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General introduction

Parts of this Chapter were adapted from:
Rouhl RPW, van Oostenbrugge RJ, Lodder J. White Matter Lesions: From Present to Future. In:
Westland TB, Calton RN, eds. Handbook on White Matter: Structure, Function, and Changes. New
York: Nova Publishers; 2009:17‐28.
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Cerebral small vessel disease
Stroke is the third leading cause of death and the first leading cause of long term
disability worldwide. There are several different types of stroke: around 20% of
patients have a hemorrhagic stroke, whereas 80% suffer an ischemic event. Again, in
the ischemic subgroup, several different etiological subgroups can be recognized, like
cardio‐embolic stroke (about 25% of ischemic strokes), large vessel atherosclerotic
stroke (about 40%), stroke by rare causes (around 5%) and lacunar stroke (about 25%).
Lacunar stroke is caused by a lacunar infarct, which consists of a small ischemic lesion
in the region of the penetrating arteries deeply in the brain. Unlike previously thought,
lacunar stroke is not a more benign stroke subtype than other stroke types with regard
to long term mortality or disability,1,2 probably because of the nature of its underlying
vascular pathology.
The underlying pathology causing lacunar stroke, cerebral small vessel disease (CSVD),
is a disease which affects the small penetrating arterioles in the brain. Up till today,
studies mainly emphasize the epidemiological and clinical associations of CSVD and its
accompanying lesions, like lacunar infarcts and cerebral white matter lesions (WML).
However, the cause of CSVD, and therefore any therapeutic or preventive regimen,
remains elusive. In this chapter, an introduction on the background of the subject of
this thesis is presented with a focus on the present hypothesis concerning the
pathophysiological development of CSVD.

Is cerebral small vessel disease the cause of cerebral white
matter lesions and lacunar infarcts?
The exact pathogenesis of lacunar infarcts and WML remains unclear. However,
epidemiological data suggest a vascular pathophysiology. For example on imaging,
WML relate to lacunar infarcts, and most strongly to multiple lacunar infarcts,3
whereas both WML as well as lacunar infarcts relate to vascular risk factors like
increasing age4‐6 and hypertension.3 Clinically, WML and lacunar infarcts relate to
(recurrent) ischemic stroke,7‐9 cognitive disturbance (mainly in the area of executive
functioning,10‐14 cognitive flexibility,15 and speed of information processing14), cognitive
decline4,16 and frank dementia,17 gait disturbances,18 and urinary problems.19 In lacunar
stroke patients, WML relate to a worse prognosis (with regard to morbidity, stroke
recurrence, and mortality),7 also on the long term.20 Furthermore, the progression of
WML and lacunar lesions relates to the presence of vascular risk factors like
hypertension and previous vascular disease.21 All these epidemiological data strongly
suggest an on‐going (vascular) pathology in the brain.
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In pathological studies, there is evidence that CSVD causes WML and lacunar infarcts.
However, there are different pathological processes in the cerebral small vessels which
could cause lacunar infarcts, WML or both. Fisher meticulously described the types of
small vessel abnormalities which occur proximal to a lacunar infarct: one he called
micro‐atheromatosis22 (which represents atherosclerosis on an arteriolar level, mostly
in arterioles of more than 200 micrometer in diameter, and relates to large, single
lacunar infarcts)23 and the other one was characterized by segmental wall
disorganization24 (or fibrinoid necrosis in the acute stage and lipohyalinosis in a healed
stage; later called complex cerebral small vessel disease,25 which occurs in arterioles of
a diameter smaller than 200 micrometer, and relates to multiple small lacunar
infarcts).23 Both lead to micro‐vascular occlusion, as can be demonstrated by
imaging.26 Fisher suggested that hypertension was the major risk factor for both these
conditions.27,28
Extensive, diffuse WML, however, relate to a third microvascular abnormality1:
arteriolosclerosis.29‐32 Arteriolosclerosis consists of hyaline wall thickening with
consequent narrowing of the arteriolar lumen, and a poor response to changes in
cerebral blood flow.33,34 The presence of arteriolosclerosis in brain arterioles is
associated with age, hypertension, and diabetes,34,35 also in neurologically healthy
individuals.35 WML patients more often have hypertension than cerebrovascular
patients without WML; however, hypertension is not a conditio sine qua non for the
development of WML as the vascular abnormalities can also be found in brains of non‐
hypertensives.36 On the other hand, the risk factor profile (mainly the association with
hypertension) is similar in patients with multiple lacunar infarcts (complex small vessel
disease) and WML patients (arteriolosclerosis).37 However, whether arteriolosclerosis
is a preliminary stage of complex small vessel disease (or the other way around)
remains to be elucidated.25
Cerebral lesions like WML and lacunar infarcts could also be caused by other diseases
than this aforementioned CSVD. Lammie et al. e.g. suggested from the pathological
appearance of some lacunar infarcts (which he called incomplete), that also transient
processes like temporary reduction of blood flow, multiple emboli, or small vessel
spasms could lead to multiple lacunar infarcts,38 as he could not demonstrate any
arteriolar abnormality in these cases. Others also argue, especially in case of multiple
lacunar infarcts, for an embolic source (which may be the heart or a proximal larger
artery).39 However, when all patients with potential embolic sources are excluded from
these studies, there are still patients with multiple lacunar infarcts; even more
strikingly, lacunar stroke is much less strongly related to a cardiac embolic source than
other stroke subtypes.40 Therefore, it is unlikely that an embolic source accounts for all
1

Note that punctuate WML (in contrast to the abovementioned diffuse or large confluent areas of WML) are
pathologically very heterogeneous. These punctuate foci can represent myelin pallor, local demyelination, as
well as areas of gliosis and ischemia. The underlying vascular pathology is therefore equally heterogeneous
and sometimes even absent.
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multiple lacunar infarct patient in these series. CSVD (with micro‐atheromatosis,
complex cerebral small vessel disease, and arteriolosclerosis as pathological hallmarks)
therefore remains the most probable cause of lacunar infarcts and WML.

Other possible manifestations of cerebral small vessel disease
Since the use of brain imaging, especially with the use of MRI, other possibly CSVD
related abnormalities have been noted. Of these, brain microbleeds have already been
accepted as a manifestation of CSVD. Though there are no studies on the underlying
vascular pathology accompanying these lesions, epidemiological studies suggest a
common pathogenesis with WML and lacunar infarcts because these deeply located
brain microbleeds co‐occur with WML and lacunar infarcts.41,42 Similar to WML and
lacunar infarcts brain microbleeds are blood pressure related: with increased day and
night time blood pressure levels brain microbleed numbers are increased as well.43,44 A
more debated characteristic of CSVD is the enlargement of perivascular spaces, or
Virchow Robin spaces (VRs). These spaces surround the penetrating arteries and
arterioles in the brain. Enlargement of VRs has been attributed to vascular ectasia and
tortuosity, increased vessel wall permeability, a decrease in vascular compliance,
ischemic perivascular tissue loss, to an ex vacuo phenomenon in cortical atrophy, and
to inflammatory activity.32,45‐47 Clinically, enlarged VRs relate to WML,32,46 and to
hypertension,48 which points to a possible relation between VRs and CSVD.
Outline of the Thesis – Chapter 2
In order to consolidate the epidemiologic relation between enlarged VRs and
established manifestations of CSVD like multiple lacunar infarcts and WML, we
performed a study in a group of first‐ever lacunar stroke patients. A co‐occurrence of
enlarged VRs and multiple lacunar infarcts and WML would indicate a common
pathophysiology of these abnormalities: CSVD.

Pathogenesis of cerebral small vessel disease: the blood‐brain
barrier, endothelial activation and dysfunction
The blood‐brain barrier (BBB) consists of brain microvascular endothelial cells (BMVEC)
and the surrounding astrocytes, pericytes, neurons, and extracellular matrix.49,50 The
interplay among these cells and the extracellular matrix is complex and maintained by
all of its components.49,50 The BMVEC are linked to each other by tight junctions,
adherent junctions and junctional adhesion molecules; of these, the tight junctions are
most important in the endothelial resistance to the plasma constituents.49,50 Adhesion
of leukocytes to BMVEC, catalysed by the expression of adhesion molecules, leads to
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loss of the integrity of the tight junctions.49 Several components of the tight junctions
(e.g. occludin, claudins, and zonula occludens‐1) are also vulnerable to products and
mediators of inflammation, like matrix metalloproteinases and MCP‐1.50 When the
tight junctions lose their integrity, the BBB itself loses its integrity; and when the BBB
fails and plasma components enter the brain parenchyma, neurotoxic products that
compromise synaptic and neuronal functions are released.50
Therefore, one of the major theories at this moment for the development of
arteriolosclerosis and complex small vessel disease is that an increased permeability of
the BBB51,52 leads to white matter damage and lacunar stroke. This is furthermore
suggested by:
 oedema related gliosis in WML and its similarity to the brain edema which is
caused by BBB disruption in animal models53
 the relation of cerebral oedema formation with factors which increase BBB
permeability, like liver failure, renal failure, pancreatitis, and alcoholism. All these
factors also relate to lacunar infarcts36
 changes in BBB integrity which have been demonstrated using MRI with
Gadolinium contrast enhancement in lacunar stroke patients (these changes are
only present to a lesser extent in patients with other types of stroke)54,55 in
patients with WML,56 as well as in normal appearing white matter of patients with
lacunar stroke with WML as compared to lacunar stroke patients without WML57
 leakage of specific proteins from blood to cerebrospinal fluid, which is only
possible in case of a defective BBB, in patients with recurrent lacunar stroke58
 leakage of plasma proteins into the perivascular space, where they are
phagocytised by astrocytes in brain regions with WML32
Of note, the components of the BBB are different for the arterioles and the capillaries.
The arterioles also have muscular layers and are surrounded by a perivascular spaces,
whereas the capillaries lack both.59 Thus, in order to disrupt the BBB on an arteriolar
level, more barriers have to be taken as compared to the capillary level.59 Though,
enlargement of the perivascular spaces (periarteriolar as well as perivenular) relates to
permeabilization of the BBB.47
In turn, the defective BBB is most likely caused by dysfunction of the endothelial cells
of the arterioles and smaller blood vessels in the brain. As described above, expression
of adhesion molecules (like selectins or cellular adhesion molecules (CAMs)), which is a
characteristic of endothelial activation and dysfunction,60 may eventually lead to BBB
leakage. The adhesion molecules are expressed on the surface of endothelial cells, but
on increasing activation and dysfunction upregulated and also shed into the circulation
in their soluble (s) form, and thus they can be measured in peripheral blood. Several
authors demonstrated that markers of endothelial activation/dysfunction, like E‐
selectin,61 ICAM,61‐63 P‐selectin,64 VCAM,64 thrombomodulin65 and von Willebrand
factor66 are present in peripheral blood of subjects with WML. Also, patients with WML
progression have higher levels of markers of endothelial activation/dysfunction
(ICAM).67 Furthermore, there are also relations between certain gene polymorphisms
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which are involved in endothelial function on one hand and WML on the other.68
However, the cause of the endothelial activation/dysfunction remains unclear.

Vascular inflammation
The increased expression of adhesion molecules by endothelial cells enables
leukocyte‐endothelial cell interactions.69 As a result of these leukocyte‐endothelial
interactions, both endothelial cells and leukocytes (e.g. monocytes) become
increasingly activated.70 Activated monocytes/macrophages produce neopterin (only
when activated by T‐lymphocytes) as well as cytokines which induce liver cells to
produce C‐reactive protein (CRP).71 Both these inflammatory markers relate to vascular
events,72 and higher CRP levels also relate to WML73,74 as well as to the progression of
these lesions over time,74 though not in all studies.75 Furthermore, the gene of the
cytokine IL‐6, which induces CRP production in the liver, has polymorphisms of which
some are related to WML.76 However, studies concerning known polymorphisms in the
CRP‐gene could not demonstrate a relation between these polymorphisms and
WML.76,77 Neopterin may itself induce endothelial activation and eventually
endothelial dysfunction, with increased expression of adhesion molecules as a
consequence.78 Thus, the cellular immune system could instigate as well as propagate
the development of endothelial dysfunction in the brain, leading to BBB breakdown
and CSVD.
The humoral immune system could play a role as well. Similar to its established role in
atherosclerosis, oxidized Low Density Lipoprotein (oxLDL) could act as a pro‐
inflammatory compound.79 It induces endothelial dysfunction and induction of auto‐
antibodies.80,81 With respect to the antibodies against oxLDL, those of the IgM‐isotype
are primarily naturally occurring antibodies, considered to protect from vascular
disease,82,83 whereas those of the IgG‐isotype are mostly induced (not‐naturally
occurring) antibodies and are considered harmful,84,85 though data are conflicting
regarding these roles.86 Next to their involvement in atherosclerosis, anti‐oxLDL
antibodies could also play a role in CSVD.
Outline of the Thesis ‐ Chapter 3 and 4
In chapter 3, our aim was to demonstrate a relation between the presence of higher
amounts of IgG‐anti‐oxLDL antibodies and lower levels of IgM‐anti‐oxLDL antibodies on
one hand and the occurrence of WML and multiple asymptomatic lacunar infarcts on
the other. We studied two patient groups, one consisting of patients with a first‐ever
lacunar stroke, and the other of patients with essential hypertension. Finding the
aforementioned relation suggests involvement of the humoral immune system in
CSVD. Similarly, in chapter 4, our aim was to demonstrate a relation between higher
levels of markers of endothelial activation as well as markers of monocyte activation
(neopterin) with radiological CSVD manifestations. We studied the same patient
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groups as in Chapter 3. A significant relation among neopterin, markers of endothelial
dysfunction and radiological CSVD manifestations would suggest a role for the cellular
immune system (monocytes and T‐lymphocytes) and endothelial activation in CSVD.

New insights into endothelial biology: endothelial progenitor
cells
Because endothelial cell activation and dysfunction are considered to be a key factor in
the development of CSVD, new insights into endothelial biology, such as the role
played by endothelial progenitor cells (EPC) in the regulation of endothelial cell
activation and dysfunction, might be important.
EPC are immature endothelial cells which circulate in peripheral blood. EPC are
presumed to be involved in the repair of damaged endothelium, because EPC offspring
is present in restored endothelium.87‐90 Circulating numbers of EPC may be lower when
there is a higher consumption of EPC for the restoration of endothelial damage.
Circulating numbers of EPC may reflect endothelial damage.91 Clinically, EPC numbers
are found to be lower in patients with atherosclerotic risk factors,92 amongst others in
patients with essential hypertension.93‐96 In these cases, EPC numbers probably are
lower as a consequence of a higher consumption, and run relatively short on restoring
the damaged endothelium with consequent atherosclerosis and cardiovascular events.
Furthermore, EPC numbers relate to cardiovascular prognosis: in patients with
coronary artery disease, EPC numbers at baseline are lower in patients who will suffer
a cardiovascular event than in event‐free patients (after at least ten months of follow
up).97,98 This association between lower EPC numbers and worse cardiovascular
prognosis remained significant after correction for other known cardiovascular risk
factors. Therefore, EPC numbers may constitute a new risk marker for future
cardiovascular events.
Neurovascular research on EPC is limited until now. Studies show that: 1) EPC numbers
were lower in stroke patients (in the acute phase as well as later) than in healthy
controls,99,100 2) EPC numbers were higher in patients with cardioembolic stroke than
in patients with large or small vessel stroke,100 3) EPC numbers were higher in patients
with good outcome than in those patients with a bad outcome,101 and 4) EPC numbers
increase in the first 7 days after a stroke.102,103 All these findings point to a possible role
of EPC in the acute pathophysiological process after ischemic stroke. In general, higher
EPC numbers seem beneficial; however, these results do not allow conclusions with
regard to regulation of EPC function, because the studies were observational in
character.
Outline of the Thesis – Chapter 5
In Chapter 5, our aim was to provide an overview on the potentials and pitfalls of the
applications of EPC in general, and for stroke in particular. We provided an overview of
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EPC biology, EPC measurement, use of EPC as a risk marker, and the possible use of
EPC as a therapeutic agent.
In CSVD, data on EPC are scarce. Next to the abovementioned associations regarding
EPC, EPC also play a role in the functional properties of the endothelial cells, as
evidenced by the relation between EPC number and endothelial function (flow‐
mediated arterial dilatation).92 Therefore, EPC could play a role in restoring the
presumed endothelial activation and dysfunction which underlies the development of
CSVD. Although regulating factors for EPC function remain elusive, we would like to
suggest two possible candidates for EPC regulation in CSVD. The first is the haptoglobin
phenotype. Haptoglobin is an acute phase protein and has three different phenotypes.
Earlier, we demonstrated that the haptoglobin phenotype 2‐2 is underrepresented in
lacunar stroke patients with asymptomatic lacunar infarcts and WML.104 Furthermore,
haptoglobin 2‐2 relates to angiogenic potential.105 Therefore, the haptoglobin
phenotype could be related to the EPC response. The second is the angiogenic T‐cell.
These T‐cells express the receptor for stromal derived factor 1 (CD184) as well as the
platelet endothelial cell adhesion molecule (PECAM; CD31).106 Furthermore, these cells
promote the formation of new blood vessels and endothelial repair by directly
stimulating the function of EPC.106 Both lower numbers of EPC as well as lower
numbers of angiogenic T‐cells relate to a higher cardiovascular risk,106 suggesting a
combined role for EPC and angiogenic T‐cells in vascular disease.
Outline of the Thesis – Chapter 6 and 7
In Chapter 6, our aim was to demonstrate a relation between EPC number and vitality
and multiple lacunar infarcts and WML in patients with a first‐ever lacunar stroke and
healthy controls. We also looked for possible regulating factors for EPC function in
patient serum and studied the effect of different haptoglobin phenotypes on EPC. In
Chapter 7, our aim was to demonstrate a relation between EPC number and vitality
and multiple lacunar infarcts and WML in another patient population, essentially
hypertensive patients. In this study, we also determined whether angiogenic T‐cells
related to the presence of CSVD.
Outline of the Thesis – Chapter 8
In Chapter 8, a discussion regarding the findings of this thesis is presented, also
considering the strengths and weaknesses of the studies. Directions for future research
are pointed out.
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Abstract
Background and purpose
Virchow‐Robin spaces are perivascular spaces surrounding the deep perforating brain
arteries. Virchow‐Robin spaces enlargement is pathologic, and it could be a
manifestation of cerebral small vessel disease. In the present study we assessed the
relation between Virchow‐Robin spaces and silent ischemic lesions in a cohort of
patients with cerebral small vessel disease.
Methods
We divided enlarged Virchow‐Robin spaces on MRI (1.5 Tesla) into three semi‐
quantitative categories in 165 first ever lacunar stroke patients. We counted
asymptomatic lacunar infarcts and graded white matter lesions, and compared the
prevalence of vascular risk factors in different categories of Virchow‐Robin spaces. We
also determined independent predictors of silent ischemic lesions.
Results
Virchow‐Robin spaces at basal ganglia level related to age, hypertension,
asymptomatic lacunar infarcts, and white matter lesions. Virchow‐Robin spaces at
basal ganglia level predicted silent ischemic lesions (Odds Ratio 10.58 per higher
Virchow‐Robin spaces category; 95%‐Confidence Interval 3.40 – 32.92).
Conclusion
Enlarged Virchow‐Robin spaces in the basal ganglia relate to the severity of cerebral
small vessel disease and might be a manifestation of the same small vessel
abnormality that causes silent ischemic lesions. This adds a role for Virchow‐Robin
spaces as a potential marker for small vessel disease.
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Introduction
Virchow‐Robin spaces (VRs) are perivascular spaces surrounding the perforating brain
arteries and arterioles. Pia mater forms both inner and outer boundaries of this space.
Especially when enlarged and filled with fluid, VRs are visible on MR imaging. Enlarged
VRs usually measure up to 3 mm in diameter on MRI, but sometimes up to 15 mm.
Dilatation of VRs has been attributed to vascular ectasia and tortuosity, increased
vessel wall permeability, a decrease in vascular compliance, ischemic perivascular
tissue loss, and to an ex vacuo phenomenon in cortical atrophy.1, 2
The findings that enlarged VRs relate to extensive white matter lesions (WML, also
known as leukoaraiosis in CT imaging),2 to hypertension,3 to depression in the elderly,4
and to retinopathy in diabetics,5 point to a general relation between VRs and cerebral
small vessel disease. Patankar et al. specifically related VRs to a (micro)vascular cause
in patients with dementia.6 However, cerebral small vessel disease is the common
denominator of several different pathological alterations.7 Furthermore, systematic
studies of VRs in patients with symptomatic cerebral small vessel disease are lacking.
We therefore studied the relation between enlarged VRs and vascular risk factors as
well as cerebral small vessel disease severity in terms of silent lacunar lesions and
WML in a well‐defined cohort of first‐ever lacunar stroke patients.

Patients and Methods
We included all patients with a first lacunar stroke, registered in the prospective
Maastricht Stroke Registry8 from September 1999 to May 2005, of whom an MRI of
the brain was available (N=165). We defined lacunar stroke as an acute stroke
syndrome with a lesion on imaging compatible with the occlusion of a single
perforating artery, consisting of a subcortical, demarcated lesion with a diameter
<20 mm. If no such lesion was visible on imaging, we used established criteria of
unilateral motor and/or sensory signs that involved the whole of at least 2 of the 3
body parts (face, arm, leg), without disturbance of consciousness, visual fields,
language, or other cortical functions.8 Patients with potential cardiac embolic source of
stroke or cerebral large vessel disease were not included.
We recorded the vascular risk factor profile defined as previously.8 MR images (field of
view 23*23 cm, matrix 512*512; standard axial T2 (TR shortest, TE 100 ms) and axial
fluid attenuated inversion recovery (FLAIR) (TR 8000 ms, TE 120 ms) images, all with
slice thickness 5 mm and gaps of 0.50 mm) were obtained with a 1.5 Tesla MR scanner
(Philips). Two vascular neurologists (R.J. van Oostenbrugge and J. Lodder) assessed MR
images by consensus. We defined the symptomatic lacunar infarct as a hyperintense
lesion of <15 mm in diameter on T2 and FLAIR images, with its site compatible to the
clinical syndrome. We counted asymptomatic lacunar infarcts, which we defined as
hyperintense lesions on T2 images with corresponding hypointense lesions with a
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hyperintense rim on FLAIR and a diameter of <15 mm. We distinguished round or oval
VRs at two different levels: the basal ganglia (BG‐VRs), and the white matter of the
centrum semiovale (CSO‐VRs). We counted linear hyperintensities in the white matter
of the centrum semiovale (L‐VRs). Because BG‐VRs and CSO‐VRs could not be
individually identified as continuous structures on different slices, we counted these
on each slice separately. For each level separately, we divided the total number of VRs
in both hemispheres together into three arbitrary semi‐quantitative categories: 1)
lower than 20 (“low”), 2) between 20 and 50 (“moderate”) and 3) higher than 50
(“high”). The criteria for VRs were: 1) round, oval or linear shape with a smooth
margin, 2) signal intensity equal to that of the cerebrospinal fluid on T2‐images (larger
VRs can be visible as hypointense lesions on FLAIR images, but always without
hyperintense rim), and 3) absence of mass effect.9‐11 Figure 2.1 illustrates category 3
BG‐VRs. We graded periventricular and deep WML using the Fazekas scale.12 We
assessed brain atrophy semiquantitatively by visual comparison to example scans with
no, mild, moderate, or severe atrophy13 and also by the use of two indices (the
bicaudate ratio and the Sylvian‐fissure ratio).14 Prior to this study, two vascular
neurologists (R.J. van Oostenbrugge and J. Lodder) independently assessed MR images
of 101 first ever stroke patients to determine inter‐observer agreement of our rating
scale. Cohen’s kappas were fair to excellent (according to published standard works on
statistics):15 0.89 for symptomatic infarct, 0,96 for presence of one or more
asymptomatic lacunar infarcts, 0.64 for BG‐VRs, 0.57 for CSO‐VRs, 0.72 for L‐VRs, 0.77
for periventricular WML, and 0.84 for deep WML.

Figure 2.1

Co‐occurrence of high numbers of VRs at the level of the basal ganglia, asymptomatic lacunar
infarcts, and extensive white matter lesions on a T2‐weighted MR image in a patient with a
first‐ever lacunar stroke.
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Statistical analysis
First, we compared frequencies of risk factors and radiological parameters in the
different VRs categories using chi‐square tests. To calculate independent associations
we used regression analyses with VRs (at different levels separately) as dependent
variable, and the risk factors and other radiological parameters as independent
variables.
Second, we distinguished patients with at least one asymptomatic lacunar infarct and
also extensive WML (silent ischemic lesions (SIL)+) with patients who did not fulfil
these criteria (SIL‐). We defined extensive WML as: periventricular WML score 3
(irregular lesions extending into deep white matter) and/or deep WML with score 2
(beginning confluence of lesions) or 3 (large confluent areas) on the Fazekas scale.12
Using binary logistic regression analyses with SIL as dependent variable we determined
independent predictors of silent ischemic lesions, including VRs. All statistical analyses
were done with SPSS (Statistical Package for the Social Sciences), version 12.0.1.

Results
Table 2.1 shows the frequencies of vascular risk factors and MRI characteristics, and
significant results of univariate analyses for the three VRs categories for all 165 lacunar
stroke patients. BG‐VRs remained significantly associated to periventricular WML
(β=0.19, p<0.001), asymptomatic lacunar infarcts (β=0.26, p<0.05), and age (β=0.02,
p<0.001) in multivariate analysis. L‐VRs remained significantly associated with both
diabetes (β=0.48, p<0.01) and asymptomatic lacunar infarcts (β=0.28, p<0.05) in
multivariate analysis. Atrophy data are not shown, no significance was reached in
univariate as well as in multivariate analyses with both the semi‐quantitative rating
scale as well as with the atrophy ratios.
The only significant predictor of SIL+ was BG‐VRs (adjusted odds ratio 10.58 (95%‐
confidence interval 3.40–32.92) for each higher BG‐VRs category). Figure 2.2 shows the
percentages of SIL+ and SIL‐ patients for each BG‐VRs category.
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Table 2.1

Frequencies of risk factors and MRI parameters in different categories of VRs in lacunar stroke
patients (n=165) (Absolute patient numbers are given, percentages between parentheses,
unless otherwise indicated).
Age (mean
with SD)

Basal Ganglia VRs
Low (n=59)
57.3 +/‐ 10.8c
c
Moderate (n=59) 64.0 +/‐ 11.4
High (n=47)
70.1 +/‐ 8.7c
Centrum Semiovale VRs
Low (n=61)
60.9 +/‐ 11.9
Moderate (n=53) 64.9 +/‐ 10.4
High (n=51)
64.7 +/‐ 12.1
Linear VRs
Low (n=69)
60.8 +/‐ 11.6
Moderate (n=61) 65.1 +/‐ 11.1
High (n=35)
65.3 +/‐ 11.6

Male sex

Coronary Hypertension
heart disease

Diabetes

Asymptomatic
Extensive
Lacunar Infarcts Periventricular
WML

Extensive Deep
WML

38 (64.4)
36 (61.0)
26 (55.3)

5 (8.5)
14 (23.7)
6 (12.8)

25 (42.4)d
32 (54.2)d
32 (68.1)d

7 (11.9)
11 (18.7)
5 (10.6)

26 (44.1)a
39 (66.1)a
39 (83.0)a

0 (0.0)a
21 (35.6)a
27 (57.4)a

4 (6.8)a
17 (28.9)a
27 (57.4)a

43 (70.5)
31 (58.5)
25 (49.0)

12 (19.7)
5 (9.4)
8 (15.7)

31 (50.8)
24 (45.3)
34 (66.7)

6 (9.8)
8 (15.1)
9 (17.6)

31 (50.8)b
b
32 (60.4)
41 (80.4)b

13 (21.3)
17 (32.1)
18 (35.3)

11 (18.0)
19 (35.8)
18 (35.3)

43 (62.3)
38 (62.3)
18 (51.4)

11 (15.6)
10 (16.3)
4 (11.4)

32 (46.4)
32 (52.5)
25 (71.4)

3 (4.3)d
12 (19.7)d
8 (22.9)d

35 (50.7)d
45 (73.8)d
24 (68.6)d

11 (15.9)
19 (31.1)
18 (51.4)

19 (27.5)
22 (36.1)
7 (20.0)

Percentages of patients (SIL‐ or SIL+)

a
: chi‐square test; p<0.001;b: chi‐square test; p<0.01; c: Mann Whitney U‐test; p<0.01; d: chi‐square test; p<0.05. Extensive periventricular WML:
score of 3 (‘irregular lesions with extension into deep white matter’).12 Extensive deep WML: score of 2 (‘beginning confluence of lesions’), or 3
12
(‘large confluent areas’)
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No silent ischemic lesions (SIL‐)

Figure 2.2

Silent ischemic lesions (SIL+)

Distribution of SIL‐ and SIL+ among BG‐VRs categories.

Discussion
Enlarged VRs strongly correlate with silent ischemic lesions in our patients with a first‐
ever lacunar stroke. Additionally, in a regression analysis, higher numbers of enlarged
VRs at basal ganglia level strongly and independently predicted silent ischemic lesions
with an odds ratio of more than 10. This association between silent ischemic lesions
and enlarged VRs could reflect the general burden of small vessel disease in our
lacunar stroke series, with enlarged VRs being an epiphenomenon and marker of the
severity of cerebral small vessel disease in general. État criblé (the presence of multiple
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dilated VRs) and état lacunaire (the presence of multiple lacunar infarcts) thus seem to
merge into one single entity.16,17 However, such interpretation would disregard the
heterogeneity of cerebral small vessel disease as demonstrated pathologically by
Fischer18 and further suggested in several clinical studies.19,20 Lammie related multiple
lacunar lesions and leukoaraiosis to small vessel arteriolosclerosis.7 Van Swieten et al.
demonstrated arteriolosclerosis in most vessels in patients with WML, and found that
enlarged VRs related to the presence of this type of small vessel disease.21 Pathological
studies thus suggest that arteriolosclerosis underlies silent lacunar infarcts, WML as
well as enlarged VRs. However, we should realize that evidence for the presence of
small vessel arteriolosclerosis in clinical series is only indirect.
We studied these associations in patients with cerebral small vessel disease as we
expected VRs numbers to be highest in this patient group. In cerebral large vessel
disease patients (n=41), associations were similar, however frequencies of high VRs
numbers were lower (e.g. 17% of large vessel disease patients had high numbers of
BG‐VRs vs. 28% in the small vessel disease group; data not shown).
Our study has limitations. First, our patient selection favoured younger, neurologically
less disabled patients, able to undergo MRI. However, this selection would rather
favour underestimation of VRs numbers and WML severity. Second, because
neurovascular workup in our hospital includes axial T2 and FLAIR weighted images, we
were unable to use Patankar´s4,6 or Scheltens’ scale22 which also used T1 weighted and
coronal images. The third limitation may be a restricted validity of MRI criteria to
distinguish VRs from lacunar infarcts, especially in the basal ganglia region. As others,
however, we applied criteria for distinction based on MRI‐pathological studies.9‐11 A
fourth limitation may be the limited MRI protocol used. The omission of diffusion
weighted imaging may both lead to overrecognition as well as underrecognition of
symptomatic lacunar infarcts, leading to an underestimation of associations.
Furthermore a higher field strength of 3 Tesla may render a higher yield in VRs, but
also in lacunar infarcts, leading to even stronger associations. Therefore, the use of a
1.5 Tesla MR scanner unlikely leads to overestimation of the strength of associations.
As a consequence of our scanning protocol, dotlike VRs could not be identified
individually on different slices, which undoubtedly resulted in double countings of the
same VRs. Therefore, VRs categories do not represent absolute numbers.
In conclusion, we found a strong independent association between the number of
enlarged VRs in the basal ganglia, and small vessel disease severity in terms of silent
lacunar infarcts and white matter lesions. This finding may point at a similar small
vessel abnormality underlying enlarged VRs, white matter lesions and (silent) lacunar
infarcts, which may be arteriolosclerosis in most cases.
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Abstract
Background and purpose
Oxidized Low Density Lipoprotein (oxLDL) induces endothelial dysfunction and
antibody formation. As endothelial dysfunction is involved in cerebral small vessel
disease (CSVD: enlarged Virchow Robin spaces, lacunar infarcts, and white matter
lesions), oxLDL‐antibodies could play a role in CSVD pathogenesis. Therefore, we
studied oxLDL antibodies in patients with high prevalence of CSVD: lacunar stroke
patients and essential hypertensive patients.
Methods
158 lacunar stroke patients, 158 hypertensive patients, and 43 healthy controls were
included. We determined levels of IgG and IgM against hypochlorite (HOCl) and
malondialdehyde (MDA) oxidized LDL using ELISA (values in optical density).
Results
Patients with CSVD had higher levels of IgG‐HOCl‐oxLDL (0.77 versus 0.70; p<0.01) as
well as lower levels of IgM‐MDA‐oxLDL (0.55 versus 0.65; p<0.05) than patients
without such lesions. Higher IgG‐HOCl‐oxLDL‐levels were only independently
associated with higher numbers of Virchow Robin spaces at the level of the basal
ganglia (β=0.218; p<0.001).
Conclusion
An autoinflammatory process with lower levels of IgM‐antibodies and higher levels of
IgG‐antibodies against oxLDL may be involved in CSVD.
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Introduction
Oxidized Low Density Lipoprotein (oxLDL) has an established role in the pathogenesis
of atherosclerosis. It acts as a pro‐inflammatory and pro‐atherogenic compound by
inducing auto‐antibodies and endothelial dysfunction.1 Next to involvement in
atherosclerosis, anti‐oxLDL antibodies could also play a role in cerebral small vessel
disease (CSVD).
In CSVD, endothelial dysfunction is considered to increase the permeability of the
blood‐brain barrier, with enlargement of the perivascular (Virchow Robin) spaces,
(a)symptomatic lacunar infarcts, and white matter lesions as sequelae.2 However, it is
still unclear which mechanisms promote endothelial dysfunction in CSVD. Given their
role in causing endothelial dysfunction in atherosclerosis, anti‐oxLDL antibodies may
contribute to the pathogenesis of CSVD as well.
We hypothesized that patients with CSVD have higher levels of antibodies against
oxLDL than patients without such lesions or healthy controls. To test our hypothesis,
we selected two patient groups with a high prevalence of manifestations of CSVD: first‐
ever lacunar stroke patients, as well as patients with essential hypertension.

Patients and methods
Patients
We prospectively included 158 first‐ever lacunar stroke patients presenting at the
department of Neurology between May 2003 and December 2007. Lacunar stroke was
defined as an acute stroke syndrome with a lesion on imaging compatible with the
occlusion of a single perforating small artery (subcortical, demarcated and a diameter
<15 mm on MRI).3 Furthermore, other possible causes (cardiac embolism, large vessel
disease, or carotid stenosis) were excluded.3 In addition, we included 158 consecutive
hypertensive patients from the outpatient department of Internal Medicine. At
inclusion these patients were free of comorbidity.4 Forty‐three patients who visited the
neurological outpatient department with myogenic back pain or entrapment
neuropathies served as “healthy” controls. They had no vascular or inflammatory
disease, no hypertension, nor silent ischemic lesions on cerebral MRI.

MRI
Both standard T2‐weighted and fluid‐attenuated inversion‐recovery sequences were
used. Images were assessed by consensus by two experienced neurovascular
researchers (R.P.W. Rouhl and R.J. van Oostenbrugge).5 In case of disagreement, the
judgement of a third (J. Lodder) was decisive. We counted asymptomatic lacunar
infarcts and used the Fazekas‐scale for white matter lesions (WML).6 Extensive WML
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were defined as periventricular hyperintensities with extension into white matter,
and/or beginning confluence of lesions or large confluent lesions in deep white matter.
Silent CSVD was defined as the presence of one or more asymptomatic infarcts and/or
extensive WML. Furthermore, we assessed another manifestation of CSVD, namely
Virchow Robin spaces at three different levels with a predefined three point scale:5 1)
<20, 2) between 20 and 50, and 3) >50.

OxLDL‐antibodies
To prevent confounding by acute phase responses in lacunar stroke patients, blood
was sampled at or around 3 months after their event, in a stable clinical condition.
We determined IgG‐ as well as IgM‐antibodies against two different forms of oxidized
LDL (malondialdehyde (MDA) modified as well as hypochlorite (HOCl) oxidized LDL)
according to methods we described earlier.7 Results are expressed as netto optical
density (OD): for each patient results of native LDL wells were subtracted from results
of oxLDL wells. Interassay‐variability was <10%.

Statistical analysis
First, we compared autoantibody levels between patients with or without small vessel
disease characteristics with Mann Whitney tests. We also compared antibody levels
between all three patient categories using Kruskal‐Wallis test; whenever this test
revealed significant differences, we used Mann‐Whitney tests with correction for
multiple testing (adjusted p<0.017) to evaluate differences between patients and
controls. Finally, we determined independent relations between log‐transformed
IgG‐oxLDL levels and MRI characteristics of CSVD using multivariate linear regression
analyses. IgM‐oxLDL values could not be transformed into normally distributed data.
Unless indicated otherwise, we considered a p‐value of <0.05 statistically significant.

Results
Characteristics of patients and controls are shown in Table 3.1. Differences in antibody
levels between patients with or without silent lesions are shown in Table 3.2, whereas
results of the antibody measurements for the different patient groups separately are
shown in Figure 3.1.
The only significant independent predictor of the log‐IgG‐HOCl‐oxLDL levels was the
number of Virchow Robin spaces at basal ganglia level (B=0.033; 95%‐confidence
interval 0.017‐0.049; β=0.218; p<0.001). Results were corrected for age, sex,
hypertension, patient category as well as for coronary and peripheral artery disease.
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Table 3.1

Patient and control characteristics. p‐values represent differences in distribution among all
patient categories.

Lacunar Stroke
Patients (n=158)
Age (mean (±standard deviation (SD)))
64.0 (12.1)
Male sex (n (%))
97 (61.4)
Hypertension (n (%))
102 (64.6)
Coronary artery disease (n (%))
22 (13.9)
Peripheral Vascular Disease (n (%))
6 (3.8)
Diabetes (n (%))
18 (11.4)
Hypercholesterolemia (n (%))
124 (78.5)
Current Smoking (n (%))
58 (36.7)
Statin Use (n (%))
145 (91.4)
Antihypertensive use (n (%))
105 (66.5)
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Hypertensive
Patients (n=158)
54.7 (13.5)
83 (52.5)
158 (100.0)
16 (10.1)
4 (2.5)
6 (3.8)
64 (40.5)
30 (19.0)
63 (39.9)
143 (90.5)

Healthy Controls
(n=43)
62.2 (7.7)
20 (45.5)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
10 (22.7)
14 (31.8)
3 (6.8)
0 (0.0)

p‐value
<0.001
0.11
<0.001
0.03
0.41
0.003
<0.001
<0.001
<0.001
<0.001

Median anti‐oxLDL levels (in netto OD values) and IgG/IgM ratios in different patient groups,
classified by MRI.

Asymptomatic
Extensive Deep
Silent CSVD
Extensive
Extensive
Lacunar Infarcts Periventricular
WML
WML
WML
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
(n=110) (n=248) (n=60) (n=298) (n=61) (n=297) (n=77) (n=281) (n=140) (n=218)
a
a
a
a
a
IgM‐MDA‐oxLDL
0.56
0.63
0.51
0.63
0.51
0.63
0.52
0.64
0.55
0.65
IgG‐MDA‐oxLDL
0.19
0.17
0.18
0.17
0.18
0.17
0.18
0.17
0.18
0.17
b
IgM‐HOCl‐oxLDL
0.12
0.08
0.10
0.10
0.10
0.10
0.10
0.09
0.11
0.09
c
b
0.79
0.70
0.76
0.72
0.77
0.72
0.75
0.72
0.77
0.70
IgG‐HOCl‐oxLDL
c
c
c
c
c
0.26
0.32
0.28
0.40
0.27
0.34
0.27
0.33
0.26
IgG/IgM‐MDA ratio 0.35
IgG/IgM‐HOCl ratio 7.46
7.46
7.17
7.52
6.80
7.85
6.80
7.85
7.21
8.03
a

b

c

Statistically significant differences as indicated: p<0.05; p<0.01; p<0.001 (No versus Yes).

Figure 3.1

Median auto‐antibody levels (in netto OD values) with interquartile ranges (wisker bars) in
lacunar stroke patients (n=158; dark grey boxes), hypertensives (n=158; light grey boxes) and
healthy controls (n=43; white boxes). Only significant differences are indicated.
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Discussion
In the present study we demonstrated that IgM‐MDA‐oxLDL levels were lower in
patients with CSVD, whereas IgG‐HOCl‐oxLDL were higher in these patients as
compared to patients without CSVD. Furthermore, the IgG/IgM‐MDA‐oxLDL ratio was
higher in patients with CSVD. Most interestingly, the only independent predictor for
higher IgG‐HOCl‐oxLDL‐levels was a higher number of enlarged Virchow Robin spaces
at the level of the basal ganglia. Our data suggest that an autoimmune reaction against
oxLDL plays a role in CSVD.
It is unclear whether the immune response against oxLDL is harmful or protective. Our
study would be compatible with a differentiated view on the role of oxLDL‐antibodies
in CSVD, in which IgM‐oxLDL antibodies seem to protect from hypertension related
vascular damage in the brain (IgM‐oxLDL levels are higher in hypertensive patients and
patients without SIL; results not corrected for age) whereas the higher levels of IgG‐
oxLDL in lacunar stroke patients, in patients with SIL, as well as the relation between
higher IgG‐oxLDL and enlarged Virchow Robin spaces (results corrected for age, sex
and vascular risk factors), suggest that these antibodies may be involved in the
pathogenesis of small vessel damage.
In contrast to our findings with the IgG‐HOCl‐oxLDL, we consider the differences in
IgM‐HOCl‐oxLDL values, though statistically significant, less relevant, because their
concentration as reflected by OD values is fairly low. Low OD values suffer from high
background noise and therefore the clinical relevance of these antibodies, at least in
CSVD, seems limited.
Our study has several limitations. First, our study design is cross‐sectional and
therefore the associations we found could as well be an epiphenomenon of CSVD or
stroke. Second, we confined patient selection to those with CSVD, as we aimed at the
relation between CSVD and oxLDL‐antibodies; therefore we cannot exclude that the
anti‐oxLDL response does not occur in patients with other stroke subtypes. Third, our
MRI protocol did not include diffusion weighted imaging to ascertain the presence of
an acute, symptomatic lacunar infarct. However, most MR scans in lacunar stroke
patients were made several weeks after the stroke, a time frame in which diffusion
weighted imaging is not of additional value. Fourth, to further enhance the quality of
our anti‐oxLDL test we could have used blocking to prevent aspecific antibody binding
(though, in our hands background binding was even higher; results not shown) or have
used a commercially produced antibody for intra‐assay control. However, we suggest
that only the use of a capture‐ELISA (using a commercially produced antibody as
coating to capture oxLDL) could further lead to more specific results of the anti‐oxLDL
test. Notwithstanding these limitations, the strengths of our study remain that we
examined a large group of well characterised patients, and that we excluded the
effects of an acute phase response.
In conclusion, our study provides evidence for an autoinflammatory process with
oxLDL as a candidate antigen in CSVD. However, further research is needed; results
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from future longitudinal studies as well as from basic research should provide insight
into the role which oxLDL‐antibodies play in the inflammation which is suspected to
contribute to CSVD.

Chapter 3

38

References
1.
2.
3.
4.

5.
6.
7.

Ross R. Atherosclerosis‐‐an inflammatory disease. N Engl J Med. 1999;340:115‐126
Farrall AJ, Wardlaw JM. Blood‐brain barrier: ageing and microvascular disease ‐ systematic review and
meta‐analysis. Neurobiol Aging. 2009;30:337‐352
de Jong G, Kessels F, Lodder J. Two types of lacunar infarcts: further arguments from a study on
prognosis. Stroke. 2002;33:2072‐2076
Henskens LH, Kroon AA, van Oostenbrugge RJ, Gronenschild EH, Fuss‐Lejeune MM, Hofman PA, Lodder
J, de Leeuw PW. Increased aortic pulse wave velocity is associated with silent cerebral small‐vessel
disease in hypertensive patients. Hypertension. 2008;52:1120‐1126
Rouhl RPW, van Oostenbrugge RJ, Knottnerus ILH, Staals JEA, Lodder J. Virchow‐Robin spaces relate to
cerebral small vessel disease severity. J Neurol. 2008;255:692‐696
Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal abnormalities at 1.5 T in
Alzheimer's dementia and normal aging. AJR Am J Roentgenol. 1987;149:351‐356
Slot MC, Theunissen R, van Paassen P, Damoiseaux JG, Cohen Tervaert JW. Anti‐oxidized low‐density
lipoprotein antibodies in myeloperoxidase‐positive vasculitis patients preferentially recognize
hypochlorite‐modified low density lipoproteins. Clin Exp Immunol. 2007;149:257‐264

Chapter

4

Vascular inflammation in cerebral small vessel disease

RPW Rouhl
JGMC Damoiseaux
J Lodder
ROMFIH Theunissen
ILH Knottnerus
J Staals
LHG Henskens
AA Kroon
PW de Leeuw
JW Cohen Tervaert
RJ van Oostenbrugge
Neurobiology of Aging
doi:10.1016/j.neurobiolaging.2011.04.008

Chapter 4

40

Abstract
Background
Cerebral small vessel disease (CSVD) is considered to be caused by an increased
permeability of the blood brain barrier and results in enlargement of Virchow Robin
spaces (VRs), white matter lesions, brain microbleeds and lacunar infarcts. The
increased permeability of the blood brain barrier may relate to endothelial cell
activation and activated monocytes/macrophages. Therefore, we hypothesized that
plasma markers of endothelial activation (adhesion molecules) and
monocyte/macrophage activation (neopterin) relate to CSVD manifestations.
Methods
In 163 first‐ever lacunar stroke patients and 183 essential hypertensive patients, we
assessed CSVD manifestations on brain MRI and levels of CRP, neopterin, as well as
circulating soluble adhesion molecules (sICAM‐1, sVCAM‐1, sE‐selectin, sP‐selectin).
Results
Neopterin, sICAM‐1 and sVCAM‐1 levels were higher in patients with extensive CSVD
manifestations than in those without (p<0.01). Neopterin levels independently related
to higher numbers of enlarged VRs (p<0.001).
Conclusion
An inflammatory process with activated monocytes/macrophages may play a role in
the increased permeability of the blood brain barrier in patients with CSVD.
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Introduction
Cerebral small vessel disease (CSVD) poses major challenges for physicians in the
ageing population. CSVD has a high morbidity: it relates to (recurrent) ischemic stroke,1
cognitive disturbance2‐4 and cognitive decline,5,6 gait disturbances,7 and urinary
problems.8 CSVD relates to vascular risk factors like increasing age6,9 and
hypertension.10 However, effective therapies to reduce the burden of CSVD are lacking
up till now, because the unravelling of the pathophysiological mechanisms leading to
CSVD has only just started.
The pathogenesis of CSVD probably starts with an increase in permeability of the
blood‐brain barrier11 with enlargement of Virchow Robin spaces (perivascular spaces),
(a)symptomatic lacunar infarcts, white matter lesions (WML) and microbleeds as
sequelae.12‐14 The blood‐brain barrier is maintained by the interplay between
endothelial cells, pericytes and astrocytes. Endothelial dysfunction could, therefore,
lead to an increase in blood‐brain barrier permeability. Indeed, in patients with WML,
levels of soluble adhesion molecules, like sE‐selectin,15 intercellular adhesion molecule‐
1 (sICAM‐1),16 sP‐selectin,17 and vascular cellular adhesion molecule‐1 (sVCAM‐1)17
which are markers of endothelial dysfunction,18 are elevated. However, the cause of
the endothelial dysfunction remains unclear.
Adhesion molecules are expressed by endothelial cells in increased amounts on
activation. They enable interaction with circulating leukocytes.19 In patients with
vascular diseases such as atherosclerosis and vasculitis, levels of circulating soluble
adhesion molecules are elevated.20,21 As a result of the leukocyte‐endothelial
interactions, both endothelial cells and leukocytes (e.g. monocytes) become
increasingly activated.22 Activated monocytes/macrophages produce neopterin as well
as cytokines which induce liver cells to produce C‐reactive protein (CRP).23 Neopterin
and CRP levels are elevated in patients with vascular disease, and relate to a higher risk
of ischemic events.24 Furthermore, neopterin may itself induce endothelial dysfunction
with increased expression of adhesion molecules as a consequence.25
We hypothesized that patients with CSVD have higher levels of neopterin, CRP, and
soluble adhesion molecules, than patients without. To test our hypothesis, we selected
patients with a high prevalence of CSVD: first‐ever lacunar stroke patients as well as
essential hypertensive patients.

Patients and methods
Patients
Patients included in our study participated in two larger studies, the lacunar stroke
patients in a longitudinal study on biological determinants of CSVD, whereas the
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hypertensive patients participated in a study on brain damage in hypertension
(HYBRiD).
All 280 first‐ever lacunar stroke patients (event between May 2003 and December
2007) who were registered in the prospective Maastricht Stroke Registry were eligible
for inclusion in the study. This registry is a hospital based database including all stroke
patients over the age of 18 years with symptoms lasting longer than 24 hours. We
defined lacunar stroke as an acute stroke syndrome with a lesion on imaging
compatible with the occlusion of a single perforating small artery, consisting of a
subcortical, demarcated lesion with a diameter <20 mm on magnetic resonance
imaging (MRI). If no such lesion was visible, we used established clinical criteria for
lacunar stroke.1 Furthermore, causes other than CSVD (cardiac embolic source,
cerebral large vessel disease, carotid stenosis on Duplex imaging),1 or history of
systemic vasculitis or malignant disease had to be excluded. Altogether, 163 patients
were willing and able to participate.
Essential hypertensive patients were recruited from the outpatient department of
Internal Medicine. At their inclusion, these patients were free of any symptomatic
ischemic or vascular disease, or other comorbidity like atrial fibrillation, chronic renal
disease, systemic vasculitis or malignant disease.26 Of the 389 eligible patients, 183
were willing and able to participate in the present study.
Forty‐three patients who visited the neurological outpatient department with
myogenic back pain or entrapment neuropathies served as controls. They had no
vascular or inflammatory disease, no hypertension, and no silent ischemic lesions on
cerebral MRI.
Vascular risk factor profiles were recorded for all participants. For the lacunar stroke
patients, we defined characteristics based on values obtained after the acute phase (at
or around 3 months after the stroke). We defined hypertension as known
hypertension, treated or not, or at least 2 blood pressure recordings >140/90 mmHg;
diabetes mellitus as known diabetes, treated or not, or fasting serum glucose
>7 mmol/L, or a postprandial level >11 mmol/L on at least 2 separate occasions;
coronary artery disease as known or treated angina pectoris, the presence of
myocardial infarction, or typical ECG changes; hypercholesterolemia as known high
cholesterol levels, treated or known, or fasting total cholesterol levels of >5.0 mmol/L;
and peripheral vascular disease as known intermittent claudication, leg ischemia at
rest, or amputation as a consequence of peripheral vascular disease.

Procedures
To prevent confounding by acute phase responses, all lacunar stroke patients
underwent the procedures mentioned below at or around 3 months after their stroke.
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MRI of the brain
We used 1.5 Tesla imaging with standard T2‐weighted, fluid‐attenuated inversion‐
recovery (FLAIR) and gradient echo sequences.27 Images were assessed by consensus
by two neurovascular researchers (R.P.W. Rouhl and R.J. van Oostenbrugge) as
described earlier;28 in case of disagreement, the judgement of a third (J. Lodder) was
decisive. We counted silent lacunar infarcts (with diameter <20 mm; hyperintense
lesions on T2 imaging with corresponding hypointense lesion with hyperintense rim on
FLAIR images) and deep and/or superficial microbleeds (small (<5 mm) hypointensities
on gradient echo imaging, not representing calcifications or superficial blood vessels).
We used the Fazekas‐scale to estimate the extent of the periventricular and deep
WML.29 Extensive WML were defined as a score of 3 (periventricular hyperintensities
with involvement of white matter) on the periventricular scale, and/or a score of 2 or 3
on the deep white matter scale (beginning confluence of lesions or large confluent
lesions). Furthermore, we determined another manifestation of cerebral small vessel
disease,28 namely enlarged Virchow Robin spaces at three different levels (basal
ganglia, linear spaces at sella media level, and punctuate spaces at centrum semiovale
level). These were assessed for both hemispheres together using a predefined three
point scale: 1) <20, 2) between 20 and 50, and 3) >50.28
Blood
Blood was sampled from an antecubital vein into 5 ml serum as well as 4 ml (EDTA)
plasma tubes (BD Biosciences, Breda, the Netherlands). Plasma was separated from
the blood cells within 2 hours and stored at ‐70°C whereas serum was stored at ‐20°C
until analysis.
Measurements of adhesion molecules: sVCAM‐1, sICAM‐1, sP‐selectin, and sE‐selectin
sVCAM‐1, sICAM‐1, sP‐selectin, and sE‐selectin were all measured using commercially
available ELISA kits (BioSource Europe, Nivelles, Belgium) following manufacturer’s
instructions. Results are expressed as ng/mL. Intra‐assay variability was 3.1%, 4.1%,
2.4%, and 5.4%, whereas inter‐assay variability was 5.2%, 7.7%, 5.2%, and 6.0% for
sVCAM‐1, sICAM‐1, sP‐selectin, and sE‐selectin respectively.
Measurement of neopterin and high sensitivity (hs) CRP
Neopterin was measured using commercially available ELISA kits (IBL Hamburg,
Germany), following manufacturer’s instructions. Data are expressed as ng/mL; for this
test, intra‐assay variability was 3.6%, whereas inter‐assay variability was 7.2%. hsCRP
was determined with nephelometry, using the BN ProSpec (Siemens, Germany) using a
previously described protocol; 30 data are expressed as mg/L. Intra‐assay variability was
1.4%, and inter‐assay variability was 0.9%.
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Statistical analysis
First, in our primary unadjusted analysis, we compared levels of neopterin, hsCRP, and
adhesion molecules (using Mann‐Whitney tests) between all patients with or without
1) asymptomatic lacunar infarcts, 2) extensive WML, and 3) both asymptomatic
lacunar infarcts in combination with extensive WML. In this analysis, we considered all
lacunar stroke patients as well as all hypertensive patients together, which is in line
with other studies in CSVD patients (like the LADIS and ARIC‐studies), assuming that
the pathophysiology of CSVD manifestations is similar, regardless of the underlying
disease.31,32 In a secondary unadjusted analysis, we considered the lacunar stroke
patient group and hypertensive patient group separately. We used values from healthy
controls as a reference for ‘normal’ levels (without testing statistically, as we did not
have a hypothesis regarding a difference between patients and controls). We also
assessed unadjusted correlations (using Spearman’s rho) between the adhesion
molecules, hsCRP and neopterin.
Second, in our multivariate analysis we adjusted for possible confounders (age, sex,
and vascular risk factor profile). In this analysis we tried to determine whether there
were independent relations between adhesion molecules, neopterin or hsCRP on one
hand and MRI characteristics of CSVD (asymptomatic lacunar infarcts, extensive white
matter lesions, brain microbleeds and enlarged VRs) on the other, using linear
regression analysis. We used log‐transformation to correct for non‐normality of the
data (neopterin and the adhesion molecules). Unless indicated otherwise, we
considered a p‐value <0.05 statistically significant. All analyses were performed using
SPSS version 16 (Statistical Package for the Social Sciences, Chicago, IL, USA).

Results
Patient characteristics
Patient characteristics as well as vascular risk factor profiles are shown in Table 4.1. Of
the lacunar stroke patients, 104 had asymptomatic lacunar infarcts, and 59 had
extensive WML, whereas of the hypertensive patients 13 had asymptomatic lacunar
infarcts, and 22 had extensive WML. As per definition, none of the controls had
asymptomatic lacunar infarcts or extensive WML.

Univariate associations between CSVD and adhesion molecules,
neopterin, and hsCRP
In our first, unadjusted, analysis, we compared levels of inflammatory markers and
adhesion molecules in patients with or without silent lesions on MR Imaging. As shown
in Table 4.2, patients with asymptomatic lacunar infarcts had higher levels of
neopterin, sP‐selectin, sICAM‐1 as well as sVCAM‐1 than those without, whereas
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hsCRP and sE‐selectin levels did not differ. When we compared patients with extensive
WML to those without, the first had higher levels of neopterin and sVCAM‐1. When
patients with both asymptomatic lacunar infarcts as well as extensive WML were
compared to those without both these types of lesions, neopterin, sICAM‐1 and
sVCAM‐1 levels were higher in the first group. Neopterin as well as sVCAM‐1 levels
were similar in patients without CSVD manifestations as compared to healthy controls.
In a second unadjusted analysis, when considering lacunar stroke patients or
hypertensive patients separately, only neopterin levels differed between those with or
without asymptomatic lacunar infarcts only in patients with lacunar stroke (p=0.04)
and not in essentially hypertensive patients (p=0.10).
Table 4.1

Characteristics of lacunar stroke patients, hypertensive patients and controls.

Age (mean (±standard deviation (SD)))
Male sex (n (%))
Hypertension (n (%))
Coronary artery disease (n (%))
Peripheral Vascular Disease (n (%))
Diabetes (n (%))
Hypercholesterolemia (n (%))
Current Smoking (n (%))
Statin Use (n (%))
Antihypertensive use (n (%))

Lacunar Stroke
Patients (n=163)
63.9 (12.0)
100 (61.0)
107 (65.2)
23 (14.0)
6 (3.7)
19 (11.6)
129 (78.7)
62 (37.8)
140 (85.4)
110 (67.1)

Hypertension
Patients (n=183)
55.3 (11.9)
96 (52.5)
183 (100.0)
19 (10.4)
4 (2.2)
6 (3.3)
72 (39.3)
35 (19.1)
69 (37.7)
163 (89.1)

Controls
(n=43)
62.0 (7.7)
20 (45.5)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
10 (22.7)
13 (30.2)
3 (6.8)
0 (0.0)

Correlations between the different adhesion molecules, neopterin, and
hsCRP
In general, all adhesion molecules, neopterin, and hsCRP correlated significantly with
each other, though correlation coefficients are relatively low (Spearman’s rhos range
from 0.10 to 0.30). Only sVCAM‐1 and neopterin had a rho of 0.30, with p<0.001.

Multivariate analyses: neopterin and E‐selectin independently relate to
CSVD manifestations
We determined significant independent relations between the levels of adhesion
molecules, inflammatory markers and CSVD manifestations using linear regression
analyses. The only association that remained significant after correction for age, sex,
pre‐existent large vessel disease (coronary artery disease or peripheral artery disease),
as well as patient group (hypertensive or lacunar stroke patient), was that between
higher neopterin levels and higher numbers of enlarged Virchow Robin spaces at the
level of the basal ganglia (β=0.257; p<0.001), and that between higher sE‐selectin
levels and higher number of microbleeds, irrespective of their location (deep or
superficial) (β=0.155; p=0.045).

No
(n=229)
1.90 (3.19)
1.65 (0.62)
42.9 (46.9)
25.0 (21.3)
459.7 (192.0)
687.9 (212.3)
Yes
(n=81)
1.95 (4.09)
1.97 (1.01) a
45.3 (58.8)
28.4 (24.6)
517.3 (176.7)
758.3 (305.7) a

No
(n=265)
1.94 (2.59)
1.71 (0.70)
47.3 (47.5)
24.1 (20.4)
473.7 (218.8)
692.4 (222.1)

Extensive WML

Statistical significant differences as indicated: a p<0.001; b p<0.01; c p<0.05 (Yes versus No)

Yes
(n=117)
2.13 (4.14)
2.01 (1.96) a
54.6 (62.1) c
24.2 (23.3)
548.7 (219.4) a
731.6 (274.5) b

Asymptomatic
lacunar infarcts

Both asymptomatic lacunar
infarcts and WML
Y (both)
N (none)
(n=48)
(n=196)
2.21 (4.30)
1.92 (3.12)
2.05 (1.05) a
1.63 (0.62)
45.6 (63.1)
42.8 (45.6)
28.9 (26.2)
24.6 (22.3)
509.7 (171.7) b
453.6 (187.8)
742.5 (283.5) b
681.6 (198.9)

Healthy Controls
(n=43)
2.70 (4.04)
1.70 (0.66)
62.0 (54.5)
28.8 (15.0)
524.3 (99.3)
637.8 (147.1)

Median levels (with interquartile range within parentheses) of hsCRP, neopterin and adhesion molecules in different patient groups, classified by MRI.

HsCRP (mg/L)
Neopterin (ng/mL)
sP-selectin (ng/mL)
sE-selectin (ng/mL)
sICAM-1 (ng/mL)
sVCAM-1 (ng/mL)

Table 4.2
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Discussion
We found higher levels of neopterin in patients with asymptomatic lacunar infarcts as
well as in patients with white matter lesions, than in those without these lesions.
Furthermore, higher levels of sP‐selectin, sE‐selectin, and sICAM related to CSVD
manifestations. However, most importantly, we found that after correction for
vascular risk factors, neopterin levels related independently to higher numbers of
enlarged Virchow Robin spaces at the levels of the basal ganglia. As neopterin is a
marker of activated monocytes/macrophages our data suggest that activated
monocytes/macrophages play a role in the pathophysiology of CSVD.
Limited data are available on neopterin in CSVD. In the acute phase of stroke,
neopterin levels increase.33 However, there are no data on neopterin in the chronic
phase after stroke or in relation to WML. We demonstrated that neopterin levels are
higher in lacunar stroke patients than in hypertension patients. Furthermore, we found
a relation between higher neopterin levels and higher numbers of enlarged Virchow
Robin spaces at the basal ganglia level, which suggests a relation between
monocyte/macrophage activation and CSVD. Neopterin is a product of activated
monocytes/macrophages and it stimulates both the immune response as well as the
endothelium.34 Together with other products of activated monocytes/macrophages,
neopterin may activate nuclear factor kappa‐B, a transcription factor which induces
endothelial activation with increased expression of adhesion molecules as a
consequence.25 Endothelial activation in CSVD could result in increased permeability of
the blood brain barrier and induction of an inflammatory reaction, leading to
enlargement of the perivascular spaces. Enlargement of the Virchow Robin spaces also
coincides with inflammatory activity in multiple sclerosis (as evidenced by contrast
enhancing lesions elsewhere in the brain).35 Thus, the independent relation between
neopterin levels (activated monocytes/macrophages) and number of enlarged Virchow
Robin spaces at the basal ganglia level suggests that there may be an inflammatory
reaction in CSVD in which activated monocytes/macrophages play a role.
Strikingly, CRP values were not elevated in patients with CSVD manifestations, which
contrasts with earlier observations.36 CRP is produced in response to interleukin‐6
production by several types of cells among which are monocytes/macrophages.
Neopterin, on the other hand, is produced solely by monocytes/macrophages as a
result of stimulation by interferon‐gamma, which, in turn, is produced by T‐cells.37
Since we observed a differential upregulation of inflammatory markers, activated T‐
cells might also be involved in CSVD. Importantly, in our study we avoided the pitfall of
known causes for higher neopterin levels: increasing age, autoimmune disease (like
ANCA associated vasculitis38), malignant disease, and infections.23 Except for these
conditions, neopterin levels are fairly stable over time.24
The inflammatory response we found could also relate to endothelial cell activation
and dysfunction. Previously, others also demonstrated elevated levels of soluble
adhesion molecules in patients with CSVD. In non‐diseased subjects, sICAM‐1 levels
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related to the extent of WML, independent of hypertension and age.39 Furthermore,
sICAM‐1 levels are elevated after a lacunar stroke,40 and higher sICAM‐1 levels related
to early neurological deterioration and worse outcome at 3 months.41 In lacunar stroke
patients, sICAM‐1 levels were higher in those with WML than in those without.16
Moreover, in a community based sample, higher sICAM‐1 levels related to progression
of WML and lacunar infarcts after 3 and 6 years.42 Thus, sICAM‐1 seems to be an
important disease marker in lacunar stroke and WML. However, the origin of sICAM‐1
is heterogeneous: it may derive from endothelium, but also from activated
monocyte/macrophages or from other cells such as smooth muscle cells.43 This may be
the reason why earlier cross‐sectional studies could not unequivocally demonstrate
endothelial involvement in CSVD. We confirmed elevated sICAM‐1 levels in patients
with WML and lacunar infarcts, but unlike the aforementioned studies, we did not find
an independent relation between sICAM‐1 and manifestations of CSVD. This could be a
result of our blood sampling protocol, as we avoided acute phase responses after
stroke by postponing blood sampling and excluded patients with concomitant
diseases. On the other hand, we found an independent relation between sE‐selectin
and the number of microbleeds. sE‐selectin provides the most valid indication of
endothelial involvement, because its source is exclusively endothelial.18 Therefore, the
independent relation between sE‐selectin and the number of microbleeds strongly
suggests activation of endothelial cells in CSVD.
Our study has several limitations. First, we confined stroke patient selection to those
with lacunar stroke and hypertension, and therefore we are not able to generalize our
findings to patients with other causes of stroke (atherothrombotic or cardioembolic) or
white matter disease. Second, our study is cross sectional, and therefore no firm
conclusions can be drawn with regard to causality. Third, patient selection favoured
younger patients in the lacunar stroke group. However, this selection would rather
lead to an underestimation of associations. Notwithstanding these limitations, the
strengths of our study remain that we studied a large group of well characterized
patients, and that we excluded effects of an acute phase response.
In conclusion, our study provides evidence for the involvement of activated
monocytes/macrophages in cerebral small vessel disease. Though mechanisms have
yet to be determined and our results need confirmation in other populations, this
could be relevant for pathophysiological concepts of cerebral small vessel disease and
might lead to more effective therapeutic strategies to reduce to burden of CSVD in the
ageing population.
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Abstract
Stroke is the leading cause of disability in the Western world; however, few therapies
are at hand to decrease this burden. Endothelial progenitor cells (EPC) have been
introduced in cardiovascular medicine as factotums. EPC can repair damaged
endothelium and attenuate the development and progression of atherosclerosis. Also,
EPC can form new vessels in ischemic areas, and thus promote recovery after ischemic
events. In stroke, however, EPC research is limited. In our overview, we provide
background information on EPC use as a risk marker and as a potential therapeutic
agent. In our opinion, the lack of EPC studies in stroke should instigate vascular
neurologists to participate in EPC research, as EPC could also change
pathophysiological concepts and improve clinical treatments in vascular neurology.
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Introduction
Endothelial progenitor cells (EPC) are immature endothelial cells which circulate in
peripheral blood. These cells were first described by Asahara and colleagues.1 In their
study, EPC were isolated from human blood and injected into animals with limb
ischemia. Subsequently, EPC were found in the endothelium of newly formed vessels
in ischemic regions, indicating that there are cells in the human blood which were
involved in the formation of new vessels after ischemia.
In another study, Griese and colleagues injected EPC into animals with carotid balloon
injury (a model of endothelial damage). After healing of the injury, EPC were found in
the recovered endothelium,2 indicating that EPC were also involved in the repair of
damaged endothelium.
The regenerative potential of EPC suggested by these findings has led to different
clinical studies, largely based on the following two hypotheses: 1) Patients with lower
EPC numbers are at higher risk for atherosclerotic events, and 2) patients with
ischemic events may benefit from EPC administration.
In this chapter, we will elaborate on these two clinical hypotheses and provide
background information of EPC characteristics, measurement, and use as a therapeutic
agent. We will then focus on EPC in cerebrovascular disease. Unfortunately, most
studies which are published up till now are small and performed in animals or highly
selected patients. Therefore, results have to be interpreted with caution.

EPC characteristics and measurements
EPC are maturating cells, derived from immature stem cells. They enter peripheral
blood in specific circumstances (see below). They are halfway in their maturation
process to become endothelial cells. Therefore, EPC possess functional and structural
characteristics of both stem cells and mature endothelial cells (see Table 5.1). During
their development, EPC gradually loose stem cell characteristics, and progressively gain
endothelial cell characteristics. Consequently, the specific set of characteristics of an
EPC on a given time point depends on its degree of maturation. For quantification, EPC
must be defined accurately. Therefore, the combination of structural and functional
characteristics should be carefully chosen to exclude other immature stem cells or
mature endothelial cells.
There are two different quantification techniques. First, cell culture (lower part of
Figure 5.1): isolated mononuclear cells from peripheral blood are cultured for several
days in conditions which selectively favour growth of EPC. These conditions include
coating of plates with macromolecules like gelatine and addition of endothelial growth
factors to the culture medium. Therefore, quantification of EPC by culture also
depends on the EPC function (EPC have to be viable and to be able to respond to the
culture conditions; see Table 5.1). EPC form clusters from the third day on, and these
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clusters are counted after 7 to 28 days. Further testing to confirm the endothelial
phenotype of the cells involves uptake of acetylated LDL, binding of Ulex europaeus
lectin and binding of specific antibodies.1,3
Table 5.1

4

Characteristics of Stem Cells and Endothelial Cells shared by Endothelial Progenitor Cells .
Stem Cell Characteristic
Presence of the Surface molecules
CD34 and CD133
Cluster Formation in culture

Endothelial Cell Characteristic
Presence of the Surface molecules CD144, CD146,
von Willebrand factor, and VEGFR‐2
Response (proliferation) to endothelial
growth factors in culture
Adhesion to macromolecules
Uptake of acetylated LDL and binding of
UEA (Ulex Europaeus Lectin)
Tube formation of and migration
driven by VEGF

Highly Proliferative
Resistance to Stress

Fluorescently labelled antibodies

Peripheral blood
T‐cell

Flow cytometer

EPC
B‐cell
monocyte

Different surface
molecules

Step 1: labelling of cells with antibodies and lysis

Step 2: counting of labelled cells

of erythrocytes

by a flow cytometer

Flow cytometry
Adherent cells

Quickly
adherent cells:

True EPC?
Non‐adherent cells

Slowly
Adhering cells:

Step 1: Isolation of mononuclear
cells from the peripheral blood

Step 2: plating of cells onto
gelatin or fibronectin coated
dishes and culturing in
medium with endothelial
growth factors

Stimulating
cells
of EPC?
Step 3: after 48 hours replating of

Step 4: counting of cell clusters

non‐adherent cells

after 7 to 28 days

Cell culture

Figure 5.1

Different techniques for the measurement of EPC numbers.
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The second technique is flow cytometry (upper part of Figure 5.1): cells are labelled
with fluorescent antibodies to EPC surface antigens (see Table 5.2) and subsequently
counted with a flow cytometer. Since EPC are rare in peripheral blood, the noise to
signal ratio has to be minimalized by additional measures,5,6 otherwise reliable results
cannot be obtained. In contrast to culturing, flow cytometry does not depend on EPC
function, but directly measures the number of EPC. Because of this difference, results
are not exchangeable between the two techniques.7‐9

Table 5.2
*

EPC surface markers.
10‐13

CD133 (also called AC133)
1,12,14
CD34*
Vascular Endothelial Growth Factor Receptor 2 (VEGFR‐2; also called kinase insert domain receptor
* 1,15
(KDR))
1,10,12,15,16
CD31 (platelet endothelial cell adhesion molecule or PECAM)
1,10
CD62E (E‐selectin)
10‐12,15
CD144 (vascular endothelial (VE‐)cadherin)
11,12,15
von Willebrand factor
*

Most often used for EPC quantification by flow cytometric analysis.

Although both methods are widely used, techniques are not yet standardized.
Recently, Yoder et al.17 demonstrated that only cells which adhere early in culture
(within 48 hours) are true EPC. Only these cells possess endothelial characteristics and
ultimately develop into mature endothelial cells. In culture, these cells do not
proliferate immediately (only after one to two weeks), and they are also called “late
outgrowth EPC”.18 Cells which adhere later than 48 hours (the non‐adherent cells in
Figure 5.1) are cells with angiogenic‐monocytic characteristics.19 These cells promote
the functioning and outgrowth of the EPC by production of growth factors, but do not
mature into endothelial cells themselves. In culture, these cells proliferate rapidly
(after one to two days), and therefore, are also called “early outgrowth EPC”.18 Thus, in
culture, at least two different cell populations have characteristics of EPC, but only the
population which adheres within the first 48 hours truly becomes endothelial.
In addition, in flow cytometry, there is also discussion how to control for the low event
rate20 and how to characterize EPC. Most intriguing question is whether CD34 should
be included. Popa et al.21 demonstrated that cells with the surface marker CD34
(CD34+) are possibly not true EPC, but only potent regulators of formation of new
vessels. These CD34+ cells possibly resemble the late adhering angiogenic cells
demonstrated by Yoder et al.17 in the culture technique. Furthermore, the process of in
vitro vascular tube formation was only enhanced if CD34+ and CD34‐ cells were
cocultured.22 Also, injection of CD34+ in combination with CD34‐ into animals with
vascular injury led to more neovascularization than when either cell group alone was
administered.23 Furthermore, in an experimental hypoxic environment CD34+‐cells
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only paracrinely stimulated angiogenesis and also induced a proinflammatory response
(chemotaxis of macrophages) and did not incorporate into endothelial layers
themselves.24 From these studies, we suggest that CD34 potentially is not a crucial
marker for EPC.
In conclusion, two techniques are used to quantify EPC. Results from flow cytometric
and culture studies are, however, not interchangeable and cannot be interpreted
without knowledge of the limitations of these techniques.

EPC in cardiovascular risk assessment
In two prognostic studies, EPC numbers were found to be related to cardiovascular
risk. Werner et al.25 followed 519 stable coronary artery disease (CAD) patients for 12
months and found lower EPC numbers (in flow cytometry and in a subgroup in culture)
in patients with a cardiovascular event than in event free patients. Schmidt‐Lucke et
al.26 found in 77 stable CAD patients and 43 disease free controls, that lower EPC
numbers (in flow cytometry) related to a higher cardiovascular event rate during 10
months follow‐up. The independent association of lower EPC number with
cardiovascular prognosis strongly suggests that EPC are a risk marker for future
cardiovascular events.
Are EPC measurements a more accurate vascular risk assessment than currently used
clinico‐epidemiological factors? Unfortunately, there are some major caveats. First,
EPC quantification is laborious. Second, for both culture and flow cytometric technique
neither a golden standard methodology nor an international standard preparation
enabling reliable calibration is avaible.3,27,28 Third, slight modifications in technique
could result in the measurement of different (non‐EPC) cell populations. Fourth, results
from both techniques are not exchangeable. Fifth, EPC quantification should not be
performed shortly after a vascular event, because EPC numbers rise in response to
ischemia (see next paragraph). Therefore, EPC numbers in the stable phase could be
more important for risk assessment than in an acute phase after a vascular event.
Finally, ‘normal’ values of EPC numbers are unknown. So, we think that
implementation of EPC quantification as accurate vascular risk marker in standard
medicine will take some time and published EPC studies need confirmation by more
research groups.
Furthermore, other questions have to be answered first: 1) does combination of the
two EPC quantification techniques result in better risk assessment?, 2) is EPC
quantification superior to other methods of risk assessment using high sensitivity C‐
Reactive Protein and/or Intima‐Media Thickness measurements?, and 3) is there a
pathophysiological mechanism behind the association between lower numbers of EPC
and a higher cardiovascular risk? Finally, it is pivotal to know whether an increase of
low EPC numbers will also result in reduction of cardiovascular events. Until these
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questions are answered, EPC measurement for vascular risk assessment will not be
routinely performed in cardiovascular patients.

EPC biology and atherosclerosis
The nature of the association between lower EPC numbers and increased risk for
cardiovascular events29 remains speculative. Generally, it is interpreted as a causal
one. Because EPC offspring is present in restored endothelium,2,30‐32 EPC are thought
to repair damaged endothelium. Damaged endothelium is, next to ischemia,
responsible for EPC recruitment from the bone marrow (see Figure 5.2).
Proinflammatory cytokines, granulocyte‐colony stimulating factor, erythropoietin, and
apoptotic bodies from endothelial cells all stimulate the release of EPC into the
circulation.3,4 Thus, in an acute stage after a vascular event, EPC numbers rise.
Ischemia
Pro‐inflammatory cytokines
Granulocyte Colony Stimulating Factor
Vascular Endothelial Growth Factor
Erythropoietin
Apoptotic bodies from Endothelial Cells

Endothelial damage

Matrix‐Metallo Proteinase 9

Repair of damaged endothelium
Neovascularization
EPC release from bone marrow

Figure 5.2

Biological role of EPC.

10,33‐55

In a stable clinical condition, EPC numbers are influenced by several factors (See Figure
5.3). Interestingly, lower EPC numbers relate to several different atherosclerotic risk
factors. It is, therefore, generally assumed that lower EPC numbers reflect a higher
consumption of EPC for restoration of endothelial damage. Indeed, in patients with
active vasculitis, a disease with wide‐spread endothelial damage, very low EPC
numbers are found.56 Damaged endothelium plays a role in atherosclerotic lesion
formation and progression; it stimulates a pro‐atherogenic inflammatory response,
mediated by monocytes, macrophages and T‐cells.57 EPC numbers could therefore be
lower as a consequence of a higher consumption, and run relatively short on restoring
the damaged endothelium with consequent atherosclerosis and cardiovascular events.
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EPC quantification
Lower number

Higher number
‐ Ovarial stimulation / estrogens /
Female sex (and ovulatory) / pregnancy
‐ Statins
‐ Exercise
‐ Malignant glioma/brain metastases
‐ Early Systemic Sclerosis
‐ Younger Age
‐ Red Wine Ingestion
‐ Telmisartan treatment (as compared
to placebo)

Number of CD34+/KDR+ cells

Flow cytometry

‐ Exercise
‐ Pregnancy
‐ G‐CSF administration
‐ Angiontensin II Receptor Blockers
‐ Ramipril
‐ Peripheral arterial disease
‐ Cholesterol lowering Diet
‐ Acute phase after myocardial infarction
‐ Use of pravastatin for 4 weeks by patients
with chronic heart falure
‐ Use of nisoldipine for 3 weeks by hypertensive
patients
‐ Higher HDL levels
‐ Exercise
‐ Percutaneous Coronary Intervention
‐ Red Wine Ingestion

EPC

‐ Peripheral Artery Disease
‐ Coronary Artery Disease / Instable
Angina Pectoris / progressive CAD
‐ Long term statin use
‐ Impaired glucose tolerance
‐ Number of atherosclerotic plaques
‐ Higher Intima Media Thickness
‐ Chronic Renal Insufficiency
‐ Chronic Systemic Sclerosis
‐ Endarteriectomy in PAD
‐ Pulmonary Hypertension
‐ CADASIL
‐ Pre‐eclampsia
‐ Coronary Artery Disease
‐ Peripheral Artery Disease
‐ Hyperhomocysteinemia
‐ Hypercholesterolemia
‐ Diabetes type I
‐ Smoking
‐ Long term statin use
‐ Reumatoid Artritis
‐ Higher Intima Media Thickness
‐ Chronic Renal Insufficiency

True EPC /
Slow outgrowth

‐ Higher Framingham Risk Score
‐ Coronary Artery Disease / progressive CAD
‐ Active Wegeners granulomatosis
‐ Early relapse of ANCA‐ associated vasculitis
‐ Reumatoid arthritis
‐ Inflammatory Bowel Disease
‐ Obesity
‐ Moyamoya disease
‐ Pulmonary Hypertension

Angiogenic cells /
Rapid outgrowth

EPC functional testing
Beneficial effect

Adverse effect

EPC of females, SLE patients, and of patients
who use Ramipril
Healthy EPC treated with estrogens, nifedipine,
ginkgo biloba extract

Adhesion

EPC of patients with diabetes type II, coronary artery
disease, hypercholesterolemia, reumatoid artritis,
idiopathic pulmonary hypertension
Healthy EPC treated in vitro with CRP, oxLDL, Aspirin,
nicotin, nitroglycerin

Healthy EPC treated in vitro with androgens,
puerarin, rosuvastatin

Colony
formation

EPC of patients with systemic lupus erythomatosus
Healthy EPC treated in vitro with LDL or VLDL,
CRP and homocystein

EPC of females and of patients who use Ramipril
Healthy EPC treated n vitro with statins, nicotin,
androgens, estrogens, ginkgo biloba extract,
puerarin
Engineered EPC ransfected with hTERT

Proliferation

EPC of patients with hypercholesterolemia
Healthy EPC treated in vitro with oxLDL, nicotin,
homocystein, and aspirin

EPC of patients who use Ramipril, statins, or exercise
Healthy EPC treated in vitro with androgens,
nifedipine, ginkgo biloba extract
Engineered EPC transfected with hTERT

Migration

EPC of patients with coronary artery disease,
hyperhomocysteinemia, hypercholesterolemia,
chronic renal failure, reumatoid Artritis, idiopathic
pulmonary hypertension
Healthy EPC treated in vitro with glucose, CRP, oxLDL,
nicotin, and aspirin

EPC of patients who use Ramipril
Healthy EPC treated in vitro with
ginkgo biloba extract

Tubule
formation

EPC of patients with Diabetes type I and II,
chronic renal failure, Eisenmenger syndrome
Healthy EPC treated in vitro with CRP, oxLDL,
and Aspirin

EPC of patients who use statins
Engineered EPC transfected with hTERT
Healthy EPC treated in vitro with nicotin, puerarin
or statins

Senescence

26,29,52,54,56,58‐128

EPC of patients with hypertension and coronary artery
disease; EPC of fetusses with pre‐eclamptic mothers
Healthy EPC treated in vitro with homocystein
and oxLDL

Figure 5.3 Measurement results in literature.
Note that most data result from small clinical
studies in up to 40 strongly selected subjects. TERT=Telomerase Reverse Transcriptase.
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Moreover, not only the number of EPC is related to cardiovascular risk factors but also
a disturbed EPC function.129 This association between lower results on functional EPC
tests (see Figure 5.3) and atherosclerotic risk factors suggests a disturbance in the EPC
itself. However, in a recent population based study in 542 subjects higher EPC numbers
(counted after 5 days in culture) correlated with lower age and use of cardiovascular
drugs. Higher EPC numbers were found in subjects with higher Framingham Risk
Scores.130 This seems to reject the hypothesis that life style and cardiovascular risk
factors (indirectly) deplete the EPC resources. However, these results may be
explained by a lower expression of risk factors in the study population due to the
subject selection procedure. Possibly, the result even reflects the healthy status of the
participants with a higher potential of EPC production as appropriate compensation
mechanism. The authors do not present flow cytometric data; absolute numbers of
EPC (CD34+/KDR+‐cells) could be lower in patients at higher risk, whereas their EPC
cluster formation capacities is retained or perhaps even upregulated.
So, although the nature of the association between EPC and atherosclerosis remains
speculative, there is ample evidence suggesting a causal relation.

EPC in vasculogenesis
Asahara et al. found injected EPC in the endothelium of newly formed vessels in
previously ischemic animal limbs.1 In other animal experiments, EPC administration
also resulted in increased blood flow in ischemic zones and a decrease in limb loss.15, 55,
131
In experimental cardiac ischemia, administration of progenitor cells (in general)
resulted in neovascularization, and reduction of the infarcted area, although the
involved mechanisms remain a matter of debate.132,133
In humans, use of EPC‐based therapy during or after ischemia might be hazardous,
because EPC are very similar to haematopoietic progenitor cells,134,135 and could,
therefore, differentiate into monocytes and macrophages. These cells might aggravate
ischemia by increasing the ischemic inflammatory response. A safety study in 20
patients with acute myocardial infarction who received EPC transfusion136 addressed
this issue, and found that the levels of inflammatory markers (CRP and leukocytes) and
levels of troponin T (a marker for cardiac ischemia) did not differ from levels in
controls four days after the intervention. In 34 EPC treated CAD patients (TOPCARE‐
CHD study)137, five major cardiovascular events occurred in the intervention group, as
compared to three events in the control group (n=23). Thus, in these small numbers of
patients, EPC neither seem to stimulate the inflammatory response, nor increase
ischemia. EPC administration might be practiced safely, without EPC therapy related
adverse events, though safety data from larger randomized trials are still needed.
But do higher EPC numbers indeed reverse the consequences of ischemia and improve
prognosis? In observational studies in patients with myocardial infarction, higher
numbers of EPC indeed relate to a better prognosis, more myocardial salvage,138
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viability and perfusion (as measured by positron emission tomography (PET) and single
photon emission computed tomography (SPECT) studies139), and more collaterals in
the ischemic zone.84,89 Therefore, several investigators planned randomized clinical
trials on progenitor cell (PC) administration (among which are EPC) in CAD. Studies
differ, however, on various points: 1) the source of PC (bone marrow or blood; with, or
without purification), 2) the use of autologous cells or allogenic donor cells, and 3) the
method of administration (intravenously or intracoronary infusion).
Randomized clinical trials in CAD patients show a relation between PC administration
and improved left ventricular function, mainly on the short term.140 In chronic ischemic
heart failure, however, effects on change in left ventricular function differ from
positive to indifferent.141 Randomized trials have also been performed in patients with
peripheral artery disease. These studies found that PC administration improved
endothelium‐dependent vasodilation,142 ankle brachial index, rest pain and pain‐free
walking time.143 However, results are not as positive as those in animals, which is
possibly due to a higher functional potential of animal EPC. Direct comparative studies
between animal and human EPC, though, are lacking. Also, in all studies in patients
with coronary or peripheral artery disease, bone marrow cells seem superior to
purified EPC.140 This is possibly due to the presence of ‘contamination’ with angiogenic
cells in this population, thus to the mutual stimulation of CD34‐ and CD34+‐cells, which
is not present in purified EPC (mostly only CD34+‐cells). Furthermore, in vivo studies in
animals show that adult peripheral blood EPC (cultured clusters) are inferior with
regard to formation of new blood vessels (capillary network) to umbilical cord blood
EPC.144

EPC as risk marker in stroke
Neurovascular research on EPC is limited until now. Research groups use both
previously described techniques, however, seldomly next to each other. Using flow
cytometry, Taguchi et al.145 measured CD34+‐cells in 25 patients with an ischemic
stroke. They found peak values after 7 days, and values similar to baseline (as
measured shortly after stroke) after 30 days. These findings were replicated later by
Machalinski et al.146 Also, higher CD34+‐cell‐levels at 30 days related to higher
numbers of infarcts on Magnetic Resonance Imaging and also to cerebrovascular
function as measured with PET scanning (cerebral metabolic rate of oxygen, and
cerebral blood flow).145 Yip et al.147 demonstrated an early rise of CD34/KDR+‐cells 2
days after stroke. An initially low CD34/KDR+‐ percentage also related to a poorer
neurological prognosis at 90 days, though effect sizes remain obscure as the
presentation of data does not allow conclusions on effect sizes. In contrast, Cesari et
al. reported no correlations between CD34/KDR+‐cells at the time of stroke and three
months’ outcome148 (though they found lower CD34/CD133+‐cell numbers (which are
hematopoietic progenitor cells) to be related to larger infarct sizes and higher NIHSS‐
scores at admission, with also consequently a relation to outcome which was not
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significant after correction for the NIHSS‐score at admission). Also, Bogoslovsky et
al.149 found that lower numbers of CD34/C133+‐cells as well as CD34/CD133/KDR+‐
cells cells related to a larger infarct size. However, in the latter study, sample size is
small (17 patients only) and correction for potential confounders is not possible. With
regard to the culture technique, Ghani et al.150 reported a decreased number of
clusters of rapidly adhering cells after stroke and in ‘stable cerebrovascular disease’,
compared to controls free of vascular disease. Higher age and the presence of
cerebrovascular disease in general independently related to lower EPC numbers.
Unfortunately, the authors did not match controls for age. Chu et al.151 replicated the
findings of the latter study with a different culture technique (cells were left to adhere
for 7 days, which leaves no room for differentiation between early or late outgrowth
EPC). Furthermore, they found that cluster numbers were lower in patients with large
or small vessel stroke as compared to patients with cardioembolic stroke. However,
the absolute EPC number was not assessed and it is therefore unknown whether
cluster numbers were lower as a consequence of lower absolute numbers or as a
consequence of defective EPC function.
For future studies on the role of EPC in stroke, several caveats have to be borne in
mind. First, general recommendations (like basing sample sizes on appropriate power
calculations, correction for possible confounders (see Figure 5.3), and the inclusion of
healthy controls152), have to be fulfilled. Second, the laboratory technique of EPC
quantification should be standardized as much as possible. Since there is no standard
protocol at hand, one single method, preferably after discussion with an experienced
centre in EPC research, should be chosen. Also, the timing of blood sampling (directly
after the stroke or in a stable phase) should be considered, as values in the acute stage
could differ from those in a chronic phase. Third, and probably most important,
different stroke causes have to be distinguished, because endothelial involvement in
the pathogenesis of different forms of stroke could be different. EPC may be
considered as a marker for endothelial involvement. In atherosclerotic ischemic stroke
the pathogenesis of the vascular occlusion is more or less similar to that in coronary
and peripheral artery disease. Therefore, EPC could be a marker of future events in
atherosclerotic stroke and a marker of the endothelial repair mechanism. Cardio‐
embolic stroke though has a different pathogenesis (with different endothelial
involvement), and consequently EPC quantification may be less significant as a risk
marker. EPC might also differentiate between endothelially mediated and non‐
endothelially mediated causes of stroke (see Chu et al.151).

EPC as therapeutic agent in stroke
Up till now, studies on EPC as a therapeutic agent have only been reported in animal
stroke models. A variety of human cell types (neural stem cells, immortalized neural
cell lines, and hematopoietic progenitor cells) have already been tested in animals.153
Use of cells derived from peripheral blood or bone marrow, among which are the EPC,
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has two main advantages above the other cell types. First it avoids ethical limitations
(because there is no need to work with fetal or embryonic tissue). Second, there is a
host of experience on use of haematopoeitic progenitor cells in hemato‐oncology, and
therefore a lot is known about tolerability and side effects of treatment.
In an observational study in mice, higher EPC numbers related to physical exercise, a
better functional motor outcome after middle cerebral artery occlusion, increased
neovascularization and enhanced blood flow in ischemic zones.154 In 48 stroke
patients, Sobrino et al.155 demonstrated that an observed increase of EPC cluster
numbers 7 and 90 days after a stroke also related to a good functional outcome. This
rise in EPC number could be due to the release of vascular endothelial growth factor
(VEGF; which relates to the size of the infarct).156 Higher VEGF levels also relate to
better functional outcome.156 Experimental administration of EPC in animals
furthermore induces an increase in the formation of new blood vessels157 and also of
blood flow in cerebral ischemia.158 However, few transplanted cells are actually found
in the brain,153 and these cells are only infrequently of endothelial phenotype.159
Does this formation of new vessels result in a better stroke recovery? Other
neovascularization stimulating agents (like VEGF and other growth factors)
administered several days after stroke potentially improve outcome by decreasing the
ischemic penumbra.160 Importantly, however, these agents also cause an increase in
endothelial permeability resulting in brain edema.160 Neovascularization thus seems
important in recovery, but the adverse effects of neovascularization stimulating agents
cause some concern. Whether neovascularization by EPC improves stroke outcome is
not known, though EPC could be a valuable alternative for neovascularization
stimulating agents.161 Furthermore, the beneficial effects of EPC in the brain are
probably not limited to neovascularization. In an observational study in rats with
experimental stroke, neovascularization related to neurogenesis, which occurs after
stroke from neural progenitor cells present in the brain,162 and also to migration of
these neural progenitor cells along the newly formed vessels.163 These processes are
tightly linked, as also evidenced by in vitro studies: soluble factors produced by
endothelial cells regulate proliferation of neuronal progenitor cells and cell‐cell contact
between the two cell types regulates differentiation.164 Of the soluble factors, VEGF
plays a regulating role in this process of neurogenesis and angiogenesis in the brain.165
After experimental progenitor cell administration in rats, VEGF levels were higher in
the ischemic border zone,166 whereas neurogenesis and angiogenesis were reciprocally
increased in this zone.167 Thus, administered (endothelial) progenitor cells may
enhance the proliferation of endogenous neuronal progenitor cells in the brain. Other
important substances in this process are eNOS, the enzyme which produces nitric
oxide in endothelial cells, as it both regulates angiogenesis and neurogenesis, among
others by regulating the secretion of brain derived neurotrophic factor (BDNF)168, as
well as erythropoietin, which stimulates VEGF and BDNF and thus angiogenesis and
neurogenesis169,170 (see also Zhang et al.171 for review). Next to this paracrine
stimulation of neurogenesis, progenitor cells may also adapt neural characteristics
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themselves. However, in animal experiments incorporation into neuronal circuits of
these cells seemed unlikely.172 The combined pathway of angiogenesis and
neurogenesis could be more important than angiogenesis on its own, as the EPC
induced vessels are those of small calibre (capillaries), insufficient to restore large
perfusion defects.173 Independent from the possible mechanism of action, the
intravenous administration of human umbilical cord blood (a rich source of various
progenitor cells, among which are EPC),174,175 CD133+‐cells,176 or even mesenchymal
progenitor cells (harvested from adipose tissue and cultured to induce a neural
phenotype)177,178 led to better recovery of motor function in rats.
There are more potential benefits of EPC for patients with cerebrovascular disease.
Next to the potential effects of EPC in acute cerebral ischemia, EPC could be of benefit
for patients with leukoaraiosis and vascular dementia. In endothelial cells that are
found in white matter lesion vessels, markers of endothelial and microglial activation
and immunoreactivity to hypoxia‐inducible factors are elevated.179 All these changes
relate to a chronic hypoxic state. Also, endothelial injury and breakdown of the blood‐
brain barrier have been implicated in the pathogenesis of leukoaraiosis and
dementia.180 In an animal model of retinal small vessel disease, a disease probably very
similar to cerebral small vessel disease, healthy EPC (in contrast to diabetic)
incorporated into the damaged vessels.181 Therefore, EPC might reverse the hypoxic
state by neovascularization and restore the endothelial injury and in these two ways
prevent the progression of leukoaraiosis.
There is some evidence that suggests that EPC are involved in attenuating the
progression of leukoaraiosis. Patients who take Angiotensin I Converting Enzyme
(ACE)‐inhibitors, which increase circulating EPC numbers, show less progression of
white matter lesions in the PROGRESS study.182 Of course, this effect could also be due
to a blood pressure lowering effect. Since EPC numbers were not measured in this
study, we are uncertain what caused the effect on the progression.
Should clinical trials on EPC injection in cerebrovascular disease be started? EPC seem
safe in cardiac studies, but cerebral vessels and cerebral ischemia react differently, as
also evidenced by the potentially deleterious brain edema in studies that enhanced
cerebral neovascularization with VEGF.160 Furthermore, the role of EPC in the
pathophysiology of cerebrovascular disease is no more than speculative at present.
Therefore, it seems wise to plan more studies on the role of EPC in different forms of
stroke, before planning clinical trials with EPC injection. In addition, several points
need to be clarified before clinical studies can be started, like the time point of
transplantation, the cerebral lesions which are fit for EPC treatment, the route and site
of cell delivery and the monitoring of the recovery.153 Other methods to increase EPC
numbers, like drugs (statins, ACE‐inhibitors, Angiotensin Receptor Blockers and
erythropoietin) or growth factors which stimulate EPC release from the bone marrow,
perhaps also deserve attention.
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Conclusion
In conclusion, EPC hold great promise in cardiovascular medicine, both as a marker for
an increased cardiovascular risk and as a therapeutic agent. However, as knowledge on
EPC grows, finetuning is needed on all aspects, from basic science to clinical practice,
to obtain the best possible results. The lack of EPC studies in stroke should instigate
vascular neurologists to participate in this interesting line of research, as EPC could
also change pathophysiological and therapeutical concepts, which will hopefully
improve clinical treatments in vascular neurology.
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Abstract
Cerebral small vessel disease results in silent ischemic lesions (SIL) among which is
leukoaraiosis. In this process, endothelial damage is probably involved. Endothelial
progenitor cells (EPC), are involved in endothelial repair. By restoring the damaged
endothelium, EPC could mitigate SIL and cerebral small vessel disease. Haptoglobin
1‐1, one of three phenotypes of haptoglobin, relates to SIL and may therefore
attenuate the endothelial repair by EPC. Our aim was to quantify EPC number and
function and to assess haptoglobin phenotype and its effect on EPC function in
patients with a high prevalence of SIL: lacunar stroke patients. We assessed EPC in 42
lacunar stroke patients and 18 controls by flow cytometry and culture with fetal calf
serum, patient and control serum. We determined haptoglobin phenotype and
cultured EPC with the three different haptoglobin phenotypes. We found that EPC
cluster counts were lower in patients (96.9 clusters/well±83.4 (mean±SD)), especially
in those with SIL (85.0±64.3), than in controls (174.4±112.2). Cluster formation was
inhibited by patient serum, especially by SIL patient serum, but not by control serum.
Patients with haptoglobin 1‐1 had less clusters in culture, and when haptoglobin 1‐1
was added to EPC cultures, cluster numbers were lower than with the other
haptoglobin phenotypes. We conclude that lacunar stroke patients, especially those
with SIL, have impaired EPC cluster formation, which may point at decreased
endothelial repair potential. The haptoglobin 1‐1 phenotype is likely a causative factor
in this impairment.
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Introduction
Cerebral white matter lesions (leukoaraiosis) and asymptomatic lacunar infarcts,
collectively termed silent ischemic lesions (SIL), are caused by cerebral small vessel
disease, which also underlies lacunar stroke. SIL are associated with cognitive decline,
increased risk of (recurrent) stroke, and a poorer prognosis.1, 2 Endothelial dysfunction
and damage is probably involved in the development and progression of cerebral small
vessel disease.3 It might lead to an increased permeability of the blood‐brain barrier
and leakage of plasma proteins, with lacunar infarcts and white matter lesions as a
consequence.4
Bone marrow derived endothelial progenitor cells (EPC) are involved in endothelial
repair. Their numbers are lower and their cluster forming potential is decreased in
patients with increased cardiovascular risk or stroke.5‐7 Furthermore, lower EPC
numbers as well as lower cluster forming potential, as measured shortly after stroke,
relate to a poor prognosis regarding functional recovery.8,9 Regulating factors of EPC
number or cluster forming potential in cerebrovascular disease remain elusive.10 In
cerebral small vessel disease, however, EPC could attenuate the development of SIL by
their endothelial restorative capacity.
Haptoglobin (Hpt) is an acute phase protein and has three different phenotypes.
Earlier, we demonstrated that the Hpt phenotype 2‐2 is underrepresented in lacunar
stroke patients with SIL.11 Hpt 2‐2 relates to angiogenic potential, however, the
mechanism for such effect is unclear.12 As EPC activity could mitigate the process of
endothelial repair in SIL patients, potential differences in EPC response could be
related to the Hpt phenotype.
We hypothesized that both EPC numbers and cluster forming potential are lower in
patients with SIL than in controls. We also hypothesized that this difference might be
due to the effects of different Hpt phenotypes. Therefore, we enumerated EPC,
measured EPC cluster formation, determined Hpt phenotypes, and explored effects of
patient serum and Hpt on EPC cluster formation in a patient population with a high
prevalence of SIL: patients with a first‐ever lacunar stroke.

Materials and methods
Patients
We included 42 lacunar stroke patients (event between May 2003 and December
2004) registered in the prospective Maastricht Stroke Registry (a database including all
stroke patients over the age of 18 with symptoms lasting longer than 24 hours).2
Lacunar stroke was defined as an acute stroke syndrome with a lesion on imaging
compatible with the occlusion of a single perforating small artery, consisting of a
subcortical, demarcated lesion with a diameter <15 mm on MRI.2 Furthermore, these
patients had no evidence of a cardiac embolic source, nor signs of cerebral large vessel
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disease, or carotid stenosis on Duplex imaging (see de Jong et al.2 for criteria). 18
patients who visited the neurological outpatient department because of myogenic
back pain, carpal tunnel syndrome, or other entrapment neuropathies, served as
controls. They were free of any vascular or inflammatory disease, or hypertension, and
were without silent ischemic lesions on cerebral MRI (see below). Vascular risk factor
profiles were recorded as previously described.2 Characteristics of the study
population are outlined in Table 6.1.
Table 6.1

Characteristics of patients and controls (at the time of blood sampling). Statistically significant
differences indicated with *
Patients (n=42)

Controls (n=18)

p‐value

Age (mean (±standard deviation (SD)))

64.0 (±11.4)

60.8 (±9.3)

Male sex (n (%))

22 (66.7)

8 (44.4)

0.152

Coronary artery disease (n (%))

8 (19.0)

0 (0.0)

0.091

Peripheral Vascular Disease (n (%))

4 (9.5)

0 (0.0)

0.306

Diabetes (n (%))

6 (14.3)

0 (0.0)

0.165

0.188

Current Smoking (n (%))

20 (47.6)

6 (33.3)

0.262

Positive Family History (n (%))

23 (54.8)

8 (44.4)

0.349

Statin Use (n (%))

39 (92.9)

0 (0.0)

<0.001*

ACE inhibitor Use (n (%))

10 (23.8)

0 (0.0)

0.181

Angiotensin Receptor Blocker Use (n (%))

18 (42.9)

0 (0.0)

0.060

Systolic Blood Pressure (mmHg; (mean (±SD)))

151.6 (±25.1)

138.3 (±15.2)

0.048*

Diastolic Blood Pressure (mmHg; (mean (±SD)))

87.3 (±12.9)

84.4 (±9.5)

0.289

CRP (mean (±SD))

6.18 (±11.4)

2.99 (±2.6)

0.362

Glucose (mean (±SD))

6.2 (±2.5)

5.3 (±0.5)

0.016*

Cholesterol (Total) (mean (±SD))

4.2 (±0.9)

5.8 (±0.8)

<0.001*

LDL Cholesterol (mean (±SD))

2.5 (±0.9)

4.0 (±0.8)

<0.001*

HDL Cholesterol (mean (±SD))

1.1 (±0.3)

1.2 (±0.3)

0.068

Triglycerides (mean (±SD))

1.54 (±1.4)

1.07 (±0.6)

0.112

Procedures
To obtain results which were not confounded by acute phase responses, all lacunar
stroke patients underwent the below mentioned procedures more than 2 years after
the stroke, when they were in a stable clinical condition.
MRI of the brain
Both standard T2‐weighted and fluid‐attenuated inversion‐recovery (FLAIR) sequences
were used (Gyroscan ACS‐NT; Powertrak 6000 Philips, Eindhoven, The Netherlands;
scan parameters: 1.5 Tesla, field of view 23*23 cm, matrix 512*512; standard axial T2
(TR shortest, TE 100 ms) and axial FLAIR (TR 8000 ms, TE 120 ms) images, all with slice
thickness 5 mm and gaps of 0.50 mm). Images were assessed by consensus by two
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vascular neurologists as described earlier.13 In short, the symptomatic lacunar infarct
was defined as a hyperintense lesion on T2 images with corresponding hypointense
lesions with a hyperintense rim on FLAIR, with a diameter of <20 mm, and its site
corresponding to the clinical syndrome 2 years earlier. If no such lesion was visible, we
used established criteria for lacunar stroke syndromes2 and certified that no other
brain pathology as visible on MR imaging could account for the symptoms.
Asymptomatic lacunar infarcts were defined as focal ischemic lesions in the
lenticulostriatal and anterior choriodeal artery territories (deep cerebral regions) with
similar radiologic properties. To estimate the extent of the periventricular and deep
white matter lesions (WML), the Fazekas‐scale was used.14 Extensive WML were
defined as a score of 3 (periventricular hyperintensities with involvement of white
matter) on the periventricular scale, and/or a score of 2 or 3 on the white matter scale
(beginning confluence of lesions or large confluent lesions). Silent ischemic lesions (SIL)
were defined as the presence of one or more asymptomatic infarcts and/or extensive
WML.
Blood
For EPC quantification, 30 mL blood was sampled after an overnight fast, without the
use of a tourniquet, and anticoagulated in heparin (standard 10 mL tubes, BD
Biosciences, Breda, The Netherlands). Serum samples were collected in 5 mL tubes (BD
Biosciences). At the same time, systolic and diastolic blood pressure (standard
manometric measurement) were measured. Also, leukocyte count, blood glucose,
hsCRP, total cholesterol, High Density Lipoprotein (HDL), and Low Density Lipoprotein
(LDL) values (all with standardized patient care protocols) were obtained at this time
point.
Flow cytometry: counting EPC numbers
A standard protocol adjusted for the probably low event rate of EPC was used.15 In
short, we incubated 100 microliters of whole blood with the following monoclonal
labelled antibodies: PerCP‐anti‐CD34 (BD Biosciences) PE‐anti‐KDR (R&D Systems
Europe, Abingdon, United Kingdom), and APC‐anti‐CD133 (Miltenyi Biotech, Utrecht,
The Netherlands), for 30 minutes at 4°C in the dark. We used IgG1‐PE, PerCP, and APC
labelled antibodies (BD Biosciences) as isotype controls. After lysis of erythrocytes with
ammoniumchloride, we counted cells with a FACSCalibur (BD Biosciences). Cells were
gated in two steps, using CellQuest Software (BD Biosciences): 1) selection of CD34‐
positive cells with side scatter similar to that of lymphocytes and monocytes, and 2)
gating for KDR positive cells in this group. Double positive cells in isotype staining
(same gating stategy) were subtracted from the total number of cells in the specific
staining. Data were expressed as absolute number CD34+/KDR+‐cells*106/mL full
blood, as calculated from the total leukocyte count.
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Cell culture: measuring EPC cluster formation
For cell culture, we used two different methods simultaneously.5,6,10 In short,
peripheral blood mononuclear cells were isolated by density gradient centrifugation
(Lymphoprep, Axis, Oslo, Norway) and plated onto gelatin coated wells at 4*106 cells
per well (24 well plates) in 1 mL of medium (RPMI 1640 Glutamax I; Gibco/Invitrogen,
Breda, The Netherlands) containing 20% heat‐inactivated fetal calf serum (Integro BV,
Lelystad, The Netherlands), 100 IU/mL penicillin and 100 microgram/mL streptomycin
(Gibco), heparin (20 IE/mL; Leo Pharma, Breda, The Netherlands) and endothelial
growth factors (extracted from bovine hypothalamus). Cells were cultured at 37°C and
5%CO2. After 48 hours non‐adherent cells were detached and replated on gelatin
coated wells (at 1*106 cells/well). Adherent cells were supplied with fresh medium.
Cultures were continued until day 7 for both the initially non‐adherent cells (termed
Endothelial Cell Colony‐Forming Units (CFU‐EC); these cells probably paracrinely
stimulate the recovery of damaged endothelium)16 and the adherent cells (termed
Endothelial Colony Forming Cells (ECFC); these cells probably differentiate into mature
endothelial cells).16 All cultures were performed in duplex. Clusters consisting of round
cells, with emanating spindle shaped cells peripherally (see Figure 6.1), were counted
at 7 days, by 2 observers, blinded for all clinical data and each other’s countings.
Endothelial phenotype of clusters was confirmed in all patient EPC cultures by uptake
of DiI‐labelled acetylated LDL (CellSystems Biotechnologie Vertrieb, St. Katharinen,
Germany) and binding of UEA‐lectin (Sigma‐Aldrich, Zwijndrecht, The Netherlands); as
described by Hristov et al.17 We expressed cluster counts as averages of the duplex
measurements for comparison between observers, and as overall average for further
data analysis. The interobserver agreement (as measured by intraclass correlation18) of
this method was high: correlations were higher than 0.9 (p<0.001).
To determine the phenotypes of ECFC and CFU‐EC suggested by Yoder et al.16, we used
flow cytometry in a selection of patients (n=3). Cells were detached, washed with PBS,
incubated for 30 minutes at 4°C with the following antibodies: PerCP‐anti‐CD3, APC‐
anti‐CD4, PE‐anti‐CD14, FITC‐anti‐CD31, PE‐anti‐CD144, (all from BD Biosciences), and
PE‐anti‐KDR (R&D Systems), washed with PBS and counted with FACSCalibur (BD
Biosciences) and analyzed using CellQuest Software (BD Biosciences).
For cultures with patient or healthy control serum, procedures were identical, except
we added 10% of heat inactivated human serum and omitted the fetal calf serum. We
chose this lower concentration after a titration experiment which showed no
difference in EPC growth in 10 or 20% human serum. Note that we did not pool sera
for the present study, but assessed effects on EPC outgrowth for each serum sample
separately. All patient sera were tested on healthy EPC as isolated from one single
healthy donor.
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Figure 6.1

Example of an EPC cluster.

Determination of Hpt phenotype
Hpt phenotypes were determined by using starch gel electrophoresis of haemoglobin‐
supplemented serum, followed by peroxidase staining, according to Smithies19 as
described earlier.20
Purification of Hpt
Hpt was purified similar to previously described methods with some minor
modifications.21 First, haemoglobin was purified from freshly collected blood from a
volunteer in EDTA containers (BD Biosciences). After centrifugation and aspiration of
plasma, red blood cells were washed three times in phosphate buffered saline (with
0.15 M NaCl and 10 mM phosphate, pH 7.4) and lysed in deionized water at 4°C. After
removal of cell debris by centrifugation at 3500g for 30 minutes, haemoglobin was
fractionated by adding one volume of saturated ammonium sulphate pH 7 at 4°C for
30 minutes, followed by centrifugation at 4500g for 40 minutes at 4°C to remove
precipitated proteins. The supernatant containing haemoglobin was dialyzed against
0.02 M sodium phosphate, pH 8.0, at 4°C overnight and concentrated by ultrafiltration
through an Amicon P‐10 filter (Millipore, Amsterdam, The Netherlands), prior to
column chromatography. A DEAE column, equilibrated with phosphate buffer, was
used for purification. Samples with chromatography profile (read at 280 nm)
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consistent with haemoglobin were pooled and dialyzed against coupling buffer, 0.1 M
sodium carbonate, 0.5 M NaCl, pH 8.3 at 4oC.
Second, the haemoglobin was coupled to CNBr‐activated Sepharose‐4B (GE
Healthcare, Hoevelaken, the Netherlands) After swelling and washing of the gel in
1 mM HCl at 4oC, it was added to the predialyzed haemoglobin and stirred gently for
two hours at room temperature. After coupling, the gel was centrifuged and the
supernatant, containing the uncoupled haemoglobin, was removed. To saturate
remaining active sites of Sepharose, the gel was incubated in 0.2 M glycine pH 8.0 for
another two hours, after which the gel was washed alternatingly with coupling buffer
and acetate buffer (0.1 M sodium acetate, 0.5 M NaCl, pH 4.0) and finally with PBS pH
7.4.
Third, glass columns (BioRad, Veenendaal, The Netherlands) were packed with 2 mL
haemoglobin‐Sepharose and patient serum samples (2.2 mL) were loaded onto them.
Due to its high affinity for haemoglobin, all Hpt binds to the gel, whereas the remaining
serum proteins diffuse through the column. Thus Hpt depleted serum was recovered
from the column. Prior to elution of the Hpt bound to the column, the column was
washed with 0.15 M NaCl pH 11 and subsequently eluted in 0.15 M NaCl, pH 11 with 5
M urea. This fraction was collected in a tube containing 1 M Tris‐HCl pH 7.0 to
immediately neutralize the pH value. These fractions were dialyzed against PBS at 4°C
overnight before use.
Preparation of culture media for addition of Hpt in EPC cultures
We randomly selected 8 patient sera from this study. We used the same culture
medium as described above, with replacement of the 20% fetal calf serum by 20% heat
inactivated human serum. For Hpt depleted serum we had to adjust the percentage
added to culture serum due to protein loss. Protein concentrations before and after
depletion were measured according to Lowry; average loss was 40%. We therefore
increased serum percentage to obtain similar protein concentrations in the medium
before and after depletion. Before use in culture, culture media were sterilized by
filtration (Acrodisc Syringe Filters 0.2 micrometer membrane, Pall Corporation, Ann
Arbor, MI, USA).
In three patients, one with 1‐1, one with 2‐1 and one with 2‐2 Hpt, we added Hpt to
the depleted serum in physiological concentrations (1 mg/mL). Hpt 1‐1 and 2‐2 were
commercially obtained (Sigma‐Aldrich, Zwijndrecht, The Netherlands), Hpt 2‐1 was
purified as described above.
Hpt in EPC cultures
ECFC and CFU‐EC procedures were identical as described above with the following
modifications: we used 96 well plates for culture, and adjusted cell concentration to
well surface (200 microliter medium with 4.2*10 6 cells). With regard to media the
following serum and Hpt additions were used: 1) fetal calf serum: a) pure; b) with Hpt
1‐1; c) with Hpt 2‐1; and d) with Hpt 2‐2. 2) 8 different patient sera separately: a)
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before depletion; and b) after depletion. 3) 3 depleted patient sera (1‐1, 2‐1, and 2‐2
seperately) with extra addition of a) Hpt 1‐1; b) Hpt 2‐1; and c) Hpt 2‐2 in all three
patients.

Statistical analysis
We assessed correlations between EPC counts and clinical parameters by Pearson’s R
for continuous variables, and by t‐tests or Mann‐Whitney tests for independent
samples (whichever was appropriate) for dichotomous variables. We consequently
compared patients and controls with regard to cluster counts and to flow cytometry
data (absolute number CD34+/KDR+ cells as well as CD34+‐cells) using t‐tests and
Mann‐Whitney tests. Correction for age was tentatively performed using MANOVA
(distribution of data was not ‘normal’). We further contrasted patients with SIL and
patients without SIL and compared cluster counts and flow cytometric data. Finally,
paired tests were used to compare both cluster counts in patient serum and healthy
control serum, and cluster counts of healthy EPC in patient serum and counts of
patient EPC in patient or healthy control serum. All analyses were performed using
SPSS version 12.0.1.

Results
Phenotype of cultured EPC
Cells in our cultures had endothelial characteristics, as confirmed by lectin uptake and
binding of acetylated LDL in up to 90% of cells. Cells which were either adherent or
non‐adherent after 48 hours culture were phenotyped further in 3 selected patients
with FACS analysis after 7 days of culture. A representative characterization is shown in
Figure 6.2.

EPC and clinical parameters
EPC numbers, as detected by FACS analysis, did not relate to the parameters such as
age, blood pressure, CRP or cholesterol in the study group. Lower EPC cluster counts
(detected as ECFC after 7 days of culture) correlated significantly with higher age but
not with other variables such as blood pressure, CRP or cholesterol (see Table 6.2). No
correlations were found between EPC numbers as detected by FACS analysis and ECFC
or CFU‐EC cluster counts after 7 days of culture (Pearson R‐square; p>0.05).
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Phenotype of cultured cells

Figure 6.2

Example of a single characterization of cultured cells. Bars indicate percentages of cells
positive for the marker designated on the x‐axis.

EPC in lacunar stroke patients versus controls
EPC numbers (defined as CD34+/KDR+‐cells) did not differ between lacunar stroke
patients and controls (Table 6.3). Also, progenitor cells in general (CD34+‐cells) did not
differ between patients and controls. However, EPC cluster formation as measured by
ECFC counts was significantly decreased in patients when compared to controls (Table
6.3). Also, CFU‐EC cluster counts were lower in patients than in controls. This
difference persisted after correction for age in CFU‐EC. When ECFC cluster counts were
corrected for age, the p‐value changed to 0.06.

Yes

0.034; p=0·82

HDL Cholesterol

Triglycerides

0.36 (±0.38)
0.66 (±0.41)
1.02 (±0.89)
1.96 (±1.12)
0.99 (±0.99)
0.87 (±1.19)
1.16 (±1.33)
1.17 (±1.28)
1.42 (±1.21)
0.81 (±0.89)

Coronary artery disease

Peripheral Vascular Disease

Hypertension

Diabetes

Current Smoking

Positive Family History

Hypercholesterolemia

Statin Use

ACE inhibitor Use

Angiotensin Receptor Blocker Use

1.26 (±1.51)

Male sex

No

1.11 (±1.43)

0.93 (±1.28)

0.83 (±1.26)

0.83 (±1.23)

1.25 (±1.38)

1.01 (±1.26)

0.93 (±1.25)

1.05 (±1.58)

1.06 (±1.31)

1.11 (±1.32)

0.75 (±0.82)

0.099; p=0.51

LDL Cholesterol

Dichotomous variables: Means (±SD)

0.058; p=0.70
0.053; p=0.72

Cholesterol (total)

0.239; p=0.10
0.143; p=0.33

0.205; p=0.16

Diastolic Blood Pressure

Glucose

0.213; p=0.15

Systolic Blood Pressure

CRP

0.131; p=0.36

Age

Pearson’s R; two tailed significance

Number of EPC: CD34+/KDR+

93.9 (±104.8)

88.5 (±66.3)

98.1 (±103.3)

100.1 (±86.0)

102.2 (±85.6)

129.9 (±117.1)

138.5 (±97.2)

178.8 (±162.3)

105.5 (±89.5)

150.8 (±94.4)

No

128.6 (±105.0)

122.5 (±97.1)

153.8 (±111.1)

142.8 (±110.4)

111.1 (±77.7)

124.2 (±103.4)

112.8 (±90.2)

131.8 (±105.5)

116.9 (±98.4)

123.4 (±96.6)

146.6 (±108.2)

-0.019; p=0.90
102.3 (±88.8)

Yes

0.035; p=0.81

0.188; p=0.21

0.191; p=0.20

0.199; p=0.18

-0.235; p=0.11

-0.114; p=0.45

-0.256; p=0.08

-0.408; p<0.01*

Pearson’s R; two tailed significance

ECFC Cluster Formation

147.4 (±146.1)

77.2 (±61.3)

123.2 (±110.7)

164.1 (±190.6)

173.8 (±210.5)

133.5 (±106.2)

125.3 (±117.2)

130.8 (±123.5)

132.9 (±99.1)

130.0 (±96.5)

No

153.1 (±167.6)

166.9 (±171.0)

206.8 (±223.5)

139.2 (±112.1)

133.8 (±101.7)

184.1 (±222.8)

154.1 (±165.2)

173.4 (±192.9)

152.5 (±163.8)

156.0 (±171.7)

190.3 (±217.5)

0.054; p=0.72
129.7 (±116.5)

Yes

-0.041; p=0.78

0.161; p=0.28

0.164; p=0.27

-0.085; p=0.57

-0.093; p=0.53

-0.102; p=0.50

-0.197; p=0.19

-0.068; p=0.65

Pearson’s R; two tailed significance

CFU-EC Cluster Formation

Associations of different EPC quantification methods with clinical parameters in the whole study group (N=60). For continuous variables, associations are
expressed by Pearson’s R. For dichotomous variables, means were compared with Student’s T-test or Mann-Whitney test (whichever was appropriate for
the distribution). Significant correlation marked with *.

Continuous variables: Correlations

Table 6.2
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Table 6.3

EPC numbers and cluster counts in lacunar stroke patients and healthy controls. Lacunar stroke
patients also divided into patients with silent ischemic lesions and those without. Significant
differences as indicated.

6

CD34+ (in 10
cells/mL;
mean ± SD)
3
CD34+/KDR+ (in 10
cells/mL;
mean ± SD)
ECFC (clusters/well;
mean ± SD)
CFU‐EC
(clusters/well;
mean ± SD)

Controls
(n=18)

Lacunar stroke
patients (n=42)

Patients with
SIL (n=29)

Patients without
SIL (n=13)

1.1 ± 0.97

1.2 ± 2.20

1.5 ± 2.59

0.40 ± 0.39

0.82 ± 1.33

1.15 ± 1.24

1.21 ± 1.26

0.92 ± 1.23

174.4±112.2

96.9±83.4

85.0±64.3

125.6±117.0

118.8±112.9

121.5±96.6

*
235.5±239.2†

‡
119.6±107.0

†

§

*: p=0.01, †: p=0.03, ‡: p=0. 02, §: p=0.05.
Note: for CD34+ there was a trend to difference between patients with SIL and patients without SIL (p=0.06)

EPC and silent ischemic lesions
EPC numbers, as detected by FACS analysis by the presence of CD34 and KDR, did not
differ significantly between patients with SIL (n=29) and controls (n=18). CD34 positive
progenitor cells tended to differ between patients with SIL, who had slightly higher
numbers of these cells, and patients without SIL (p=0.06). More importantly, however,
ECFC counts were significantly lower in patients with silent lesions than in controls,
whereas CFU‐EC were also lower in patients than in controls. ECFC or CFU‐EC counts
did not differ between patients without SIL (n=13) and controls (see Table 6.3).
Lacunar stroke patient serum and CFU‐EC cluster formation
When EPC from lacunar stroke patients were cultured with autologous patient serum,
lower CFU‐EC cluster counts were found than with fetal calf serum (32.0 CFU‐EC/well ±
44.3 CFU‐EC/well versus 83.5 /well ± 46.2 /well; p<0.001). The CFU‐EC cluster
formation of patient EPC, however, was not different when cultured in the presence of
serum from a healthy donor when compared with fetal calf serum. CFU‐EC cluster
counts of healthy donor EPC were also lower in cultures with patient serum than in
those with heterologous healthy donor serum or fetal calf serum (See Figure 6.3). ECFC
cluster formation of patients and healthy controls did not differ when cultured in the
presence of patient serum, healthy control serum, or fetal calf serum.
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p=0.025
p<0.001

p<0.001
N.S.

Figure 6.3

Cluster counts of cells which were non‐adherent after 48 hours (Endothelial Cell Colony
Forming Units (CFU‐EC)), counted after 7 days. First three bars: CFU‐EC cluster formation from
EPC of a single healthy donor. Bars are based on three independent duplicate measurement
for fetal calf serum (white bar), three measurements for (autologous) healthy control serum
(grey bar) and twenty‐nine lacunar stroke patient sera (black bar). Last three bars: average
CFU‐EC cluster formation from EPC of lacunar stroke patients (n=15), in fetal calf serum (white
bar), in healthy control serum (grey bar), and autologous patient serum (black bar). Significant
differences are indicated.

Serum of patients with SIL and CFU‐EC cluster formation of healthy donor EPC
CFU‐EC cluster counts of healthy donor EPC were lower if cultured in the presence of
SIL patient serum (n=22; 40.2 CFU‐EC/well ± 26.5 CFU‐EC/well) than if cultured in the
presence of non‐SIL patient serum (n=7; 92.1 CFU‐EC/well ± 55.4 CFU‐EC/well;
p=0.049). CFU‐EC cluster formation of healthy EPC in patient serum did not correlate
with blood glucose, CRP or cholesterol, HDL or LDL levels in the patient serum.
EPC cluster formation and Hpt phenotype
To assess whether an inhibitory effect of patient serum on healthy CFU‐EC cluster
formation was due to Hpt we cultured cells in 20% full patient serum and Hpt depleted
serum. CFU‐EC counts tended to be higher in depleted serum (305.1 ± 171.1) than in
non‐depleted serum (183.2 ± 139.5; n=8, (paired) Wilcoxon‐test; p=0.064) We
hypothesized that the effect of Hpt depletion did not reach statistical significance
because of a differential effect of the different Hpt phenotypes. To assess whether this
effect differed between the three different phenotypes of Hpt, we determined Hpt
phenotype in relation to CFU‐EC cluster formation. Patients with Hpt 1‐1 (n=8) had
significantly lower CFU‐EC cluster counts (median 37.9 interquartile range 45.4) than
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patients with 2‐1 and 2‐2 (n=21; median 96.3,
interquartile range 94.6; p=0.02; see Figure
6.4). In vitro, we added purified Hpt protein to
our standard culture medium. Healthy CFU‐EC
cluster formation was strikingly lower in
medium with Hpt 1‐1 but also with Hpt 2‐1
(Figure 6.5). We also added the three different
Hpt proteins to Hpt depleted patient serum of
three different patients, with originally Hpt 1‐
1, 2‐1 and 2‐2. Again, healthy CFU‐EC cluster
formation was strikingly lower in medium
containing Hpt 1‐1 as compared to Hpt
depleted serum, regardless of the original Hpt
phenotype of the Hpt depleted patient serum
to which the Hpt 1‐1 was added (Figure 6.5).
For all mentioned tests healthy ECFC cluster
formation was not significantly different
between Hpt phenotypes.

% CFU-EC
Cluster Formation,, control 100%

Figure 6.4 Haptoglobin and CFU‐EC cluster
formation. CFU‐EC Cluster counts in patients
with haptoglobin phenotype 1‐1 are
significantly lower than those with 2‐1 or 2‐2;
Mann Whitney U test, p=0.02.

Control (depleted
(
serum) normalized to 100
Full serum
Depleted Serum with Haptoglobin 1-1 Protein
Depleted Serum with Haptoglobin 2-1
1 Protein
Depleted Serum with Haptoglobin 2-2 Protein

Fetal Calf Serum

1-1 Serum

2-1 Serum

2-2 Serum

Serum type in the culture medium

Figure 6.5

Effect of the three different haptoglobin phenotypes on CFU‐EC cluster formation of one
healthy donor. First bars indicate CFU‐EC cluster formation after 7 days in culture medium with
haptoglobin depleted serum. Second bars indicate cluster formation in culture medium with
full patient serum whereas bars 3 to 5 indicate cluster formation in culture medium with
haptoglobin depleted serum and subsequent supplementation with haptoglobin 1‐1, 2‐1, and
2‐2, respectively. Addition of haptoglobin 1‐1 results in lowest values for CFU‐EC cluster
formation. Statistical analyses not performed due to nature of measurements.
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Discussion
In this study we found that absolute EPC numbers, as measured by flow cytometry, did
not differ between lacunar stroke patients and controls. In contrast, EPC cluster
numbers, as measured after 7 days of culture, were significantly lower in patients.
Moreover, in lacunar stroke patients with additional silent ischemic lesions cluster
counts were even lower than those in lacunar stroke patients without such lesions.
These findings indicate that EPC cluster formation is impaired in patients with lacunar
stroke, and even more so in lacunar stroke patients with concomitant silent ischemic
lesions. Moreover, as CD34+‐progenitor cell numbers tend to be higher in patients
with silent ischemic lesions, cluster formation may be proportionally even more
deficient.
In two prognostic studies in patients with coronary artery disease, lower EPC cluster
formation related to more cardiovascular events during follow‐up.6,22 Migraine
patients have lower EPC cluster formation than tension type headache patients, and
also in this patient group, EPC cluster formation relates to the Framingham Risk
Score.23 In stroke, however, there are only few studies on EPC cluster formation and
prognosis. Ghani et al. showed that EPC cluster number (ECFC variant) were lower in
stroke patients than in healthy controls.7 Chu et al.9 confirmed these results by using
another culture technique in which cells were left to adhere for 7 days (this method
leaves no room for differentiation into ECFC or CFU‐EC). They also demonstrated that
EPC cluster numbers differed between stroke subtypes: patients with cardioembolic
stroke had higher numbers than patients with large or small vessel stroke.9 Sobrino et
al. showed that EPC cluster numbers (CFU‐EC variant) rose in 25 (non‐lacunar) stroke
patients with good outcome in the first three months after their stroke.8 In all these
studies EPC cluster formation after culture was assessed without the simultaneous
measurement of EPC numbers as detected by flow cytometry. Therefore, it is unknown
whether cluster formation was reduced as a consequence of lower absolute EPC
numbers or as a consequence of functional deficits in the EPC. On the other hand,
Taguchi et al.24 counted progenitor cell numbers (CD34+‐cells) in 5 stroke patients, and
demonstrated a rise 7 days after the stroke. Similarly, Yip et al.25 found that
CD34/KDR+‐cells were increased after 2 days in stroke patients and demonstrated that
a higher CD34/KDR+‐proportion within the total leukocyte count related to a better
clinical recovery 90 days after stroke. However, these authors did not perform culture
assays to assess the cluster formation potential. All these studies point to a possible
role of EPC in the acute pathophysiological process after ischemic stroke. However,
they do not allow conclusions with regard to processes of EPC recruitment and/or
regulation of EPC cluster formation as these studies were observational in character.
Therefore, by the simultaneous measurement of the absolute number by flow
cytometry as well as the cluster formation potential, our study shows that lacunar
stroke patients most likely have an impaired EPC function, which is not due solely to a
lower EPC number.
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Our second important finding was that cluster formation was impaired when we added
serum of patients with SIL to cultures of healthy and/or patient EPC. These findings
indicate that one (or more) inhibitory factors on EPC cluster formation may be present,
or that enhancing factors for EPC cluster formation may be deficient in the serum of
patients with SIL. From our in vitro studies, we suggest that the Hpt phenotype 1‐1 is a
likely candidate for this effect. Previously, we demonstrated that the Hpt 1 allele
related to white matter lesions, and that Hpt 2‐2 was significantly less frequent among
lacunar stroke patients than in controls.11 In the present study, we demonstrated that
patients with Hpt 1‐1 had lowest CFU‐EC cluster counts (Figure 6.4). Furthermore, Hpt
1‐1 related to the lowest CFU‐EC cluster numbers after its addition to Hpt free culture
medium, as compared to the other Hpt types (Figure 6.5). The potent angiogenic
properties of Hpt 2‐2 (which are higher than those of Hpt 1‐1), as demonstrated in
animal models of cardial ischemia,12 could be key to the understanding of the relation
between SIL, Hpt 1‐1 and low CFU‐EC cluster numbers. A defective blood‐brain barrier
as a consequence of endothelial dysfunction is probably involved in the pathogenesis
of SIL. Because EPC restore endothelial function,26 an impaired EPC response could in
this way lead to the development of cerebral small vessel disease and SIL. Moreover,
the relation between lower EPC cluster counts and silent white matter lesions may be
mediated by the absence of Hpt 2‐2, because Hpt 2‐2 relates to angiogenic potential,
and cerebral small vessel integrity may especially depend on this potential. Thus, the
Hpt 2‐2 phenotype might offer protection from cerebral small vessel disease by its
angiogenic properties and stimulation of EPC.
Other well‐defined serum factors, which are already known to attenuate EPC cluster
formation, are CRP,27 and low density lipoprotein (LDL).28 In a study with serum of
patients with renal insufficiency, Westerweel et al.29 demonstrated that healthy EPC
cluster formation was attenuated. They suggested that this effect was due to the
uraemia. In our study CRP and LDL values did not differ between SIL and non‐SIL
patients, and none of our patients was uraemic (data not shown). Alternatively, the
absence of a beneficial factor may have resulted in decreased EPC cluster formation in
our patients. Statins enhance EPC function in vitro.30 Since nearly all our lacunar stroke
patients used statins, and SIL as well as non‐SIL patients used them equally, it is
unlikely that statins account for the differences found in inhibition of healthy EPC
outgrowth between these groups.
Yoder et al.16 recently described two different EPC populations which can be
distinguished in culture: CFU‐EC and ECFC. The first population possesses regulating,
angiogenic properties, and the second matures into endothelial cells. For both the
ECFC as well as the CFU‐EC population, cluster numbers were lower in our lacunar
stroke patients. However, only CFU‐EC were attenuated in their cluster formation by
SIL patient serum. Previously, several investigators showed that impaired CFU‐EC
cluster formation was related to an increased rate of cardiovascular events and a
poorer prognosis.6, 8 We postulate that modulation of the function of these cells in
patients with silent ischemic lesions (who have increased risk of recurrent stroke and
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(vascular) cognitive decline)2,31‐33 especially in the presence of haptoglobin 1‐1, may
find a place in improving the prognosis, including the mitigation of the vascular
contribution to the development of cognitive decline and dementia.
Our study has some drawbacks. First, our lacunar stroke patients had a slightly more
extensive vascular history than our controls. In statistical analyses, correction is only
possible to a certain extent. However, our lacunar stroke patients with concomitant SIL
and those without SIL did not differ in vascular history. It is therefore unlikely that
comparisons between these groups are biased by vascular risk factors. Second, our
study, as well as all other studies regarding EPC, used non‐standardized methods to
detect these cells. This could lead to assessment of other cell types, which are not EPC.
Recently, a new protocol for EPC flow cytometry has been published,34 but other
quantification techniques, like ours, are also widely used.5, 6 For cultures, we used a
protocol similar to that of Yoder et al.16 However, we could confirm that the cells we
cultured were (at least partly) of endothelial phenotype. Third, the lack of correlation
between flow cytometric counting and cluster counts could indicate a defective
technique in one or both circumstances. However, this lack of correlation was
previously also found by others,35 and therefore, it only reflects the different EPC
characteristics which are measured by flow cytometry (EPC number) and culture (EPC
function).10 Fourth, as the clinical part in our study is purely observational, the
associations between lower EPC vitality and lacunar stroke and SIL cannot be
automatically regarded as causal. However, the experimental part of our study shows
the attenuation of CFU‐EC cluster growth by haptoglobin 1‐1. Fifth, as our study group
only consisted of patients with small vessel stroke, our findings cannot be generalized
to other stroke subtypes such as large vessel stroke, cardioembolic brain infarct, or
cerebral hemorrhage. However, such generalization may be undesirable, as SIL are
caused by cerebral small vessel disease.
In conclusion, our study is the first to show that EPC cluster formation is impaired in
lacunar stroke patients. Moreover, in patients with concomitant silent ischemic lesions
EPC cluster formation is impaired even further. Our data also indicate that it is most
likely that haptoglobin is one of the factors in serum which is responsible for this
effect. As EPC cluster formation relates to vascular prognosis, the identification of
haptoglobin phenotype, and its potential up‐ or downregulatory mechanisms, could
open new avenues for the treatment of cerebral small vessel disease and its
consequences among which is cognitive decline.
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Abstract
Background and purpose
Cerebral small vessel disease (CSVD) may be caused by endothelial dysfunction,
whereas endothelial progenitor cells (EPC) may attenuate endothelial dysfunction.
Their vitality is lower in CSVD. A subset of lymphocytes, angiogenic T‐cells, is capable to
stimulate EPC function. The purpose of our study was to explore the relation between
CSVD manifestations, angiogenic T‐cells, and EPC in hypertensive patients with CSVD.
Methods
We compared 32 essential hypertensive patients with CSVD (white matter lesions,
asymptomatic lacunar infarcts or microbleeds on 1.5 Tesla MRI) to 29 age‐ and sex‐
matched hypertensive controls. We counted angiogenic T‐cells (CD3+/CD31+/CD184+)
and putative EPC (CD31+/CD34+/CD45‐/KDR+) by flow cytometry, and determined EPC
vitality by in vitro cluster formation.
Results
Putative EPC numbers were lower in hypertensives with CSVD than in those without
(10±7.103/mL versus 13±6.103/mL; (median±interquartile range), p=0.011). Angiogenic
T‐cell numbers were also lower in hypertensives with CSVD than in those without
(0.56±0.25.109/mL versus 0.78±0.50.109/mL; p=0.008). Higher angiogenic T‐cell
numbers independently related to absence of CSVD (OR 0.088; 95%‐CI 0.012‐0.627).
Conclusions
Our data suggest that angiogenic T‐cells and putative EPC independently relate to
radiological CSVD manifestations in hypertensive patients.
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Introduction
Cerebral Small Vessel disease (CSVD) has several manifestations, such as white matter
lesions (WML), lacunar infarcts and microbleeds. Blood‐brain barrier dysfunction could
play a key role in the pathogenesis of these abnormalities.1 Dysfunction of the blood‐
brain barrier may be attenuated by putative endothelial progenitor cells (EPC).
Putative EPC are immature cells, which circulate in peripheral blood.2 They are
involved in repair of endothelial damage2 and are possibly also involved in improving
endothelial cell function.3 In CSVD, however, more severely affected patients have
lower EPC vitality,4 whereas factors which regulate putative EPC in CSVD are largely
unknown.2
Recent studies suggest that angiogenic T‐cells (Tang) may regulate EPC function.5 Tang
express platelet endothelial cell adhesion molecule (CD31) as well as the receptor for
stromal derived factor 1 (CD184).5 Furthermore, Tang promote the formation of new
blood vessels and endothelial repair by stimulating the function of EPC.5
We hypothesized that CSVD patients have lower numbers of Tang, which may relate to
lower EPC vitality. To test this hypothesis, we counted angiogenic T‐cells and putative
EPC, and measured EPC functional properties in two groups of hypertensive patients,
one with and one without CSVD in a case‐control design.

Methods
Patients
Patients who were referred to the outpatient department of Internal Medicine for the
evaluation of their elevated blood pressure were included between July 2004 and
September 2006. Patients participated in a longitudinal cohort study on hypertensive
organ damage in the brain.6 Patients with evidence of secondary hypertension, chronic
renal insufficiency, diabetes, heart disease, atrial fibrillation or clinically evident
cerebrovascular disease were excluded.6 Of the 389 eligible patients, 218 were willing
and able to participate in the cohort study.
We selected two groups of patients at their follow‐up visit, two years after their
original inclusion. At this visit, patients underwent MRI of the brain as well as blood
sampling. Fifty‐three patients appeared to have CSVD (see below for criteria), and 32
of these participated in our study. In addition, age, sex and medication matched
hypertensive control subjects without CSVD from the master study were asked to
participate. Unfortunately, three subjects were unable to participate, which left a total
of 29 hypertensive controls without CSVD. For the other 21 patients with CSVD there
was no age, sex, and medication matched control available in the master study. With
regard to their vascular risk factor profiles, these subjects (n=21) did not differ from
the subjects with CSVD who were included (n=32). As vascular risk factor profiles, we
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defined diabetes mellitus as known diabetes, treated or not, or fasting serum glucose
>7 mmol/L, or a postprandial glucose level >11 mmol/L on at least 2 separate
occasions; coronary artery disease as known or treated angina pectoris, myocardial
infarction, or typical ECG changes; hypercholesterolemia as known high cholesterol
levels, treated or not, or fasting total cholesterol levels of >5.0 mmol/L; and peripheral
vascular disease as known intermittent claudication, leg ischemia at rest, or
amputation as a consequence of peripheral vascular disease.

Procedures
MRI of the brain
We described our MRI protocol in detail previously.6 In short, standard 1.5 Tesla T2‐
weighted, fluid‐attenuated inversion‐recovery (FLAIR), as well as gradient echo (T2*)
sequences were used (Intera, Philips Medical Systems, Best, The Netherlands; scan
parameters: 1.5 Tesla, field of view 23*23 cm, matrix 512*512, slice thickness 5 mm
and gaps of 0.50 mm). Images were assessed by consensus by two experienced
neurovascular researchers (R.P.W. Rouhl and R.J. van Oostenbrugge).7 We counted
lacunar infarcts (with diameter <20 mm; hyperintense lesions on T2 imaging with
corresponding hypointense lesion with hyperintense rim on FLAIR images) and deep
and/or superficial microbleeds (small (<5mm) hypointensities on gradient echo
imaging, not representing calcifications or superficial blood vessels). We used the
Fazekas‐scale to estimate the extent of the periventricular and deep WML.8 Extensive
WML were defined as a score of 3 (periventricular hyperintensities with involvement
of white matter) on the periventricular scale, and/or a score of 2 or 3 on the deep
white matter scale (beginning confluence of lesions or large confluent lesions). Based
on these assessments, we defined CSVD (and classified patients) with the presence of
one or more of the following: (asymptomatic) lacunar infarcts, extensive white matter
lesions or microbleeds.
Blood
For EPC quantification, 30 mL blood was sampled after an overnight fast, without the
use of a tourniquet, and anticoagulated in heparin (standard 10 mL tubes, BD
Biosciences, Breda, the Netherlands). Serum samples were collected in 5 mL tubes (BD
Biosciences). At the same time, we measured blood pressure by standard
sphygmomanometry.
Cell Culture: Measuring EPC cluster formation
For cell culture, we used two different methods simultaneously.2,3,9 In short, peripheral
blood mononuclear cells were isolated by density gradient centrifugation
(Lymphoprep, Axis, Oslo, Norway) and plated onto gelatin (1%) coated wells at 4.106
cells per well (24 well plates) in 1 mL of medium (RPMI 1640 Glutamax I;
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Gibco/Invitrogen, Breda, The Netherlands) containing 20% heat‐inactivated fetal calf
serum (Integro BV, Lelystad, The Netherlands), 100 IU/mL penicillin and 100 µg/mL
streptomycin (Gibco), heparin (20 IE/mL; Leo Pharma, Breda, The Netherlands) and
endothelial growth factors (extracted from bovine hypothalamus). Cells were cultured
at 37°C and 5% CO2. After 48 hours, non‐adherent cells were detached and replated
onto new gelatin coated wells (at 1.106 cells/well). Adherent cells were supplied with
fresh medium. Cultures were continued until day 7 for both the initially non‐adherent
cells (termed Endothelial Cell Colony‐Forming Units (CFU‐EC)); and the adherent cells
(termed Endothelial Colony Forming Cells (ECFC)). All cultures were performed in
duplicate. Clusters consisting of round cells, with emanating spindle shaped cells
peripherally, were counted at 7 days, by 2 observers, blinded for all clinical data and
each other’s countings. We expressed cluster counts as average of the duplex
measurements counted by two different observers for further data analysis. The
interobserver agreement (as measured by intraclass correlation) of this method was
high: correlations were higher than 0.9 (p<0.001).
EPC senescence
To assess senescence of the cultured cells, cells from the ECFC and CFU‐EC cultures
were harvested after 7 days of culturing. We used the commercially available
telomerase assay TeloTAGGG telomerase PCR ELISAPLUS (Roche, Almere, The
Netherlands). This assay detects telomerase activity with a lower activity denoting
cellular senescence. The assay was performed according to the manufacturer’s
instructions.
Flow cytometry: counting EPC numbers
To assess EPC numbers, we used the complete protocol previously published by Duda
et al.10 In short, we separated cells from plasma, and applied Fc‐blocking agent
(Miltenyi Biotec, Bergisch Gladbach, Germany) before incubating with FITC‐anti‐CD31,
PE‐anti‐KDR, PerCP‐anti‐CD34 and APC‐anti‐CD45 (all from BD Biosciences). While
assessing EPC numbers, we adjusted for their low event rate in flow cytometry,11 by
using IgG isotype controls for all fluorochromes (BD Biosciences). After washing, we
counted cells with FACSCalibur (BD Biosciences) and gated mononuclear cells,
identifying EPCs as CD31+/CD34bright/CD45‐/low/ KDR+. We corrected these cell numbers
for aspecific binding by subtracting positive cells in isotype controls.
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Figure 7.1

Gating strategy used for the flow cytometric enumeration of putative EPC
(CD31+/CD34+/CD45‐(or low)/KDR+). This analysis was performed by one trained observer,
using the following standardized gating strategy. Panel A: gating of mononuclear cells
(lymphocytes/monocytes) by their forward/sideward scatter properties. These cells are then
gated (Panel B) for CD31+ and CD45‐ (or low). Sequentially, these cells are then gated for their
KDR+ and CD34+ (Panel C). The marker settings for this last panel are determined by the
isotype measurement (not shown) in which the population of cells is completely in the lower
left quadrant. For putative EPC enumeration, the possible rare events in the upper right
quadrant from the isotype measurement are subtracted from the events in the upper right
quadrant of panel C.

Counting angiogenic T‐cells
We quantified angiogenic T‐cells (Tang) by flow cytometry. We used the monoclonal
antibodies PerCP‐anti CD3, FITC‐anti CD31, and PE‐anti CD184 (all from BD
Biosciences). We defined Tang as CD3+CD31+CD184+ (strategy for gating shown in Figure
7.2). We quantified Tang from peripheral blood as well as from EPC cultures. Cells were
harvested from the plates after 7 days culturing.

Figure 7.2

Gating strategy used for the flow cytometric enumeration of Tang. Panel A shows the gating of
lymphocytes, based on their forward and side scatter properties. These cells are gated for
positivity for CD3 (Panel B), the general T‐cell marker. Subsequently, these cells (R5 in panel B)
are gated for CD31+/CD184+, upper right quadrant of panel C, which represents Tang.
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Statistical analysis
As data were not normally distributed, we evaluated whether significant differences
existed between the cellular variables of patients with and without CSVD by means of
the Mann‐Whitney test. Subsequently, we determined independent predictors for the
presence of CSVD using binary logistic regression analyses, with the presence or
absence of CSVD as dependent variable and the cellular variables (numbers of T‐cells,
Tang and EPC) as covariates, with correction for blood pressure levels (both systolic and
diastolic) and number of antihypertensive drugs, age and sex. All analyses were
performed using SPSS version 16.0.

Ethical considerations
The study was approved by the Medical Ethical Committee of the University Hospital
Maastricht and Maastricht University. All patients and controls gave their written
informed consent.

Results
Patient characteristics
Patient characteristics are shown in Table 7.1, whereas findings on imaging of the
study groups are outlined in Table 7.2. As a whole, risk factor profiles were similar
between hypertensive patients with and without CSVD. As per definition, patients with
CSVD had more extensive WML, more often lacunar infarcts and more often
microbleeds.
Table 7.1

Patient characteristics

Age (mean (±standard deviation (SD)))
Male sex (n (%))
Coronary artery disease (n (%))
Peripheral Vascular Disease (n (%))
Diabetes (n (%))
Current Smoking (n (%))
Systolic Blood Pressure (mmHg; (mean (±SD)))
Diastolic Blood Pressure (mmHg; (mean (±SD)))
Duration of hypertension (years; (mean (±SD)))
Duration of antihypertensive medication (months; (mean (±SD)))
Statin Use (n (%))
ACE inhibitor Use (n (%))
Angiotensin Receptor Blocker Use (n (%))

CSVD
(n=32)
65.2 (9.3)
18 (56.2)
5 (15.6)
0 (0.0)
3 (9.4)
5 (15.6)
159.5 (17.7)
90.8 (10.9)
12.4 (12.9)
93.1 (113.8)
13 (40.6)
9 (28.1)
15 (46.9)

No CSVD
(n=29)
63.0 (7.6)
15 (51.7)
4 (13.8)
0 (0.0)
1 (3.4)
2 (6.9)
152.8 (17.3)
87.2 (9.8)
14.0 (14.9)
97.1 (125.3)
16 (55.2)
9 (31.0)
16 (55.2)

p‐value
0.306
0.723
0.840
0.350
0.339
0.144
0.177
0.682
0.908
0.305
1.000
0.671
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Table 7.2

Imaging Characteristics of the two patient groups. For the grading of WML, the Fazekas‐scale
8
was used. Periventricular white matter: 0=no WML, 1=caps or pencil thin lining, 2= smooth
halo, 3=extending into deep white matter. Deep white matter: 0=no WML, 1=punctuate
lesions, 2=beginning confluence of lesions, 3= large confluent areas. *chi‐square test.

Asymptomatic Lacunar Infarcts (n (%))
Periventricular White Matter Lesions (n (%))

Deep White Matter Lesions (n (%))

0
1
2
3
0
1
2
3

Microbleeds (n (%))

CSVD
(n=32)
6 (18.8)
1 (3.1)
15 (46.9)
4 (12.5)
12 (37.5)
4 (12.5)
18 (56.3)
6 (18.8)
4 (12.5)
11 (34.4)

No CSVD
(n=29)
0 (0.0)
22 (75.9)
7 (24.1)
0 (0.0)
0 (0.0)
17 (58.6)
12 (41.4)
0 (0.0)
0 (0.0)
0 (0.0)

p‐value
<0.001*
<0.001*

<0.001*

<0.001*

Cerebral small vessel disease, EPC, and circulating Tang
Data for T‐cells and putative EPC are shown in Figure 7.3 and the Table 7.3. We found
that circulating T‐cell numbers were lower in patients with CSVD as compared to those
without CSVD. Furthermore, Tang numbers as well as EPC numbers were lower in
patients with CSVD as compared to those without. However, cluster counts and
senescence of the cultured cells were not different between the groups. We
performed binary logistic regression analyses to determine significant predictors for
the presence of CSVD. After correction for total T‐cell counts and blood pressure
measurements only higher Tang numbers significantly related to the absence of CSVD
(OR 0.088; 95%‐CI 0.012‐0.627).
Table 7.3

Cellular variables for patients with and without cerebral small vessel disease. Significant
differences indicated by the p‐values with *. CSVD is defined as the presence (on MRI of the
brain) of one or more of the following: WML, lacunar infarcts or microbleeds.

9

Circulating T‐cells (10 /mL; median (IQR))
9
Circulating angiogenic T‐cells (10 /mL; median (IQR))
Circulating endothelial progenitor cell concentration
6
(10 /mL; median (IQR))
ECFC cluster counts (per well; median (IQR))
ECFC telomerase activity (standardized to 100;
median (IQR))
CFU‐EC cluster counts (per well; median (IQR))
CFU‐EC telomerase activity (standardized to 100;
median (IQR))

CSVD
(n=32)
1.14 (0.53)
0.56 (0.25)
0.010 (0.007)

No CSVD
(n=29)
1.46 (0.54)
0.78 (0.50)
0.013 (0.006)

p‐value

64.5 (104.6)
26.0 (38.0)

116.3 (88.0)
34.0 (65.0)

0.129
0.492

152.5 (81.3)
52.5 (63.8)

122.3 (63.6)
41.0 (58.0)

0.445
0.527

0.026*
0.008*
0.011*
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Boxplots with median and error bars for counts of T‐cells, Tang and putative EPC. Significances
as indicated in the figure.

Discussion
In the present study, we observed that hypertensive patients with CSVD had lower Tang
and putative EPC numbers in their blood than hypertensive control patients without
CSVD, independently of blood pressure levels. Therefore, we postulate that T‐cells,
next to EPC, may be involved in the pathogenesis of hypertension related CSVD.
We investigated whether Tang might be a regulating factor of EPC number and
functionality in patients with CSVD. These cells form a subset of T‐cells which might
play a role in vascular repair, because they stimulate putative EPC in their restorative
capacities as evidenced in an in vitro study.5 Angiogenic T‐cell numbers decrease with
age.12 We found that numbers of Tang were lower in hypertensive patients with CSVD,
independent of age. Furthermore, recent studies suggest that T‐cells are involved in
the pathogenesis of hypertension and in particular in hypertension associated vascular
damage.13,14 The relation between lower Tang and CSVD may specifically imply a role of
Tang in CSVD. Still, the nature of this role remains elusive.
Our study has several limitations. First, our study design is cross‐sectional and
therefore the observed associations could as well be an epiphenomenon of CSVD.
Second, the definition of EPC remains controversial, hence the term putative EPC.2
However, for both flow cytometry as well as for cultures we used established,
authoritative protocols. Third, although variables such as age, sex, and medication did
not differ significantly between hypertensive patients with or without CSVD we cannot
exclude a mild effect of this difference since age as well as other risk factors inversely
relate to EPC and Tang number.2,5 Furthermore, our study contains a relatively small
number of patients, which could have led to statistical error. Therefore, future studies
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should be large enough to preclude such shortcoming. Notwithstanding these
limitations, the strength of our study remains the novelty of our findings in a well
characterized group of hypertensive patients.

Conclusion
We found that T‐cells and putative EPC relate to cerebral small vessel disease in
hypertensive patients. In this process, especially angiogenic T‐cells may play a role.
These findings are novel, and allow novel hypotheses regarding the pathophysiology of
CSVD.
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General discussion
Cerebral small vessel disease (CSVD) affects the small penetrating arterioles in the
brain. CSVD causes lacunar infarcts and white matter lesions (WML). CSVD has a high
morbidity as it relates to (recurrent) ischemic stroke,1‐3 cognitive disturbance and
decline,4‐12 gait disturbances,13 and urinary problems.14 In lacunar stroke patients,
WML relate to a worse prognosis (with regard to morbidity, stroke recurrence, and
mortality),1 also on the long term,15 similar to that of large vessel stroke.15, 16 However,
the cause of lacunar stroke, CSVD, and therefore any therapeutic or preventive
regimen, remains elusive. One of the current hypotheses is that blood‐brain barrier
(BBB) dysfunction will ultimately lead to CSVD. Because the BBB comprises the
complex interplay between endothelial cells and the surrounding tissue, dysfunction of
one of its components could lead to the dysfunction of the entire BBB. Therefore, the
main hypothesis of the research presented in this thesis is that endothelial dysfunction
relates to the pathogenesis of CSVD. In this chapter, the main findings of this thesis are
presented and put into context. Then, limitations of this thesis’ research are discussed.
In the last paragraph, implications for future research are discussed.

Main findings and discussion
Virchow Robin spaces
In Chapter 2, we demonstrated that higher numbers of enlarged Virchow‐Robin spaces
(eVRs) at the level of the basal ganglia related to the extent of WML as well as to the
presence of asymptomatic lacunar infarcts. Others replicated these findings in
different populations: Doubal et al. found that higher eVRs numbers (mainly at basal
ganglia level) relate to the lacunar stroke type (as opposed to cortical stroke) and also
to WML in stroke patients.17 Likewise, Zhu et al. demonstrated in a sample of the
general elderly population that the number of eVRs at basal ganglia level related to
WML.18 Throughout these studies there is a consistent relation between higher
numbers of eVRs at basal ganglia level and WML. Although all studies were cross‐
sectional and as such causality cannot be proven, eVRs and WML could have a related
origin.
What could be the nature of this common origin? In previous studies and expert
opinion papers, VRs enlargement has been attributed to vascular ectasia and
tortuosity, increased vessel wall permeability, and to an ex vacuo mechanism from
ischemic perivascular tissue loss or cortical atrophy.19‐25 The latter seems now less
likely, because both our study (Chapter 2) as well as the study by Zhu et al.18 could not
demonstrate a relation between a higher number of eVRs and cortical or subcortical
atrophy. Thus, the enlargement of the perivascular space seems to be caused by a
(pathologic?) structural and/or functional alteration of the penetrating vessel. We
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demonstrated that higher eVRs numbers at basal ganglia level were a significant
predictor of higher titers of antibody against oxLDL (Chapter 3) as well as of a marker
of monocyte activation, neopterin (Chapter 4). We also found that higher eVRs at basal
ganglia level related to lower numbers of angiogenic T‐cells (Tang) as well as of
endothelial progenitor cells (EPC) (unpublished data). In both these studies (Chapter 3,
4), the aforementioned plasma constituents also related to WML. Therefore, we
postulate that the co‐occurrence of eVRs and WML has an underlying biological link,
which may be CSVD.
CSVD is probably caused by a disturbed BBB (Chapter 1), which leads to leakage of
plasma proteins and fluids into the perivascular space. In the case of the penetrating
arterioles, this will be into the Virchow‐Robin space, whereas on a capillary level, this
will be directly into the brain parenchyma. The fluids in the Virchow‐Robin space will
then enlarge this previously latent space and appear on brain imaging, especially on
MRI. Plasma proteins and fluids are neurotoxic and will induce white matter damage
when present in the brain parenchyma,26 thus resulting in WML. In this way, increased
vessel wall permeability could be the common pathophysiology of both WML as well
as eVRs.
Interestingly, the strongest associations we found were between eVRs at basal ganglia
level on one hand and periventricular WML as well as asymptomatic lacunar infarcts
(mostly in the basal ganglia region) on the other (Chapter 2). Later, others confirmed
these findings.17, 18 This is intriguing, because eVRs and asymptomatic lacunar infarcts
occurred in the vascular territory of the penetrating arteriolar branches of the
lenticulostriate arteries and periventricular WML in the territory of the medullary
arteries, which are branches of the superficial cortical pial arteries. The co‐occurrence
of eVRs and periventricular WML therefore possibly represents a different
susceptibility of these two vascular territories for BBB disruption leading to two
different manifestations of the same underlying disease: in the basal ganglia region
(eVRs), disruption of the BBB occurs on the arteriolar level, whereas in the
periventricular territory (WML), disruption probably occurs more downstream in the
capillary bed. Whatever may cause this difference in susceptibility remains elusive,
though, a different reaction of the vascular wall to known risk factors like hypertension
might play a role. In the basal ganglia region, hypertension may lead to endothelial
dysfunction and BBB disruption, with leakage of fluids into the perivascular space
leading to eVRs. On the other hand in the periventricular region, hypertension also
strongly relates to arteriolosclerosis: a hyaline, concentric wall thickening of the
medullary arterioles. Arteriolosclerosis leads to a decreased blood flow,27 consequently
leading to ischemia,28 with resultant BBB dysfunction, possibly mostly downstream in
the capillaries, leading to WML.
In conclusion, multiple eVRs suggest an underlying disease in which BBB disruption
occurs: CSVD. Therefore, eVRs should not be regarded as a benign phenomenon
anymore, and prompt awareness of a possible underlying cause like CSVD. However,

General discussion

111

whether patients with eVRs would benefit of strict risk factor treatment and life style
adjustment remains to be elucidated.

Vascular inflammation
In Chapter 3, we demonstrated that IgM anti‐MDA‐oxLDL levels were lower, whereas
IgG anti‐HOCl‐oxLDL levels were higher in patients with WML and lacunar infarcts. In
Chapter 4 we demonstrated that neopterin levels as well as levels of the soluble
adhesion molecules VCAM‐1 and ICAM‐1 were higher in patients with WML and
lacunar infarcts. Importantly, higher eVRs at basal ganglia level independently
predicted higher antibody levels to HOCl‐oxLDL and neopterin levels.
Adhesion molecules are expressed on the surface of endothelial cells after activation
of nuclear factor (NF) κB, whereas NFκB is activated by higher intraluminal (vascular)
pressure and shear stress.29,30 With progressive endothelial activation, endothelial
dysfunction could occur, which leads to shedding of the adhesion molecules into the
circulation. Previous studies showed that in the acute phase of stroke, levels of sE‐,31‐33
sP‐selectin,31‐34 sVCAM‐135 and sICAM‐135,36 increase. Higher sICAM‐1 levels in the
acute stroke phase related to early neurological deterioration and worse outcome at 3
months.37 These studies indicate that endothelial dysfunction occurs after stroke. With
regard to CSVD, higher sICAM‐1 levels relate to WML,38 whereas sICAM‐1 levels related
to progression of WML and lacunar infarcts in community dwellers after 3 or 6 years.39
Thus, others found markers of endothelial dysfunction in patients with rather
advanced CSVD. We found only a slight, yet significant, difference between extensively
affected patients (lacunar infarcts with WML) as compared to patients without CSVD
with regard to sICAM‐1 and sVCAM‐1 levels. This may reflect the abundant use of
statins in our study population, as statins are known to lower circulating adhesion
molecule levels.40 However, the endothelial activation/dysfunction in patients with
extensive CSVD could also be modest in itself or be un‐ or less detectable in the
systemic circulation because processes localized to the cerebral small vessels might
not lead to a large shift in markers of endothelial dysfunction due to dilution in the
systemic circulation. Therefore, we suggest that the, albeit small, difference we found,
suggests endothelial dysfunction in CSVD patients.
We could not demonstrate a difference in CRP levels between our patient categories.
In contrast, previous studies showed that CRP levels related to age, smoking, obesity,
high blood pressure, dyslipidemia,41 intima media thickness, ankle‐arm blood pressure
indexes,42 vascular events like myocardial infarction and stroke,43‐46 and to
cerebrovascular events attributable to intracranial arterial stenoses.47 Also higher CRP
levels after stroke relate to a worse one‐year prognosis (regarding disability and
mortality).48 However, most of these studies are case control studies and probably
suffer from selection bias. Indeed, in prospective cohort studies CRP levels do not add
value in vascular risk prediction.49,50 Similar to the abovementioned situation with the
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levels of circulating adhesion molecules, CRP may not be different between our groups
because of our study design (using a cross‐sectional cohort study more resembling the
latter studies), statin use (statins also lower CRP levels),40 confounding factors (which
may be concurrent other vascular diseases), and the relatively low contribution of
markers of cerebral endothelial dysfunction in the (general) circulation.
Neopterin is a product of activated monocytes/macrophages51 and is produced solely
as a result of stimulation by interferon‐gamma, which, in turn, is produced by T‐cells.52
Together with other products of activated monocytes/macrophages, neopterin may
activate NF‐κB in endothelial cells, with increased surface expression of adhesion
molecules as a consequence.53 In this way, neopterin may lead to a pro‐inflammatory
phenotype of the endothelial cells, because upon leucocyte adherence to the
endothelial cells, both endothelial cells and leukocytes become increasingly
activated,54 which stimulates mainly the cellular immune response. Clinically, higher
neopterin levels related to a higher vascular event rate in a large prospective study of
patients with coronary artery disease.55 There are no data on neopterin in
cerebrovascular diseases. Our study, as described in Chapter 4, suggests that activated
monocytes/macrophages are involved in CSVD, though the cause of the activation of
monocytes as well as of the endothelial cells remains elusive. In this activation,
hypertension might play a role via the stimulation of NF‐κB, which stimulates an
immune response. However, endothelial activation and CSVD also occur in non‐
hypertensive subjects.56 The possible involvement of (interferon gamma producing)
T‐cells suggests that one or several specific antigens induce an immune response, in
which oxLDL is a candidate antigen, as evidenced by the relations described in Chapter
3.
There are no data, neither experimental nor clinical, on oxLDL in CSVD. Most
knowledge on oxLDL and vascular diseases has been gathered in studies on
atherosclerosis. In atherosclerosis LDL accumulates in the vessel wall, and is modified
from LDL to oxLDL. This oxidation process delivers a whole spectrum of different
oxidized LDL particles57 which are present in the atherosclerotic plaque.58 These oxLDL
particles stimulate an inflammatory response,57 induce antibodies,59 and are
phagocytised by macrophages as mediated in particular by IgG anti‐oxLDL antibodies.60
These macrophages are attracted as monocytes from the circulation by adhesion
molecules VCAM‐1, ICAM‐1, E‐ and P‐selectin, which are expressed on the endothelial
cells which line the atherosclerotic plaque.61 It is not clear whether the immune
response against oxLDL is harmful or beneficial for the development and progression
of atherosclerotic lesions.62 This may be dependent upon the nature of the T‐cell
response (a T helper 1 versus a T helper 2 response).63 However, next to a different
T‐cell response, differential antibody production could also have different
consequences: IgG anti‐oxLDL antibodies might be harmful in the progression of
atherosclerosis, whereas the IgM anti‐oxLDL antibodies might be protective.62,64 For
the measurement of anti‐oxLDL antibodies, LDL has to be oxidized in vitro. There are
several oxidation methods, amongst which cupper‐oxidation and malondialdehyde
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(MDA) modification are the most widely used. Using these techniques to demonstrate
anti‐oxLDL antibodies, others earlier demonstrated that IgM anti‐MDA‐oxLDL antibody
levels are higher in patients with a thinner intima‐media thickness (IMT, a thicker IMT
relates to a higher degree of atherosclerosis) in their carotid arteries65 and that
patients who had IMT progression also had lower IgM anti‐MDA‐oxLDL antibody
levels.66 Also, IgM anti‐MDA‐oxLDL antibodies are lower with increasing degrees of
stenosis in coronary artery disease67 and in patients with hypertension.68 Other
diseases in which anti‐oxLDL antibodies have been studied are autoimmune diseases
typically affecting small vessels: IgG anti‐MDA‐oxLDL antibodies are elevated in
systemic lupus erythomatodes69 and in antineutrophil cytoplasmic antibody (ANCA)
associated vasculitis.70,71
CSVD, however, has a completely different presumed pathogenesis as compared to
these auto‐immune diseases and atherosclerosis. Though, we found an indication that
an auto‐immune reaction involving oxLDL relates to CSVD because IgG anti‐HOCl‐oxLDL
antibody levels are higher in CSVD patients, whereas IgM anti‐MDA‐oxLDL antibodies
are lower. This concurs with findings in atherosclerosis in which IgM‐isotype antibodies
appear beneficial, whereas IgG‐isotype antibodies appear harmful. However, how
oxLDL could be an antigen causing an immune response in CSVD remains obscure. In
pathological studies, no lipid involvement has been described in CSVD, except in micro‐
atheromatosis72 (which basically is atherosclerosis on a microvascular level).
Microatheromatosis relates to somewhat larger lacunar infarcts and is not so strongly
related to WML.73 Also, hypercholesterolemia is only a weak risk factor for lacunar
stroke.74 Thus, our findings which indicate an auto‐immune process with oxLDL as
auto‐antigen suggest a previously unsuspected role for lipids as well as for an auto‐
immune response in simple and complex cerebral small vessel disease
(arteriolosclerosis and lipohyalinosis). This might reflect a hypersensitive immune
system, similar to several vasculitides, in which mainly T‐cells and monocytes are
involved.75 This hypersensitive immune system might induce endothelial activation and
a dysfunctional BBB, resulting in enlargement of VRs. Indeed, we found an
independent relation between IgG anti‐HOCl‐oxLDL antibodies and eVRs and also
between neopterin and eVRs, which suggest activation of the humoral (antibody) as
well as the cellular (T‐cell mediated monocyte activation) immune system.
Interestingly, in another neurologic disease, multiple sclerosis, enlargement of the VRs
coincides with immune activation.76 In line with these findings, our findings might
reflect immune activation in CSVD as well.
However, other factors might also explain our results. First, the anti‐oxLDL‐antibodies
may derive from the production in concurrent vascular diseases (like coronary artery
disease). Indeed, we did not screen patients for asymptomatic atherosclerosis
(conorary and peripheral artery stenosis). However, significant vascular disease would
lead to clinical manifestations, which are included in our clinical assessment variables,
and after correction in statistical analyses for these variables the relation between
anti‐oxLDL‐antibodies and CSVD remained. Second, the anti‐oxLDL‐antibodies we
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measured might be antibodies directed to cross‐reacting antigens. This is the result of
the set‐up of our immune‐assay: though our oxLDL was over 90% pure, and coating
was well established, other substances might have entered the well in very low
concentrations, with possibly resultant antibody binding to these different proteins.
The only way to circumvent this is to design another assay, possibly a capture enzyme‐
linked immunesorbent assay (ELISA), in which first an anti‐oxLDL antibody is coated to
the wells, and then oxLDL is added, before the addition of patient sera. In this way, the
only antigen present in the well is oxLDL by its binding to the oxLDL‐specific capturing
antibodies. Antibody concentrations in the patient sera measured in this way are more
specific for oxLDL.
Notwithstanding these limitations, we found significant associations between markers
of monocyte activation (cellular immune system) as well as of antibody production
(humoral immune system) in two different studies. The fact that these findings are in
line with each other might consolidate the association between immune activation in
some subtypes of CSVD. Whether this association is a cause or a mere epiphenomenon
remains to be established.

Endothelial progenitor cells
In Chapter 6 we describe that EPC cluster forming potential is lower in lacunar stroke
patients with concomitant WML. Furthermore, we found that serum of these patients
attenuated cluster formation of EPC of healthy volunteers more than healthy control
serum. We demonstrated that the protein haptoglobin, especially in its 1‐1 form, could
play a role herein. In Chapter 7, we demonstrated that EPC numbers were lower in
hypertensive patients with concomitant WML and lacunar infarcts. Furthermore, we
found that the number of a subset of T‐cells, angiogenic T‐cells, were lower in these
patients. All these findings suggest that EPC, when present in sufficient number and
vitality, might protect from the consequences of CSVD (and WML and lacunar infarcts
in particular).
The presumed protective nature of EPC in vascular diseases derives from the fact that
EPC offspring is present in previously damaged and restored endothelium77‐80 and that
EPC numbers are lower in patients with atherosclerotic risk factors,81 such as
hypertension,82‐85 and patients at increased risk of vascular events.81,86,87 In these
patients, EPC numbers probably are lower as a consequence of a higher consumption,
and run relatively short on restoring the damaged endothelium possibly resulting in
cardiovascular events. Like we already pointed out, neurovascular research on EPC
remains limited. At present it is only known that EPC levels rise after stroke,88,89 though
stroke patients still have lower EPC levels than healthy controls,87,90 and that a higher
EPC number or increase in EPC in the first week relates to a better outcome.91 In the
only published study in which different stroke pathophysiologies were distinguished,
EPC numbers were higher in patients with cardioembolic stroke than in patients with
large or small vessel stroke.90 The mechanism which underlies EPC recruitment in
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stroke includes probably the release of angiogenic factors, like VEGF and SDF‐1α,92,93
triggered by the ischemic tissue. The recruitment of EPC will lead to homing of EPC to
the endothelium of the damaged blood vessels, amongst others regulated by SDF‐1α
and its receptor, CXCR4 or CD184.94 From experimental animal stroke models,
however, we know that despite an increase of the formation of new blood vessels95
and blood flow96 after EPC administration performed after the stroke, few
transplanted cells are actually found in the brain vasculature and its surroundings,97
and these cells are only infrequently of endothelial phenotype.98 Therefore,
mechanisms of action of EPC probably rely on the secretion of angiogenic factors
which induce endothelial regeneration and formation of new blood vessels.
Furthermore, the beneficial effects of EPC in the brain are probably not limited to
neovascularization but also may relate to neurogenesis, which occurs after stroke from
neural progenitor cells present in the brain,99 and also to migration of these neural
progenitor cells along the newly formed vessels.100 These processes are tightly linked,
as also evidenced by in vitro studies: soluble factors produced by endothelial cells
regulate proliferation of neuronal progenitor cells and cell‐cell contact between the
two cell types regulates their differentiation.101 Important mediators in this process are
VEGF and SDF‐1.102 Therefore, possibly other cells with the SDF‐1α receptor also play a
role. This is suggested by Hur et al. in their study concerning angiogenic T‐cells
(phenotypically defined as CD3+/CD31+/CD184+).103 These angiogenic T‐cells form the
center of EPC clusters in in vitro cultures, stimulate differentiation of EPC, secrete
angiogenic factors (VEGF, IL‐8, MMPs), and react on angiogenic signaling. Thus,
presuming that EPC as well as angiogenic T‐cells both paracrinely stimulate endothelial
repair and new vessel formation, their lower numbers in hypertensive patients with
CSVD and a lower function of EPC in patients with lacunar stroke and concomitant
WML might reflect a (partially) dysfunctional endothelial repair response, which is due
to a decreased paracrine stimulation potential of the EPC and angiogenic T‐cells.
However, are these cells likely to be involved in CSVD pathogenesis? In regions of the
brain with WML, the receptor for hypoxia inducible factor, is upregulated.28 This
receptor is a signal post for ischemia and it induces the production of the angiogenic
cytokine SDF‐1.104 Cells with a SDF‐1 receptor (CXCR4) will then adhere to these
regions.104 Amongst these cells are angiogenic T‐cells103 and EPC. This suggests that
EPC and angiogenic T‐cells only enter the arena in a more advanced stage, after
ischemia has occurred. It is also unclear whether the EPC and angiogenic T‐cells induce
a normal healing process (formation of new vessels, sprouting and a decrease in
ischemia) or a more or less pathologic alteration of the vessel wall (disturbance of the
normal BBB, because neoangiogenesis may produce leaky vessels). Nevertheless, a
decreased EPC function may as well be involved in an earlier stage. We found that a
specific phenotype of the acute phase protein haptoglobin, the 1‐1 phenotype, relates
to WML and asymptomatic lacunar infarcts,105,106 whereas we demonstrated in
Chapter 6 that haptoglobin 1‐1 relates to a lower EPC function, also in vitro. Mostly,
this effect is ascribed to the angiogenic properties of its counterpart, the haptoglobin
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2‐2, whereas haptoglobin 1‐1 has more potent anti‐oxidant properties.107 Indeed,
when EPC with a haptoglobin 2‐2 gene were given to mice with hind limb ischemia,
more limbs were saved than with EPC with haptoglobin 1‐1 genes, again probably via
paracrine stimulation of the formation of new vessels.108 The EPC with haptoglobin 2‐2
genes mostly had a better differentiation potential whereas their proliferation capacity
was similar to the 1‐1 haplotype.108 Because the determinant for the haptoglobin
phenotype is the genetic makeup, we suggest that these effects on EPC and
angiogenesis are of long duration and may influence the development of CSVD.
Are EPC numbers or function likely to be regulated by genetic factors? A lower EPC
number could be genetically determined, as EPC numbers strongly correlate between
CAD patients and their sibs.109 Another genetic factor which may influence EPC is the
SDF‐1 gene. Recently, it was demonstrated that EPC cluster counts relate to SDF‐1α
blood levels, and furthermore, that a single nucleotide polymorphism in the SDF‐1
gene (AA at rs2297630) relates to increased SDF‐1α levels and lower EPC cluster
counts.110
We also demonstrated that factors present in serum of CSVD patients can attenuate
EPC cluster formation. It is not likely that in these patient sera, only different
phenotypes of haptoglobin and different concentrations of SDF‐1α account for the
attenuation we found. Other (partially) genetically determined factors, like
homocystein (hyperhomocysteinemia), cholesterol (hypercholesterolemia), and
glucose (diabetes mellitus) may also have contributed, whereas also other factors,
related to acquired diseases and risk factors (like nicotin from smoking, use of
medications like statins, ACE‐inhibitors or aspirin) may also relate somewhat to the
EPC functional characteristics, like we discussed in Chapter 5. We could not find any
influence of these parameters on EPC number or cluster counts, probably because our
study was underpowered to detect such influence. Therefore, we cannot exclude a
minor contribution of these serum factors on EPC outgrowth. However, next to these
factors, there are some other candidates, like vitamin B12 (hydroxocobalamin). Earlier,
we demonstrated that lower vitamin B12 levels, especially below 200 pmol/mL, relate
111
to WML. Furthermore, vitamin B12 is presumed to have a role in maintaining the
integrity of the BBB, as evidenced in animal and human studies.112,113 We also
demonstrated that lower vitamin B12 levels relate to lower EPC cluster
formation.114,115 Whether the beneficial effects of vitamin B12 for BBB integrity are
exerted by its influence on EPC remains to be elucidated.
In conclusion, EPC research holds great promise, as the presumed endothelial
dysfunction, which probably precedes BBB dysfunction in CSVD, could be causally
related to EPC disturbance, whether in number or function. Possible therapeutical
interventions by EPC stimulating drugs could be subject of further study.116

Limitations of the current studies
In order to place the results of our studies in context, several shortcomings as well as
limitations with regard to applicability of our results have to be borne in mind. Some
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apply to all our studies, as presented in this thesis. Of these limitations, the first is the
cross‐sectional design of the studies: therefore, all relations we found are associations
which may, or may not, be causal. When only using a cross‐sectional design, it remains
impossible to distinguish a mere association from a direct, causal relation. Probably,
only longitudinal follow up studies may overcome this problem. The second limitation
is that we only indirectly studied one of the components of the BBB, the endothelial
cells. We only studied endothelial cell activation/dysfunction and presumed
endothelial repair mechanisms, whilst disregarding other components of the BBB
(pericytes, astrocytes and extracellular matrix). These other cells involved in the BBB
could also play a role in the development of hypoxia. For example, pericytes contract
around blood vessels in ischemic zones even after restoration of flow.117 However,
secluded as they are in the brain, these components do not allow a direct study in
humans. Only animal studies may overcome this problem, though there is no (perfect)
animal model for cerebral small vessel disease. Somewhat in line with the second
limitation is the third: we only partially studied the vascular inflammation and
endothelial repair responses, and therefore mechanisms leading to an inflammatory
response or a defective endothelial repair remain elusive. Nevertheless, our findings
provide a start for future studies regarding these mechanisms. The fourth limitation is
that we studied markers in peripheral blood and not in the brain itself. Therefore,
confounding factors like other vascular diseases, or a systemic small vessel disease
could also account for the differences we found, though we corrected wherever
possible for these conditions. The fifth limitation concerns the MR protocol and
assessments. We did not use diffusion weighted imaging (DWI) nor T1 imaging;
though, probably, in the chronic stage of CSVD in which we scanned our study
participants, using DWI is not of additional value and could even overlook lacunar
infarcts.118 Cavitation is as well visualized by FLAIR as by T1. Concerning the
assessment procotols, we did not use standardized scales for detection of Virchow
Robin spaces, like the recently proposed protocol by Wardlaw et al., or for brain
microbleeds (Brain Observer MicroBleed Scale, BOMBS119). This only affects direct
comparability of our studies with others regarding these assessment parameters, and
not the (internal) validity of our data. The last limitation is that we studied two
different patient cohorts conjointly, hypertensive patients and lacunar stroke patients,
which leads to the assumption that in these patient cohorts the pathogenesis of the
CSVD related abnormalities is similar. Probably, the pathophysiology is the same in
these two patients groups, as blood pressure relates to the development of WML,120
silent infarcts,121,122, and microbleeds.123,124 However, CSVD also occurs in the absence
of hypertension. Thus, hypertensive patients and lacunar stroke patients might not
have a similar pathophysiology of their MR abnormalities. When rejecting the
assumption of similarity, and analysing the patient groups separately, our studies lose
statistical power due to smaller patient groups. This is mainly reflected by our findings
in Chapters 3 and 4, in which several markers differed significantly between patients
with and without CSVD. However, when lacunar stroke patient data and hypertensive
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patient data were analyzed separately, the relations were weaker or even absent.
Though, directions of associations did not change, which substantiates similarity
between the two groups.

Future directions for research
The studies presented in this thesis all suggest that the (cerebral) endothelium is
involved in a process with inflammation and defective endothelial repair. This process
might lead to a dysfunction of the BBB and CSVD.
However, several questions remain:
1) Do markers of endothelial activation (adhesion molecules) and inflammation
(neopterin), enlarged Virchow‐Robin spaces, and cellular parameters (EPC numbers
and vitality as well as angiogenic T‐cells) also predict the progression of CSVD
related abnormalities on MRI and the development of clinical manifestations like
cognitive disturbance?
2) Are the parameters we measured really reflecting endothelial activation/
dysfunction and/or damage and does this process really occur in the brain?
3) Is enhancement of the endothelial repair mechanism possible and does this
enhancement lead to improvement or attenuation of CSVD?
1.

Do endothelial and inflammatory parameters predict CSVD progression?

A follow up study in the same patient population would change the study design into a
(longitudinal) cohort study, which allows predictive assessments. In such a study, the
data presented in this thesis would serve as baseline data, and follow‐up data should
be collected at least 2 years after the initial data collection. Follow‐up should at least
consist of MRI imaging of the brain to look for progression of the MRI characteristics of
CSVD125 (mainly WML, lacunar infarcts and microbleeds). Furthermore, the clinically
related features like cognitive function may also be tested at follow‐up. Baseline data
concerning the biological parameters in peripheral blood could then be related to
CSVD progression and cognitive function over time. Hypotheses of these studies would
include that higher levels of adhesion molecules (like sVCAM‐1, sICAM‐1, sE‐selectin),
neopterin, IgG anti‐oxLDL antibodies and eVRs at basal ganglia levels, and lower levels
of IgM anti‐oxLDL antibodies, EPC numbers and vitality, and angiogenic T‐cells relate to
CSVD progression on MRI as well as to a lesser cognitive performance status at follow
up. Whether these parameters specifically relate to progression on different aspects of
CVSD (white matter lesions, lacunar infarcts, microbleeds, or enlargement of Virchow‐
Robin spaces) might then also be tested.
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Is the endothelial activation real? Does it really occur in the brain?

Are we really measuring endothelial activation and damage when we use circulating
levels of soluble adhesion molecules? This question will remain unresolved, because
also other cells (like smooth muscle cells and leukocytes) produce soluble adhesion
molecules which can be demonstrated in peripheral blood. Though the soluble
adhesion molecules in peripheral blood are indicative of endothelial activation and
dysfunction, they do not prove it. Other markers which indicate endothelial damage
are circulating (mature) endothelial cells, which have been shed into the circulation.
However, this already is a result of damage and not purely activation/dysfunction. A
more laborious parameter is the endothelial microparticle (EMP). EMPs are small
vesicles which are released by endothelial cells upon activation. EMPs mainly express
endothelial activation markers, like E‐selectin (CD62E), ICAM‐1 (CD54) and VCAM
(CD106)126. EMP might provide a more reliable marker for endothelial activation
(without obligatory endothelial dysfunction or damage) than circulating mature
endothelial cells or adhesion molecules. Though, assessment of EMPs is difficult and
non‐stadardized.
Additionally, more mechanistic studies will have to be designed to demonstrate
endothelial involvement as well as inflammatory activity in CSVD. Current imaging
techniques are insufficient to visualize this microscopic vascular pathology in a lacunar
stroke and/or WML patient. MRI only provides an indirect image of the pathological
process. Molecular imaging might add new insight. It could advance knowledge on
pathogenesis by direct visualization of endothelial activation, using probes targeted to
endothelial cell adhesion molecules.In such a way, e‐Selectin127,128‐130 has been
demonstrated in vivo in the brain of rodents. Similarly, VCAM espression131‐133 and P‐
selectin132 expression can be visualised. These markers of endothelial activation and
dysfunction, as have been demonstrated in WML patients in peripheral blood can be
imaged in vivo in animal models of different diseases. In patients with WML and
lacunar infarcts, the demonstration of endothelial activation in the arterioles in the
basal ganglia region and the deep white matter (in diseased areas, but especially in
non‐diseased areas, as demonstrated with regular MRI) would substantiate the
hypothesis that endothelial activation/dysfunction may be involved in the
pathogenesis of CSVD.
Other imaging modalities, like MR‐spectroscopy134 PET‐CT imaging using FDG,135 and 7
Tesla MR imaging in itself, could also contribute to our understanding of the pathology
which underlies WML. However, all three of these modalities only provide indirect
data because they depend on secondary changes in function of the endothelial cells or
on neuronal damage. Though, 7 Tesla Imaging could be useful for assessing the
presence of microatheromatosis, because the vessels in which microatheromatosis is
localized (diameter of around 300 micrometers) can be visualized with 7 Tesla
imaging.136
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3.

Enhancement of the endothelial repair, does it attenuate CSVD progression?

Endothelial repair mechanisms could attenuate the vascular inflammation with
resultant endothelial activation/dysfunction. By improving EPC function endothelial
activation/dysfunction might be reversed. For this improvement there are several
candidate substances. The first is vitamin B12. Vitamin B12 is presumed to have a role
in maintaining the integrity of the BBB, as evidenced in animal and human
studies,112,113 and we demonstrated that lower vitamin B12 levels relate to lower EPC
cluster formation.114,115 Supplementation of vitamin B12 might lead to higher EPC
vitality and possibly to the attentuation of CSVD progression. To demonstrate this
effect a pilot study in lacunar stroke patients with vitamin B12 levels below 200 pmol/L
is warranted.
Next to vitamin B12, another vitamin, vitamin D, may also have a beneficial effect. In
acute stroke vitamin D levels (25‐dihydroxy‐vitamin D) are lower, corrected for the
seasonal variation, as compared to normal values.137 Furthermore, two recent studies
demonstrated that lower vitamin D levels related to lower EPC numbers138,139 as well
as to an impaired endothelial function as measured by a flow‐mediated brachial artery
dilatation test in patients with vascular diseases.139 So, next to its actions on calcium
and bone homeostasis, vitamin D may influence endothelial function. Furthermore,
vitamin D also appears to be an immunomodulator, at least in autoimmune diseases
like multiple sclerosis.140 Vitamin D performs the immunomodulatory action probably
via the induction or activation of regulatory T‐cells. These are cells which maintain
immune tolerance and regulate (mostly dampen) immune responses. Given these
effects, they could also exert their immunomodulatory function in other diseases in
which the immune system is involved. Indeed, in a recent experimental study in mice
prone to develop atherosclerosis, vitamin D supplementation led to the inhibition of
plaque formation, probably by the induction of regulatory T‐cells.141 Now, could these
processes also play a role in CSVD? From our preliminary data, I suggest that this link is
possible and deserves attention, because we found that regulatory T‐cell numbers
independently related to angiogenic T‐cell numbers (unpublished data).
Supplementation of vitamin D may, by inducing regulatory T‐cells indirectly influence
angiogenic T‐cells and possibly EPC leading to a better endothelial function, lesser BBB
leakage and attenuation of CSVD. However, this relation is speculative. All these steps
will need further study to elucidate a possible role for vitamin D in the treatment and
prevention of CSVD.

General conclusions
The studies presented in this thesis mainly provide the starting point of further study,
without clinical implication at this time. Future research could be directed at the
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involvement of the immune system (activated monocytes/macrophages, antibody
producing cells, as well as (angiogenic) T‐cells) and endothelial dysfunction in the
development of CSVD. Also, the role of endothelial progenitor cells and the immune
system in the (attenuation of) CSVD progression could be an important line for further
research. Especially, the role of vitamin suppletion (vitamin B12 and possibly vitamin
D) as new therapies to enhance EPC and BBB function deserves attention.
Thus, cerebral small vessel disease no longer appears a degenerative, non‐modifiable
disease.
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Summary
Cerebral small vessel disease (CSVD) is a disease of the small penetrating arterioles in
the brain. CSVD causes lacunar infarcts and white matter lesions (WML). CSVD has a
high morbidity: it relates to (recurrent) ischemic stroke, cognitive disturbance and
decline. Furthermore, patients with extensive CSVD (lacunar stroke patients with
WML) have a worse prognosis (with regard to morbidity, stroke recurrence, and
mortality), also on the long term, as compared to lacunar stroke patients without
extensive CSVD (WML). However, the cause of CSVD, and therefore any therapeutic or
preventive regimen, remains elusive. One of the current hypotheses is that blood‐brain
barrier (BBB) dysfunction will ultimately lead to CSVD. Because the BBB comprises the
complex interplay between endothelial cells and the surrounding tissue, dysfunction of
one of its components could lead to the dysfunction of the entire BBB. The main
hypothesis of the research presented in this thesis is that endothelial dysfunction
relates to CSVD (Chapter 1). Possible causes of this dysfunction are inflammation
(immune activation) and a defective endothelial repair mechanism.
Before examining this hypothesis, we first examined the relation between established
radiological manifestations of CSVD (lacunar infarcts and WML) and enlarged Virchow
Robin spaces in Chapter 2. Our aim was to extend the spectrum of CSVD with another
radiological manifestation, namely the enlarged Virchow Robin spaces. We found in
165 first‐ever lacunar stroke patients, that increasing numbers of enlarged Virchow
Robin spaces at the level of the basal ganglia related to an increasing extent of WML
and (asymptomatic) lacunar infarcts. This suggests that WML and lacunar infarcts
share their underlying vascular abnormality (CSVD) with enlarged Virchow Robin
spaces.
We then continued with a study in two different patient groups (lacunar stroke
patients and essential hypertensive patients) to examine the relation between immune
activation, endothelial dysfunction and CSVD. In the first part, we measured antibodies
against oxidized forms of LDL, which also relate to another vascular disease:
atherosclerosis. In Chapter 3, we studied 158 lacunar stroke patients, 158 essential
hypertensive patients and 43 controls. We found that patients with CSVD (as defined
by the presence of WML and lacunar infarcts on MR of the brain) had higher levels of
(possibly harmful) IgG‐antibodies against hypochlorite oxidized LDL as well as lower
levels of (possibly protective) IgM‐antibodies against malondiadehyde modified LDL
than patients without such lesions. Furthermore, we found that higher IgG‐antibodies
against hypochlorite oxLDL‐levels were independently related to higher numbers of
our newly found marker of CSVD: Virchow Robin spaces at the level of the basal
ganglia. In the second part, we measured markers of endothelial dysfunction and
markers of monocyte activation. In Chapter 4, we studied 163 lacunar stroke patients,
as well as 183 essential hypertensive patients. We found that levels of neopterin, a
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marker for monocyte activation by T‐lymphocytes, as well as markers of endothelial
dysfunction (sICAM and sVCAM) were higher in patients with extensive WML and
lacunar infarcts. From these two studies we conclude that an immune response,
involving activated and dysfunctional endothelium as well as activated monocytes and
antibody production, may play a role in CSVD.
The effect of immune activation and endothelial dysfunction on the BBB and the
pathogenesis of CSVD might be counteracted by protective mechanisms. Endothelial
progenitor cells (EPC) may constitute one such protective mechanism. EPC are
immature endothelial cells which circulate in peripheral blood. EPC are may repair
damaged endothelium and may attenuate the endothelial dysfunction, which possibly
causes CSVD. As EPC research in stroke and cerebrovascular disease is limited, we
provided an overview of the potentials and pitfalls of EPC research in stroke and
cerebrovascular disease in Chapter 5. We tried to instigate vascular neurologists to
participate in EPC research, as EPC could also change pathophysiological concepts and
improve clinical treatments in vascular neurology.
In Chapter 6, our aim was to demonstrate a relation between EPC number and vitality
and CSVD (WML and multiple lacunar infarcts) in patients with a first‐ever lacunar
stroke and healthy controls. We also looked for possible regulating factors for EPC
function in patient serum and studied the effect of different haptoglobin phenotypes
on EPC. Haptoglobin is an acute phase protein, of which one of its three phenotypes,
the 1‐1, relates to WML and lacunar infarcts. This relation might be via its effect on
endothelial biology and EPC. We studied 42 lacunar stroke patients and 18 controls
without CSVD. We found that EPC vitality was lower in patients especially in those with
WML and/or lacunar infarcts, than in controls. We also found that EPC vitality was
inhibited by patient serum, especially by serum of patients with WML and lacunar
infarcts, but not by control serum. Patients with haptoglobin 1‐1 had lower EPC vitality,
and when haptoglobin 1‐1 was added to EPC cultures, EPC vitality was lower than with
the other haptoglobin phenotypes.
In Chapter 7, our aim was to demonstrate a relation between EPC number and vitality
and another possible regulating factor in EPC function, the angiogenic T‐cell. These
cells promote the formation of new blood vessels and endothelial repair by directly
stimulating the function of EPC. In a study in 32 hypertensive patients with CSVD
(WML, lacunar infarcts, microbleeds) and 29 hypertensive patients without CSVD, we
found that EPC as well as angiogenic T‐cell numbers were lower in hypertensives with
CSVD than in those without. The relation between lower angiogenic T‐cell numbers
and CSVD remained significant after correction for other parameters. From these two
studies we conclude that patients with CSVD may have a defective endothelial repair
mechanism, which, at least partly, might be due to the haptoglobin phenotype as well
as to lower angiogenic T‐cell numbers.
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In Chapter 8, the implications and applicability of the main findings are discussed and
put into perspective. All studies suggest that the (cerebral) endothelium is involved in
CSVD. This involvement probably concerns a process with inflammation and defective
endothelial repair. This process might lead to a dysfunction of the blood brain barrier
and CSVD. This conclusion however, leaves several questions unanswered, like:
1) Do markers of endothelial activation and inflammation, enlarged Virchow‐Robin
spaces, and EPC parameters also predict CSVD progression radiologically as well as
clinically (mainly in the area of cognitive function)?
2) Are the parameters we measured actually reflecting endothelial
activation/dysfunction and/or damage and does this process actually occur in the
brain?
3) Is enhancement of the endothelial repair mechanism possible and does this
enhancement lead to improvement or attenuation of CSVD?
Suggestions for future research to answer these questions are included in this last
chapter.
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Samenvatting
Cerebral Small Vessel Disease (Nederlands: cerebrale kleine vaten ziekte; CSVD) tast de
kleine perforerende arteriën in de hersenen aan. Zo veroorzaakt CSVD lacunaire
herseninfarcten en witte stof afwijkingen (WSA). CSVD heeft een hoge morbiditeit,
aangezien CSVD gerelateerd is aan (herhaaldelijke) herseninfarcten en cognitieve
stoornissen en achteruitgang. Patiënten met uitgebreide CSVD (lacunair herseninfarct
met WSA) hebben een slechtere prognose (met betrekking tot morbiditeit, recidief
herseninfarct en mortaliteit), ook op de lange termijn, dan patiënten zonder
uitgebreide CSVD. Echter, de oorzaak van CSVD blijft onduidelijk, en daarom zijn er ook
nog steeds geen effectieve therapieën of preventieve maatregelen bekend. Een van de
hypothesen betreffende de oorzaak is dat een dysfunctie van de bloed‐hersen‐barrière
uiteindelijk leidt tot CSVD. Aangezien de bloed‐hersen‐barrière bestaat uit een
complex samenspel tussen endotheelcellen en het omgevende weefsel, kan dysfunctie
van één van deze componenten leiden tot een dysfunctie van de gehele bloed‐hersen‐
barrière. Daarom is hoofdhypothese van het onderzoek in dit proefschrift dat
endotheliale dysfunctie verband houdt met CSVD (Hoofdstuk 1). Mogelijke oorzaken
van deze dysfunctie zijn inflammatie (activatie van het immuunsysteem) en een
tekortschietend herstelmechanisme van het endotheel.
Alvorens deze hypothese te onderzoeken, trachtten we eerst het radiologisch beeld
van CVSD te verbreden door te onderzoeken of er een verband is tussen bekende
manifestaties van CSVD, zoals WSA en lacunaire in herseninfarcten en verwijde
Virchow Robinse ruimtes. In Hoofdstuk 2 vonden wij, bij 165 patiënten met een eerste
lacunair herseninfarct, dat hogere aantallen verwijde Virchow Robinse ruimtes op het
niveau van de basale kernen geassocieerd waren met ernstigere WSA en meer
lacunaire herseninfarcten. Hieruit kan afgeleid worden dat verwijde Virchow Robinse
ruimtes, WSA en lacunaire herseninfarcten een vergelijkbare onderliggende oorzaak,
c.q. vaatpathologie, hebben, namelijk CSVD.
Om te onderzoeken of een verband is tussen CSVD, activatie van endotheelcellen en
een geactiveerde immuunrespons verzamelden wij twee patiëntengroepen, namelijk
patiënten met een lacunair herseninfarct en patiënten met essentiële hypertensie. In
het eerste deel, beschreven in Hoofdstuk 3, bestudeerden wij 158 patiënten met een
eerste lacunair herseninfarct, 158 patiënten met essentiële hypertensie en 43
controles. Wij onderzochten in deze studie antistoffen tegen verschillende vormen van
geoxideerd LDL. Deze antistoffen zijn o.a. ook betrokken bij atherosclerose, een
andere vaatziekte. In onze studie vonden wij dat patiënten met CSVD (gedefinieerd als
de aanwezigheid van WSA en/of (oude) lacunaire infarcten op de MRI‐scan) hogere
spiegels hadden van (waarschijnlijk nadelige) IgG‐antistoffen tegen hypochloriet
geoxideerd LDL, terwijl deze groep lagere spiegels had van (waarschijnlijk voordelige)
IgM‐antistoffen tegen MDA‐gemodificeerd LDL in vergelijking met patiënten zonder
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CSVD. Verder vonden wij dat hogere spiegels van IgG‐antistoffen tegen hypochloriet
geoxideerd LDL onafhankelijk geassocieerd waren aan onze nieuw gevonden marker
van CSVD: verwijde Virchow Robinse ruimtes op het niveau van de basale kernen. In
het tweede deel, maten wij merkers van activatie en dysfunctie van van
endotheelcellen en van activatie van monocyten. In Hoofdstuk 4, bestudeerden wij
163 patiënten met een lacunair herseninfarct en 183 patiënten met essentiële
hypertensie. Wij toonden aan dat spiegels van neopterine, een merker voor activatie
van monocyten door T lymfocyten, en merkers van endotheelactivatie (sICAM en
sVCAM) hoger waren bij patiënten met WSA en/of (oude) lacunaire infarcten. We
concluderen uit deze twee studies dat een immuunrespons, waarbij er enerzijds
activatie en dysfunctie van endotheel is, en anderzijds monocytenactivatie en
productie van antistoffen is, een rol zou kunnen spelen bij CSVD.
Het effect van activatie van het immuunsysteem en het endotheel op de pathogenese
van CSVD zou tegengegaan kunnen worden door beschermingsmechanismen.
Endotheliale progenitor cellen (EPC) zouden een beschermend effect kunnen hebben.
EPC zijn onrijpe endotheelcellen die in het bloed circuleren. EPC zouden beschadigd
endotheel kunnen repareren en zouden zo ook endotheelactivatie en –dysfunctie, de
veronderstelde oorzaak van CSVD, kunnen afremmen. Aangezien het EPC‐onderzoek
bij cerebrovasculaire ziekten en herseninfarcten bijzonder beperkt is, gaven wij in
Hoofdstuk 5 een overzicht van de mogelijkheden, onmogelijkheden en valkuilen van
EPC‐onderzoek bij herseninfarcten en cerebrovasculaire aandoeningen. Hiermee
probeerden wij om vasculair neurologen te bewegen om in het EPC‐onderzoek te
stappen, aangezien EPC binnen de vasculaire neurologie de pathofysiologische
concepten zou kunnen veranderen en de behandelingen zou kunnen verbeteren.
In Hoofdstuk 6 was ons doel om een verband aan te tonen tussen EPC aantal en
vitaliteit en CSVD (opnieuw gedefinieerd als WSA en (oude) lacunaire herseninfarcten)
bij patiënten met een eerste lacunair herseninfarct. In deze studie zochten wij ook
naar mogelijke regulerende factoren van de EPC functie in het serum van patiënten. Zo
bestudeerden wij het effect van verschillende haptoglobine fenotypes op EPC.
Haptoglobine is een acute fase eiwit met verschillende fenotypes, waarvan het 1‐1
fenotype geassocieerd is met WSA en lacunaire infarcten. Mogelijk is deze relatie het
gevolg van het effect van haptoglobine 1‐1 op EPC functie. Wij bestudeerden 42
patiënten met een eerste lacunair herseninfarct en 18 controles zonder CSVD. Wij
vonden dat de EPC vitaliteit slechter was bij patiënten met een lacunair herseninfarct,
in het bijzonder bij degenen met tevens WSA en (meerdere) oude lacunaire infarcten.
Wij toonden tevens aan dat serum van patiënten, in vergelijking met serum van
gezonde controles, de vitaliteit van EPC negatief beïnvloedt, met name serum van
patiënten met tevens WSA en/of lacunaire infarcten. Verder hadden patiënten met
haptoglobine 1‐1 een lagere EPC vitaliteit en toevoegen van haptoglobine 1‐1 bij EPC
kweken leidde tot een lagere vitaliteit dan toevoegen van andere haptoglobine
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fenotypes. In Hoofdstuk 7 was ons doel om een verband aan te tonen tussen EPC
aantal en vitaliteit en een andere mogelijk regulerende factor van de EPC functie: de
angiogene T lymfocyt. Angiogene T cellen stimuleren de vorming van nieuwe
bloedvaten en endotheelherstel door een direct effect op EPC. Wij onderzochten 32
patiënten met essentiële hypertensie met CSVD (WSA, lacunaire infarcten en/of
microbleeds) en 29 hypertensieven zonder CSVD. Wij vonden dat zowel EPC aantallen
als angiogene T cel aantallen lager waren bij patiënten met CSVD in vergelijking met de
groep patiënten zonder CSVD. Het verband tussen angiogene T cellen en CSVD bleef
significant na statistische correctie voor andere mogelijk beïnvloedende variabelen
(zoals bloeddruk en andere vaatziektes). Wij concluderen uit deze twee studies dat
patiënten met CSVD wel eens een defect endotheelherstelmechanisme zouden
kunnen hebben. Hierbij zouden, in ieder geval ten dele, het haptoglobine fenotype als
lagere angiogene T cel aantallen een rol kunnen spelen.
In Hoofdstuk 8 worden de betekenis en toepasbaarheid van de belangrijkste
bevindingen uit dit proefschrift bediscussieerd. Alle studies suggereren dat bij CSVD
het (cerebrale) endotheel betrokken is in een process met activatie van het
immuunsysteem en een tekortschietend endotheel regeneratievermogen. Dit proces
leidt mogelijk tot een dysfunctie van de bloed‐hersen‐barrière en tot CSVD. Deze
conclusie laat echter enkele vragen ontbeantwoord, zoals:
1) Zijn de waardes van de merkers van endotheelactivatie en inflammatie, verwijde
Virchow Robinse ruimtes en EPC parameters ook voorspellend voor CSVD
progressie radiologisch en klinisch (met name cognitief functioneren) over verloop
van tijd?
2) Zijn de merkers een adequate afspiegeling van wat zich in het brein afspeelt?
3) Is het mogelijk om de herstelmechanismen (door EPC) te verbeteren en zou een
dergelijke verbetering leiden tot een verbetering of remming van CSVD?
Suggesties voor verder onderzoek om deze vragen te beantwoorden worden in dit
laatste hoofdstuk gegeven.
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Dankwoord
Het is (bijna) zover! Het boekje is klaar, al zal de wetenschap zelf me misschien nooit(?)
meer loslaten. Gedurende het schrijven aan dit boekje zijn er veel dingen gebeurd en
vorderde het schrijven het ene moment wat beter dan het andere, niet in het minst
door de combinatie met de specialistische opleiding en gezinsuitbreiding. Ik ben blij
dat ik terug kan kijken op een periode die mij veel heeft gebracht, waarvoor ik graag
een aantal personen wil bedanken.
Allereerst de leden van mijn promotieteam (met een ideale combinatie van
voornamen overigens, wat niet zelden tot misverstanden leidde).
Prof. Dr. J. Lodder, beste Jan. Je stond aan de wieg van het LACI‐project, de basis van
het onderzoek van mijn proefschrift, al zijn die LACI’s in mijn proefschrift misschien
wat ondergesneeuwd door EPC’s, immunologische bepalingen en de groep patiënten
met hypertensie. Voor mij was je een constante factor en sturende kracht, al was je
het laatste jaar niet meer lijfelijk op de afdeling aanwezig. Je kritische blik en
gedachten slepen mijn denkproces. Ik heb zo veel van je geleerd! Mijn PhD krijgt door
jouw begeleiding ook zijn ware inhoudelijke betekenis.
Prof. Dr. J.W. Cohen Tervaert, beste Jan Willem. Jij was de sturende kracht tijdens mijn
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waarvan ik in de toekomst nog veel plezier zal hebben.
Prof. Dr. R.J. van Oostenbrugge, beste Robert. Het begon met de subsidieaanvraag die
we samen schreven, waardoor ik uiteindelijk twee jaar fulltime aan mijn onderzoek
kon besteden. Meer mogelijkheid tot verdieping kon ik mij haast niet wensen. Ik moest
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nooit anders gezien dan als dagelijks begeleider/co‐promotor. Je lab‐technische
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in mijn eentje had moeten doen. Het waren mooie tijden, met een gereedschapskist
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meestal in het koele Noord‐Europa, en de LACI‐club. Iris, ik hoop dat je je onderzoek
met verve zult verdedigen, veel succes! Julie, al ligt mijn aandachtsgebied wel
inmiddels elders, ik hoop dat we als collega‐stafleden dezelfde goede band en
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voor je zeer nauwkeurige bepalingen van de anti‐oxLDL‐antilichamen en
adhesiemoleculen, al je hulp bij het haptoglobine‐onderzoek en de carnavalsmuziek. Ik
hoop dat je nog lang met plezier kunt blijven werken, ondanks alle perikelen rondom
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labonderzoeken! Heerlijk toch, dat tellen van EPC‐clusters of migrerende EPC’s onder
de microscoop? Ik hoop dat je als echte levensgenietster nog lang kunt genieten van
het leven op de manier zoals alleen jij dat kunt!
Dr. L.H.G. Henskens, Dr. A.A. Kroon en Prof.dr. P.W. de Leeuw, beste Léon, Bram en
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kijk, jullie hypertensie‐bril, en dank voor het ter beschikking stellen van de grote
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in publicaties. Zonder jullie input had mijn proefschrift niet deze vorm gehad!
De afdeling neurologie in het Orbis Medisch Centrum in Sittard, secretaresses en
neurologen. Dank voor jullie bijna vanzelfsprekende medewerking bij het inrichten
van een LACI‐poli en voor de mogelijkheden tot het includeren van patiënten voor mijn
onderzoek. Het is een aanzienlijk aantal en daarom: ook zonder jullie was mijn boekje
er niet geweest in de huidige vorm. Dank!
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stond!
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jullie kamers voor ochtenden lang bloedafnames voor één van de studies.
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onderzoek terugkomt in het jouwe. Ik ben er trots op dat jij vandaag als paranimf mij
bij zal staan.
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dank voor de warme omgeving die pap en jij mij hebben gegeven om me persoonlijk te
ontwikkelen, en voor jullie onvoorwaardelijke steun en liefde.
Tot slot: mijn eigen thuis met Joyce en sinds kort met Stan. Joyce, bedankt voor je
liefde en warmte, voor je geduld, hulp en adviezen en eigenlijk voor ons hele leven
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