandoeningen van de kleine hersenvaten die ten grondslag
kunnen liggen aan deze lacunaire herseninfarcten. Enerzijds beschreef hij als oorzaak
een kleine atherosclerotische plaque gelokaliseerd aan de origo van één van de
perforerende vaten (micro‐atheromatose). Deze variant veroorzaakt veelal het
geïsoleerde lacunaire infarct. Anderzijds definieerde hij het type dat wordt veroorzaakt
door een diffuse aandoening van de kleine hersenvaten (lipohyalinosis). Dit type wordt
gekenmerkt door bijkomende stille afwijkingen, namelijk asymptomatische lacunaire
infarcten. Onderzoek bij klinisch en radiologisch getypeerde patiënten met een
lacunair herseninfarct, toonde aan dat deze asymptomatische lacunaire infarcten
gerelateerd zijn aan een tweetal afwijkingen; ischemische witte stofafwijkingen en
micro‐ of puntbloedingen (<5‐10mm). Deze puntbloedingen worden gezien op gradient
echo Magnetische Resonantie‐opnamen en bestaan uit hemosiderine‐deposities.
In het voorgaande decennium ontwikkelden Boiten en Lodder de hypothese dat beide
typen gedurende het leven van elkaar onderscheiden kunnen worden op basis van
verschillen bij beeldvormend onderzoek. Door het aantonen van klinische verschillen,
onder andere in lange termijnprognose tussen de beide typen, werd deze hypothese
door anderen bevestigd.
Op basis van gegevens uit pathologie‐ en beeldvormingstudies vormden Wardlaw en
anderen de hypothese dat endotheliale activatie leidt tot het ontstaan van de
cerebrale kleine hersenvaten aandoening welke gepaard gaat met bijkomende stille
afwijkingen. Endotheliale activatie, en uiteindelijk dysfunctie, leidt tot een
toegenomen doorlaatbaarheid van de bloed‐hersen‐barrière. Hierdoor ontstaat er
lekkage van plasma‐eiwitten naar de vaatwand en de perivasculaire ruimte. Dit proces
leidt uiteindelijk tot het ontstaan van lacunaire infarcten, witte stofafwijkingen en
puntbloedingen.
Het doel van de studies in dit proefschrift was de verdere evaluatie van de
pathologische processen die ten grondslag liggen aan de verschillende typen
aandoeningen van de cerebrale kleine vaten leidend tot het lacunaire herseninfarct.
Het proefschrift focust op een tweetal thema’s. Ten eerste onderzochten we de



126

aanwezigheid van endotheliale activatie bij patiënten met een lacunair herseninfarct.
We bepaalden hiervoor bloedspiegels van enkele hemostase gerelateerde endotheliale
markers en keken naar verschillen tussen beide typen (hoofdstuk 4 en 5). Ten tweede
bekeken we genetisch‐epidemiologisch de rol van genetische factoren ten aanzien van
het lacunaire herseninfarct en zijn subtypen. Gezien de verschillende patho‐
fysiologische mechanismen in de subtypen, verwachtten wij verschillen in de bijdrage
van genetische factoren. Hiervoor onderzochten we de clustering van beroertes in
eerstegraads familieleden van patiënten met lacunaire herseninfarcten (hoofdstuk 6
en 7).
In hoofdstuk 1, de algemene introductie, worden de bovenbeschreven achtergronden
besproken en wordt tevens een overzicht van de studies behorende bij dit proefschrift
gegeven.
In hoofdstuk 2 beschrijven wij een tweetal patiënten met een lacunair herseninfarct
en bijkomende asymptomatische lacunaire infarcten, witte stofafwijkingen en
puntbloedingen. Beide patiënten ontwikkelden een bloeding op de plaats van een
eerder gedocumenteerde puntbloeding. Wij concluderen dat puntbloedingen niet
alleen een verhoogd risico geven op een intracerebrale bloeding, maar dat zij ook de
bron van de bloeding kunnen zijn. Derhalve zijn deze puntbloedingen op Magnetische
Resonantie Imaging (MRI) mogelijk een sterke voorspeller van het bloedingsrisico bij
de individuele patiënt. Een grote prospectieve studie om dit risico te evalueren lijkt
relevant omdat daardoor de voordelen en de risico’s van anti‐thrombotische therapie
bij deze patiënten beter afgewogen kunnen worden.
Hoofdstuk 3 bevat een systematische review van de literatuur naar bewijs voor
endotheliale activatie en dysfunctie bij patiënten met een lacunair herseninfarct. Onze
zoekstrategie (Appendix 1) leverde 29 artikelen op die bruikbaar waren voor verdere
evaluatie. De verdere evaluatie vond plaats door middel van een checklist met items
betreffende methodologische en informatieve kwaliteit (Appendix 2). De artikelen
werden gesorteerd naar de verschillende fysiologische functies van het endotheel en
een categorie betreffende toxische stoffen voor het endotheel.
Publicaties over de regulatie van de vaattonus door het endotheel toonden een
gestoorde endotheelfunctie op verschillende meetmomenten na de beroerte. Spiegels
van hemostase gerelateerde markers van het endotheel waren verhoogd in de acute
en subacute fase. Daarentegen bleken spiegels van adhesiemoleculen alleen verhoogd
gedurende de acute fase. Tenslotte was homocysteïne, hetgeen in hoge concentraties
toxisch voor het endotheel is, verhoogd bij patiënten met een lacunair herseninfarct.
Wij concluderen dat, op basis van de huidige literatuur, endotheeldysfunctie
waarschijnlijk een rol speelt in de pathogenese van het lacunaire herseninfarct. Deze
endotheeldysfunctie speelt met name een rol bij patiënten met bijkomende stille
afwijkingen. Overigens lijkt het nog te vroeg voor robuuste conclusies. Ten eerste
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wordt beroerte in veel studies als een homogene ziekte beschreven, terwijl andere
studies verschillende classificatiesystemen voor beroertes gebruiken. Het gevolg is dat
een patiënt in verschillende categorieën terecht kan komen. Wij adviseren dat
toekomstige studies het begrip lacunair herseninfarct duidelijk definiëren waarbij
klinische criteria voor lacunaire syndromen gecombineerd worden met MRI‐
bevindingen zonder dat er risicofactoren in de definitie meegenomen worden. Ten
tweede bepaalden veel studies alleen plasmaconcentraties in de acute fase, waardoor
de invloed van de acute fase respons, met andere woorden de acute ontstekings‐
reactie, niet uitgesloten is. Met deze gegevens in het achterhoofd ontwierpen wij onze
studies betreffende hemostase gerelateerde endotheliale markers bij patiënten met
een eerste lacunair herseninfarct.

Circulerende hemostase gerelateerde markers van endotheel functie
Het vasculaire endotheel speelt een belangrijke rol in de hemostase. Dit blijkt onder
andere uit de aanwezigheid van een aantal hemostase‐ en stollingsgerelateerde
eiwitten in het bloed, die afkomstig zijn van het endotheel. In hoofdstuk 4 bepaalden
we spiegels van dergelijke eiwitten (tissue plasminogeen activator [tPA], plasminogeen
activator inhibitor type 1 [PAI‐1], tPA‐PAI‐1‐complex, Von Willebrand factor [vWF],
tissue factor, trombomoduline en stollingsfactor VIII) in patiënten met een eerste
lacunair herseninfarct. We verwachtten de hoogste spiegels bij patiënten met
bijkomende witte stofafwijkingen en/of asymptomatische lacunaire infarcten.
tPA‐activiteit bleek verhoogd bij patiënten met bijkomende witte stofafwijkingen
(0.79 IU/mL versus 0.44 IU/mL voor het geïsoleerde lacunaire infarct, P=0.02) en
spiegels van PAI‐1 bleken het laagst in deze groep (27.5 ng/mL versus 44.0 ng/mL voor
het geïsoleerde lacunaire infarct, P=0.02). Deze laatste associatie bleef overeind in de
multivariate analyse (OR 0.99; 95%CI 0.98‐1.00 per ng/mL verandering van PAI‐1,
P=0.04). De hoogste spiegels van vWF‐antigeen werden gevonden bij patiënten met
bijkomende asymptomatische lacunaire infarcten, gevolgd door patiënten met witte
stofafwijkingen en het laagst bij diegenen met het geïsoleerde lacunaire infarct, echter
deze verschillen waren niet significant. De concentraties van de andere eiwitten
verschilden niet tussen de subtypen van het lacunaire herseninfarct.
Wij concluderen dat de hogere spiegels van tPA bij patiënten met bijkomende witte
stofafwijkingen een argument vormen voor endotheliale activatie in het subtype van
het lacunaire herseninfarct veroorzaakt door de diffuse vasculopathie. Ten tweede
concluderen wij dat de combinatie van lage spiegels van PAI‐1 en hoge spiegels van
tPA in patiënten met bijkomende witte stofafwijkingen, suggereren dat verschillen in
activiteit van het fibrinolytische systeem bijdragen aan de ontwikkeling van witte
stofafwijkingen. Tenslotte onderkennen wij dat spiegels van diverse endotheliale
markers gelijk zijn tussen de subtypen van het lacunaire herseninfarct. Dit zou
verklaard kunnen worden door het gebruik van medicatie. Zo kunnen zogenaamde
statines (cholesterolverlagers) de bloedspiegel van tissue factor verlagen. Daarnaast
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wordt de aanwezigheid van enkele endotheliale markers, bijvoorbeeld trombo‐
moduline, in de cerebrale kleine bloedvaten in een aantal studies betwijfeld.
In hoofdstuk 5 hebben we spiegels van de verschillende vormen van tissue factor
pathway inhibitor (TFPI) gemeten en verwachtten wij de hoogste spiegels bij patiënten
met bijkomende stille afwijkingen. TFPI bevindt zich op verschillende plaatsen in het
menselijk lichaam. TPFI wordt geproduceerd en opgeslagen in de vasculaire
endotheelcel. Bij uitscheiding wordt een gedeelte gebonden aan celwand
proteoglycanen. In plasma is het grootste gedeelte van TFPI gebonden aan
lipoproteinen, voornamelijk LDL, en bestaat uit verschillende incomplete (truncated)
vormen. Slechts 10% van het plasma TFPI bestaat uit de vrije volledige (full‐length)
vorm.
Antigeen spiegels van het totale TFPI (vrij en lipoproteïne gebonden vormen) en het
vrije volledige (full‐length) TFPI werden bepaald door middel van ELISA in 149
patiënten en 42 controles. Na toediening van heparine komt TFPI vrij uit het
endotheel. Spiegels van door heparine vrijgemaakt TFPI werden gemeten in een
subgroep van 17 patiënten en 15 controles. Op basis van MRI‐kenmerken werden
patiënten met een lacunair herseninfarct geclassificeerd als geïsoleerd lacunair infarct
of met tevens bijkomende stille afwijkingen.
Alhoewel spiegels van het totale TFPI lager bleken bij patiënten (mediaan 69.5 [IQR
60.5‐83.9] ng/mL) dan controles (80.3 [68.1‐91.9] ng/mL, P<0.01), en spiegels van
totale TFPI hoger waren in patiënten met bijkomende stille schade (71.0 [62.8‐86.0]
ng/mL) dan diegenen met het geïsoleerde lacunaire infarct (61.3 [54.1‐77.7] ng/mL,
P<0.01), verdwenen beide associaties na correctie voor leeftijd en de hoogte van
cholesterolspiegel. Opnieuw zou het gebruik van medicatie een verklaring kunnen zijn
voor het ontbreken van een verschil in spiegels van totaal TFPI. Het overgrote deel van
plasma TFPI bestaat uit enkele incomplete vormen gebonden aan LDL‐cholesterol.
Omdat statines LDL‐cholesterol in het bloed verlagen, dalen ook de spiegels van TFPI.
Spiegels van het vrije volledige (full‐length) TFPI verschilden niet tussen patiënten en
controles en tussen subtypen van het lacunaire herseninfarct.
Tenslotte, aangezien het totale TFPI en het vrije volledige (full‐length) TFPI slechts een
klein gedeelte vormen van de totale hoeveelheid TFPI aanwezig in het lichaam,
bepaalden wij de grotere (endotheel‐geassocieerde) TFPI‐voorraad door intraveneuze
toediening van heparine. Het toedienen van heparine leidde tot een 9‐voudige stijging
in de concentratie van het vrije volledige (full‐length) TFPI en de spiegels bleken hoger
bij patiënten dan bij controles (1297 ± 246 %d.N. [percentage van normaal] versus
1039 ± 302 %d.N., P=0.01). Het TFPI dat vrijkomt na toediening van heparine komt van
de celwandproteoglycanen en vanuit de endotheelcel zelf. Het feit dat er meer TFPI
vrijkomt na toediening van heparine bij patiënten, dan bij controles, zou een argument
kunnen zijn voor endotheelactivatie bij patiënten met een lacunair herseninfarct.
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Genetische epidemiologische studies en het lacunaire herseninfarct
Gegevens uit case‐control studies laten zien dat een positieve familie‐anamnese voor
een beroerte een onafhankelijke risicofactor is voor het optreden van een lacunair
herseninfarct. Verder tonen een beperkt aantal tweelingstudies, dat monozygote
tweelingen vaker beide een beroerte doormaakten dan dizygote tweelingen. Dit past
bij een rol voor genetische factoren in het ontstaan van een beroerte.
In hoofdstuk 6 onderzochten wij of clustering van beroertes in families van patiënten
met een lacunair herseninfarct verschilt tussen de verschillende fenotypen van het
lacunaire herseninfarct. Met behulp van de gestandaardiseerde vragenlijst, aangevuld
met een interview tijdens polikliniekbezoek, onderzochten wij de familie‐anamnese
voor een beroerte bij 157 patiënten met een lacunair herseninfarct, die gefenotypeerd
werden door middel van MRI. 52% van de patiënten rapporteerde een positieve
familie‐anamnese voor een beroerte bij één of meerdere eerstegraad familieleden.
Jonge (<65 jaar) indexpatiënten met bijkomende asymptomatische lacunaire infarcten
bleken vaker een aangedane ouder te hebben dan jonge indexpatiënten zonder
asymptomatische lacunaire infarcten (59% versus 20%, P<0.01). In de multivariate
analyse vonden wij de sterkste verbanden tussen bijkomende asymptomatische
lacunaire infarcten en een positieve familie‐anamnese bij ouders (OR 6.46 [95%CI 1.96‐
21.33]), moeders (OR 4.00 [95%CI 1.18‐13.56]) en vaders (OR 5.40 [95%CI 1.14‐25.61]).
Wij concluderen dat de clustering van beroertes in families van patiënten met
bijkomende asymptomatische lacunaire infarcten een argument is voor een genetische
component. Het feit dat de familiare aggregatie zich voordoet in dit subtype, wijst op
een rol voor genetische factoren in de onderliggende pathofysiologie van
endotheelactivatie.
In deze studie vonden we geen verband tussen positieve familie‐anamnese en witte
stofafwijkingen. Mogelijk hebben we een verband gemist omdat we de mate van witte
stof afwijkingen beoordeelden met een visuele scoringsschaal, te weten de Fazekas‐
schaal. Deze schaal correleert op zich goed met kwantitatieve scoringsmethoden, hij
bezit echter wel een zogenaamd plafond‐fenomeen. Dit laatste betekent dat de
variabiliteit in volumes van witte stofafwijkingen groot is bij patiënten met eenzelfde
hoge score op de visuele schalen.
In hoofdstuk 7 berekenden we het genetisch relatief risico voor beroertes bij patiënten
met een lacunair herseninfarct. Daarvoor vergeleken we de prevalentie van beroertes
bij familieleden van patiënten met een lacunair herseninfarct met de prevalentie van
beroertes in een Nederlands cohort van oudere vrijwilligers.
144 van de 1066 eerstegraads familieleden (13.5%) maakten een beroerte door. Het
genetisch relatief risico was daarmee 2.94 (95%CI 2.45‐3.53) voor alle eerstegraads
familieleden, 4.52 (95%CI 3.61‐5.65) voor ouders van patiënten en 2.10 (95%CI 1.63‐
2.69) voor broers en zussen van patiënten. De getallen zijn hoger dan het gemiddelde
relatieve risico voor een multifactoriële aandoening en voor beroerte in het algemeen.
De clustering van beroertes in families van patiënten met een lacunair herseninfarct is
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op zich niet nieuw. Echter, de meeste studies definieerden een positieve familie‐
anamnese als minimaal één aangedaan eerstegraads familielid. De toegevoegde
waarde van het genetisch relatief risico is gelegen in het feit dat het aantal aangedane
en bekende familieleden wordt meegenomen in de berekening, waardoor er iets
gezegd kan worden over de mate van clustering van beroertes.
In hoofdstuk 8, de algemene discussie, bespreken wij de implicaties van de
bevindingen in dit proefschrift voor toekomstig onderzoek.
Het eerste thema betreft het ontbreken van verschillen in plasmaspiegels van enkele
endotheliale markers tussen patiënten en controles en tussen de subtypen van het
lacunaire herseninfarct. De aanwezigheid van de bepaalde markers in de cerebrale
kleine vaten wordt in enkele pathologisch‐anatomische studies betwijfeld. De vraag is
of dit relevant is aangezien nieuwe informatie laat zien dat de ziekte niet beperkt is tot
de kleine vaten van de hersenen, maar dat er sprake is van een systeemaandoening.
Functionele testen van het vasculaire endotheel in verschillende vaatgebieden in
combinatie met meting van endotheliale plasma markers zou meer duidelijkheid
kunnen bieden. Daarnaast heeft het gebruik van statines door onze patiënten met een
lacunair herseninfarct mogelijke verschillen in spiegels van endotheliale markers
waarschijnlijk gereduceerd. Een studie waarbij endotheelfunctie wordt vergeleken
tussen een laag en een hoog doseringsregime van statines zou nieuwe inzichten in
pathofysiologie kunnen genereren, ook lijken therapeutische mogelijkheden binnen
handbereik.
Het tweede thema omvat de tekortkomingen van de voorgaande moleculair
genetische studies, zoals de beperkte toepassingsmogelijkheden van zogenaamde
linkage studies en conflicterende resultaten van kandidaat‐genen studies. “Genome
wide association studies” lijken op het eerste gezicht een veelbelovende methode
omdat er geen hypothese betreffende interessante genetische loci nodig is, waardoor
nieuwe risico‐allelen voor herseninfarcten ontdekt kunnen worden. Echter de grote
patiënten aantallen, kleine effecten van veel voorkomende varianten en het feit dat
vaak alleen interessante regio’s gevonden worden, leidt tot de conclusie dat deze
methode minder geschikt is bij het lacunaire herseninfarct. Zeer recent is het zoeken
naar zeldzame varianten in veel voorkomende ziekten als methode ontwikkeld. Hierbij
worden interessante regio’s van het genoom volledig in kaart gebracht. Deze
interessante regio’s worden geselecteerd op grond van pathofysiologische
overwegingen, zoals genen gerelateerd aan endotheel functie. Eén van de
voorwaarden voor dit type onderzoek, is een goed gedefinieerd fenotype, zoals onze
patiënten met een lacunair herseninfarct. Mogelijk is dit een goede methode voor
verder onderzoek naar genetische factoren en daarmee de verdere ontrafeling van de
pathofysiologie van het lacunaire herseninfarct.
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Dankwoord
En op een dag….is het af!
Al met al heeft de totstandkoming van dit proefschrift bijna een decennium in beslag
genomen. Het excuus is gelegen in de combinatie van onderzoek met opleiding tot
neuroloog, gezinsuitbreiding en een verhuizing naar de andere kant van ons land. Het
voordeel van zo’n lang traject is dat je veel tijd hebt om interessante en sympathieke
mensen te leren kennen. Deze verdienen een persoonlijk dankwoord.
Allereerst de patiënten met een lacunair herseninfarct; ik dank jullie oprecht en heb
veel respect voor jullie bereidwilligheid om deel te nemen aan de verschillende
onderdelen van het onderzoek.
Bij deze wil ik ook de Trombosestichting bedanken voor hun subsidie van dit project.
Prof. dr. R.J. van Oostenbrugge, beste Robert. Het is bijna 10 jaar geleden dat jij
suggereerde dat wetenschappelijk onderzoek een goede uitdaging voor mij zou zijn. De
weg naar het eindpunt van vandaag was niet altijd even recht. Je gaf me de
gelegenheid zelf te ontdekken, maar stuurde ook weer tijdig naar het juiste pad.
Dankzij jouw organisatietalent, wist jij op de juiste momenten ruimte (en middelen) te
creëren om dit onderzoek te kunnen combineren met mijn opleiding tot neuroloog.
Door de jaren heen heb ik me verbaasd over je kennis van de basale wetenschappen,
zonder de klinische neurologie uit het oog te verliezen. Jij wist me in de afgelopen
jaren regelmatig op de kast te krijgen, maar zorgde altijd voor de ladder om eraf te
komen. Dank!
Prof. dr. J. Lodder, beste Jan. Vaak was er jouw kritische blik aan de zijlijn. Je bent
Meester in de vinger op de gevoelige plek te leggen en daarmee de stukken tot een
hoger niveau te tillen. Jouw gevleugelde uitspraken als ‘kill your darlings’ schieten nog
wekelijks door mijn hoofd. Veel succes met de tweede carrière in de teakwondo.
Prof. dr. H. Ten Cate, beste Hugo. Ik heb jouw enthousiaste, positieve en immer
opbouwende opmerkingen over manuscripten en presentaties altijd enorm
gewaardeerd. Meer dan eens heeft een enkele opmerking van jou orde geschapen in
de chaos in mijn hoofd. Ten slotte dank, dat ik als clinicus met anderhalve linkse hand
zo welkom was op jouw lab.
Dr. M. Gielen, beste Marij. Jouw geduldige en herhaalde uitleg over de lastige
onderwerpen uit de genetica en epidemiologie zijn door de jaren broodnodig geweest.
Ik kon altijd bij je terecht om nóg een keer naar echt‐de‐laatste versie van een
manuscript te kijken. Jij bent een geweldig mens, en ik heb genoten van de vele uren
die we samen doorbrachten. En de regels van de universiteit… daar zal ik nu over
ophouden.
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Professor Robert Vlietinck, beste Bob, meermalen hadden we inspirerende
bijeenkomsten over de ‘genetica’. Dank voor het delen van je kennis en enthousiasme.
Mijn partners in de Laci‐crime: Rob en Julie. Omdat Julie een TGV is, en Rob en ik een
soort Diesel, staan er hier vandaag slechts twee van de trojka. Het was me een waar
genoegen om samen met jullie het onderzoek te doen. Enerzijds praktisch (en
vermakelijk); de uren ’s avonds om de database bij te werken, samen naar congressen
(en Hongarije!), de vele uren voor de lichtkast/computer om nóg eens de scans te
beoordelen. En anderzijds inhoudelijk; ik heb van jullie veel geleerd over het
ziektebeeld en het benaderen van wetenschappelijk onderzoek. Door de combinatie
van ieders kwaliteiten is het ons gelukt een unieke groep patiënten te verzamelen en
te motiveren om deel te nemen aan het onderzoek. Veel dank en ik hoop dat onze
wegen nog vaak zullen kruisen.
Dr. J.W.P. Govers‐Riemslag, beste Jose. Vele uren brachten wij samen door op het lab,
puzzelend met diepvriesbuisjes met plasma en ELISA‐kits. De resultaten hiervan
verschenen vervolgens in indrukwekkend kleurrijke excelfiles. Veel dank voor je geduld
met me, de gezelligheid en interesse in mijn werk en privé.
Dr. K. Hamulyak, beste Karly. Dank voor de gastvrijheid op jouw lab en nuttige
opmerkingen over het manuscript betreffende de endotheelmarkers.
Kristien, mijn beeld van rustige zachtaardige Belgen is dankzij jou totaal veranderd. Ik
heb je leren kennen als een uitstekend georganiseerde dame, die voortvarend de koe
(of de TFPI) bij de horens pakt. Met jou zou die kabinetsformatie een stuk vlotter zijn
verlopen!
Prof. dr. T. Hackeng, beste Tilman, dank voor Kristien, je gastvrijheid en goede samen‐
werking. Cheers?!
Henri en Rene, volgens mij is er niks dat jullie niet kunnen regelen! En dan zwijg ik nog
over de humor...
Carina, mijn prik‐koningin! Dank voor het meten van een heleboel samples en de
gezelligheid met goede koffie.
Carol en Mariëlle, dank voor jullie hulp bij de vele bloedafnames en Paul voor de
metingen van de eerste serie samples.
De leden van de leescommissie, Prof. dr. H.J.M. Smeets, Prof. dr. J. Stam, Prof. dr.
J.W.M. Heemskerk en Prof. dr. J.W. Cohen Tervaert wil ik bedanken voor de tijd en
moeite die jullie hebben genomen om mijn proefschrift te beoordelen. Dear Professor
Wardlaw, thank you for your interest and willingness to participate in the defence of
my thesis.
Mijn paranimfen. Lieve Trang, wij ontmoetten elkaar aan het begin van onze
geneeskunde opleiding en door de jaren heen heeft zich een heel bijzondere
vriendschap ontwikkeld. De grote fysieke afstand nu, doet daar in het geheel geen
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afbreuk aan. Ik kijk uit naar de avonturen in het verschiet, samen met Mark en jouw
mooie meiden. Jeroen, wij leerden elkaar kennen in het Sittardse in 2002. In de
afgelopen jaren heb ik je leren kennen als een geweldig mens met brede interesses. Je
bent een voorbeeld in je kennis van de neurologie en de systematiek waarmee jij de
problemen aanpakt. Ik ben trots dat jullie mij bij willen staan tijdens de verdediging
van dit proefschrift.
Prof. dr. M. Limburg, dr. M.C.F.T.M. de Krom, dr. H.W.M. Anten, Prof. dr. W. Mess,
Prof. dr. J.S.H. Vles, dr. M. Majoie en dr. G. Hageman, als opleiders droegen jullie, ieder
op geheel eigen wijze, bij aan mijn opleiding tot neuroloog, waarvoor dank.
Arts‐assistenten en neurologen van de afdeling neurologie in het azM dank voor het
‘aanleveren’ van de patiënten met een lacunair herseninfarct, maar vooral ook de
gezellige en leerzame tijd in het azM.
Erik (en de rest uit Heerlen), dank voor de humor en goede momenten, vooral ook
buiten het ziekenhuis, ook namens ‘vriend Tijmen’.
Marielle, Ariane, Jordie en Yvonne; zitten we daar met zijn allen in hetzelfde schuitje.
En maar proberen je opleiding tot neuroloog, wetenschappelijk onderzoek en kinderen
op een goede manier te combineren. Het is nog aardig gelukt ook, waarschijnlijk
omdat het zo gezellig was in dat schuitje.
Peronneke en Sylvie, bedankt voor de ‘relativeringstherapie’.
Marjolein, dank voor het zijn van een goede kamergenote; altijd vlotte antwoorden op
kleine statistiekvraagjes.
Kitty Verwoerdt en Rachel Jennekens, dank voor het faciliteren van alles.
De polidames van de neurologie dank voor de opvang van de patiënten en interesse.
Lisette van Raak en Fons Kessel wil ik bedanken voor de hulp bij de statistiek en
methodologie.
Otto Bekers, dank voor je hulp bij de bepalingen van de lipiden.
En toen werd het ineens een boekje! Tiny Wouters, dank voor je uitstekende hulp bij
de lay‐out van het proefschrift.
De afdeling neurologie van het Orbis Medisch Centrum Sittard/Geleen. Dank voor jullie
medewerking om ook patiënten met een lacunair herseninfarct uit jullie ziekenhuis te
mogen includeren.
De vakgroep neurologie van het Medisch Spectrum Twente in Enschede. Beste
Angelique, Gerard, Jeroen, Jik, Jos, Lucille, Michel, Paul, Ruben, Carola, Christel, Elmar,
Esther, Gerben, Inge, Ingrid, Janneke, Linda, Niels, Pinar, Rob, Roger, Paulette,
Susanne, Werner en Wytske. Ik geniet dagelijks van het feit dat ik met zo’n geweldige
groep mensen mag samenwerken!
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Prof. dr. J. van der Palen, dank voor je belangeloze hulp bij de analyses van hoofdstuk
6.
Lieve ‘oude’ vrienden in het zuiden en ‘nieuwe’ in het oosten, die ik minder aandacht
en tijd kon geven dan ik graag had gewild, dank voor de niet aflatende morele steun en
interesse…
Lieve papa en mama, jullie gaven mij het veilige warme nest van waaruit ik me kon
ontwikkelen tot de persoon die ik nu ben. Jullie stimuleerden me om altijd het
maximale uit mezelf te halen. De superlatieven ontbreken me dan ook om jullie
bedanken voor de geleverde inspanningen!
Lieve oma Tiny, dankjewel voor het zijn van mijn grootste fan. Ja, nu ben ik klaar met
studeren.
Lieve zus (en co), het wordt alleen maar beter naarmate we ouder worden…
Lodewien en Nick, veel mooie momenten in de afgelopen jaren werden door jullie
aanwezigheid en bijdrage voorzien van een gouden randje, zo ook deze keer.
Wim en Mary, dank voor alle steun en hulp met de kleine vriendjes.
Tenslotte, mijn lieve mooie geweldige prinsen……
Lieve Jeroen, jouw liefde, steun, zorg, rust en relativeringsvermogen, creëerden de
randvoorwaarden voor mijn persoonlijke ontwikkeling leidend tot dit proefschrift.
Zoals gezegd is dit nu klaar en ben jij aan de beurt en ik zal heel erg mijn best doen
dezelfde randvoorwaarden te scheppen.
Tijmen en Wessel, genieten van jullie groei en streken, leert te relativeren en maakt
het leven zo leuk!

Iris
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Curriculum vitae
Iris Knottnerus werd op 20 juli 1977 geboren in Heerlen. Van 1989 tot 1995 volgde zij
het VWO aan het Stella Maris College te Meerssen. Aansluitend begon zij met haar
studie Geneeskunde aan de Universiteit Maastricht. In 1999 werd het doctoraal
examen met goed gevolg afgelegd, waarna co‐schappen in verschillende Limburgse
ziekenhuizen volgden. Het keuze‐coschap ‘community based medicine’ vond plaats in
Manilla, de Filipijnen. In 2001 werd het arts‐examen met het predikaat ‘met genoegen’
behaald. Haar medische carriere begon zij als AGNIO op de afdeling neurologie van het
Maaslandziekenhuis te Sittard. In 2002 stapte zij over naar het Maastricht University
Medical Centre in Maastricht, alwaar haar opleiding tot neuroloog startte in december
2003 (achtereenvolgens Prof. dr. M. Limburg, Dr. M.C.T.F.M. de Krom en Prof.dr. R.J.
van Oostenbrugge). In 2010 vervolgde zij haar opleiding in het Medisch Spectrum
Twente te Enschede (opleider Dr. G. Hageman), waar zij deze in 2011 voltooide. Sinds
1 mei 2011 werkt zij als neuroloog in dit ziekenhuis.
In 2003 begon zij met het wetenschappelijk onderzoek dat heeft geleid tot de
resultaten beschreven in dit proefschrift. Het onderzoek werd ondersteund door een
studiebeurs van de Trombosestichting Nederland. Een deel van dit promotie‐
onderzoek werd in 2009 bekroond met de “Young Investigator Award” op het 22e ISTH
congres te Boston, USA.
In 2006 is zij getrouwd met Jeroen Stevenhagen. Ze hebben twee zonen, Tijmen
(4 jaar) en Wessel (1 jaar).

Iris Knottnerus was born on July 20th 1977 in Heerlen, the Netherlands. After finishing
secondary school at the Stella Maris College in Meerssen in 1995, she enrolled in her
medical training at Maastricht University. In 1999 she received her Master’s degree,
whereafter she started her internships at several hospitals in Limburg. An internship
on ‘community based medicine’ was conducted at the University of the East in Manilla,
the Philippines. In 2001 she graduated and started her medical carrier as a non‐
resident at the department of Neurology of the Maasland hospital in Sittard. In 2002
she switched to the department of Neurology of the Maastricht University Medical
Centre, where she continued as a resident from december 2003 (subsequently Prof. dr.
M. Limburg, Dr. M.C.T.F.M. de Krom and Prof. dr. R.J. van Oostenbrugge). In 2010 she
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Abbreviations
ADMA
aLAC(s)
BBB
BMB(s)
CAD
CBF
CT
ecNOS
ELISA
ET
FH
FLAIR
FMD
FDR(s)
G(R)E
GRR
GWAS
ICAM
ICH
ILA
IQR
LS
MR(I)
MRC
MRI
MTHFR
NINDS
NO
NS
OCSP
OR
PAI
rtPA
SD
SHR‐SP
SIL
SNP
SVD
TF
(s)TM

asymmetric dimethylarginine
asymptomatic lacunar infarcts
blood‐brain barrier
brain microbleed(s)
coronary artery disease
cerebral blood flow
computed tomography
endothelial constitutive nitric oxide synthase
enzyme linked immunosorbant assay
endothelin
family history
fluid attenuated inversion recovery
flow‐mediated vasodilatation
first‐degree relatives
gradient echo
genetic relative risk
genome wide association study
intracellular adhesion molecule
intracerebral hemorrhage
isolated lacunar infarct
interquartile range
lacunar stroke
magnetic resonance (imaging)
medical research council
magnetic resonance imaging
methylene tetrahydrofolate reductase
National Institute of Neurological Disorders and Stroke
nitric oxide
not significant
Oxfordshire Community Stroke Project
odds ratio
plasminogen activator inhibitor
recombinant tissue plasminogen activator
standard deviation
stroke –prone spontaneously hypertensive rats
silent ischemic lesions
single nucleotide polymorphism
small vessel disease
tissue factor
(soluble) thrombomodulin
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TOAST
tPA
TFPI
VCAM
vWF
WML
%d.N.

Trial of Org 10172 in Acute Stroke Treatment
tissue plasminogen activator
tissue factor pathway inhibitor
vascular cell adhesion molecule
von Willebrand factor
white matter lesions
percentage of normal

Appendix

1

Search strategy for published literature
(MEDLINE and EMBASE)



150

151

Appendix 1

Appendix 1
Search strategy for published literature (MEDLINE and EMBASE), used in
chapter 3
#9.
#8.
#7
#6.
#5.
#4.
#3.
#2.
#1.

(#4) AND (#8)
(#5) OR (#6) OR (#7)
(blood brain barrier)
(endothelial cell activation) OR (endothelial activation) OR (cerebrovascular
reactivity)
(endothelial dysfunction) OR (vessel wall) OR (endothelium)
(#1) OR (#2) OR (#3)
(lipohyalinosis) OR (micro‐atheromatosis)
(lacunar stroke) OR (lacunar infarction) OR (lacunar syndrome)
(micro‐angiopathy) OR (small vessel disease) OR (small artery disease)
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Appendix 2

Appendix 2
Check list to assess methodological and informative quality of studies on
endothelial dysfunction in lacunar stroke patients (used in chapter 3)
Patient selection
1.
2.

Consecutive patients with symptomatic lacunar stroke were included.
Description of exclusion criteria: acute or chronic inflammatory disease,
connective tissue disease, liver or kidney disease, malignancy or steroid treatment
(in case of plasmalevels of markers) and absence of carotid lesions (in case of
cerebrovascular reactivity).

Patient characteristics
3.

4.

5.
6.

Definition of lacunar stroke syndrome
a. Using TOAST, OCSP classification or Classification of Cerebrovascular Disease
III of the National Institute of Neurological Disorders (1 point).
b. Subtyping into ischemic leukoaraiosis versus isolated lacunar infarct, i.e.
combination of clinical and radiological data (2 points).
Imaging by
a. CT (1 point).
b. MRI in all patients (2 points).
Assessment of imaging by validated scale (e.g. modified Fazekas scale) and by 2
radiologists (2 points if both criteria, 1 point if only one criterion).
Description of vascular risk factor profile in patients and controls.

Control patients
7.

Control patients present
a. Population‐based healthy controls with or without vascular risk factors (2
points).
b. Patients with non‐lacunar stroke (1 point).
c. Both healthy controls and patients with non‐lacunar stroke (2 points).

Patient material
8.
9.

Time of sample drawing (or diagnostic test) and method of testing can be
extracted from the paper.
Sequential samples or sample extraction (or diagnostic test) several months after
the event (not applicable in studies on polymorphism).
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Follow‐up
10. Registration of vascular events in patients and controls (clinical follow‐up).
11. Follow up by imaging of new symptomatic and asymptomatic infarcts in patients
and controls.
Treatment
12. Possibly confounding medication reported (statins, anticoagulants) (1 point) and
corrected for in analysis (2 points).
Analysis
13. Significance levels or confidence intervals.
14. Description of crude data.
Unless commented on in checklist; ‘Yes’ = 2 points and ‘not clear/no’ = 0 points.
Maximum of 28 points. In studies on polymorphism a maximum of 26 points, because
item 9 (‘repeated sampling’) is not relevant.

