High blood pressure and target-organ damage of the
brain
Citation for published version (APA):
Henskens, L. H. G. (2008). High blood pressure and target-organ damage of the brain. [Doctoral Thesis,
Maastricht University]. Datawyse / Universitaire Pers Maastricht. https://doi.org/10.26481/dis.20081127lh

Document status and date:
Published: 01/01/2008
DOI:
10.26481/dis.20081127lh
Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license
Take down policy
If you believe that this document breaches copyright please contact us at:
repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 09 Jan. 2023

High blood pressure and
target-organ damage of the brain

Thesis Henskens V07.pdf 1

26-9-2008 12:04:55

© Léon Henskens, Maastricht 2008
ISBN: 978-90-5278-774-9

Layout: Tiny Wouters
Cover: Jean Scheijen | vierdrie.nl
Production: Datawyse | Universitaire Pers Maastricht

Printing of this thesis was financially supported by Astellas Pharma B.V.,
AstraZeneca B.V., Boehringer B.V., Bristol-Myers Squibb B.V., Merck Sharp &
Dohme B.V., Novartis Pharma B.V., Schering-Plough B.V.

Thesis Henskens V07.pdf 2

26-9-2008 12:04:56

High blood pressure and
target-organ damage of the brain

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit Maastricht,
op gezag van de Rector Magnificus,
Prof. dr. G.P.M.F. Mols
volgens besluit van het College van Decanen
in het openbaar te verdedigen
op donderdag 27 november 2008 om 14.00uur

door

Léon Henskens

Thesis Henskens V07.pdf 3

26-9-2008 12:04:56

Promotores
Prof. dr. P.W. de Leeuw
Prof. dr. J. Lodder

Copromotores
Dr. A.A. Kroon
Dr. R.J. van Oostenbrugge
Beoordelingscommissie
Prof. dr. H.A.J. Struijker Boudier (voorzitter)
Prof. dr. P.J. Koudstaal, Erasmus MC, Rotterdam
Dr. G.A. van Montfrans, AMC, Amsterdam
Dr. H.J.M. Smeets
Prof. dr. J. Wilmink

Financial support by the Netherlands Heart Foundation for the publication of this
thesis is gratefully acknowledged

Thesis Henskens V07.pdf 4

26-9-2008 12:04:56

Voor Marian
Voor mijn ouders

Thesis Henskens V07.pdf 5

26-9-2008 12:04:56

Thesis Henskens V07.pdf 6

26-9-2008 12:04:56

Contents
List of abbreviations

9

Chapter 1

Introduction and outline of the thesis

11

Chapter 2

Different classifications of nocturnal blood pressure dipping
affect the prevalence of dippers and nondippers and the
relation with target-organ damage

31

Chapter 3

White matter hyperintensity volumes relate to ambulatory
blood pressure levels in hypertensive patients

51

Chapter 4

Silent lacunar but not territorial brain infarcts are related
to ambulatory blood pressure levels in hypertensive patients

67

Chapter 5

Brain microbleeds are associated with ambulatory blood
pressure levels in a hypertensive population

75

Chapter 6

Associations of the angiotensin II type 1 receptor A1166C and
the endothelial NO synthase G894T gene polymorphisms with
silent subcortical white matter lesions in essential hypertension

89

Chapter 7

Renin-angiotensin system and nitric oxide synthase
gene polymorphisms in relation to stroke

101

Chapter 8

Aortic stiffness is associated with silent cerebral small-vessel
disease in hypertensive patients

115

Chapter 9

Ambulatory blood pressure, asymptomatic cerebrovascular
damage and cognitive function in essential hypertension

131

Chapter 10

Detection of silent cerebrovascular disease refines risk
stratification of hypertensive patients

149

Chapter 11

General discussion

165

Appendix (A-E)

179

Summary

197

Samenvatting

205

Dankwoord

215

Curriculum vitae

221

Thesis Henskens V07.pdf 7

26-9-2008 12:04:56

Thesis Henskens V07.pdf 8

26-9-2008 12:04:56

⏐9
List of abbreviations
ABPM
ACE
AGT
AGTR1
ANOVA
BMBS
BMI
BP
CBF
CBP
CI
CST
CT
DBP
DM
DWMH
DWMHV
ESH
FLAIR
GE
GLM
HDL
HR
HWE
ICC
ICD-9
IDEE
IQR
LACs
LV
LVH
LVM
LVMI
MAP
MRI
ND
NF
NO
NOS
PD

Thesis Henskens V07.pdf 9

ambulatory blood pressure monitoring
angiotensin converting enzyme
angiotensinogen
angiotensin-II type 1 receptor
analysis of variance
brain microbleeds
body mass index
blood pressure
cerebral blood flow
clinic blood pressure
confidence interval
concept shifting task
computed tomography
diastolic blood pressure
diabetes mellitus
deep white matter hyperintensities
deep white matter hyperintensity volume
European Society of Hypertension
fluid-attenuated inversion recovery
gradient echo
general linear model
high density lipoprotein
hazard ratio
Hardy-Weinberg equilibrium
intraclass correlation coefficient
International Classification of Diseases, Ninth Revision
Instrument Development Engineering and Evaluation
interquartile range
lacunar infarcts
left ventricular
left ventricular hypertrophy
left ventricular mass
left ventricular mass index
mean arterial pressure
magnetic resonance imaging
narrow diary time method
narrow fixed time method
nitric oxide
nitric oxide synthase
proton density

26-9-2008 12:04:56

10

⏐
PP
PROGRESS
PVH
PWMHV
PWV
RAS
ROI
SBIs
SBP
SCD
SCWT
SD
SVD
TIA
TIs
UAE
WD
WF
WHO
WLT
WMHs
WMHV
WMLs

Thesis Henskens V07.pdf 10

pulse pressure
Perindopril pROtection aGainst REcurrent Stroke Study
periventricular hyperintensities
periventricular white matter hyperintensity volume
pulse wave velocity
renin-angiotensin system
region of interest
silent brain infarcts
systolic blood pressure
silent cerebrovascular disease
stroop color word test
standard deviation
small-vessel disease
transient ischemic attack
territorial infarcts
urinary albumin excretion
wide diary time method
wide fixed time method
World Health Organisation
word learning task
white matter hyperintensities
white matter hyperintensity volume
white matter lesions

26-9-2008 12:04:56

⏐11

Introduction and outline of the thesis

Thesis Henskens V07.pdf 11

26-9-2008 12:04:56

12

⏐Chapter 1

Thesis Henskens V07.pdf 12

26-9-2008 12:04:56

Introduction and outline of the thesis

⏐13

Hypertension is an important, worldwide public-health challenge because of its
high frequency and concomitant risks of cardiovascular, renal and cerebrovascular
disease, and death.1 The main goal of treating hypertension is to reduce
hypertension-related complications, for example myocardial infarction and
stroke.2,3 A necessary step in this endeavor is to identify those patients who are
most at risk of cardiovascular events. The detection of preclinical hypertensionrelated target-organ damage, besides the assessment of traditional cardiovascular
risk factors, is becoming increasingly important in the stratification of
cardiovascular risk.4 Current guidelines for the management of arterial
hypertension mainly recommend the search for preclinical damage to the heart
and kidneys.2,3 However, extending this search to other organs, for instance the
brain, might improve risk stratification, might optimize antihypertensive therapy
and might, in the end, help to further reduce the burden of disease attributable to
hypertension.

The global burden of hypertension
Current guidelines for the management of arterial hypertension define
hypertension as an untreated blood pressure (BP) ≥140 mmHg systolic or
≥90 mmHg diastolic as measured in the office.3 Globally, hypertension affects
25-30% of the adult population, and even up to 60-70% of those beyond the
seventh decade of life.5 Moreover, the incidence of hypertension is still increasing,
and estimates forecast the number of adults with hypertension to increase by
about 60% to over 1.5 billion in the year 2025.1 Investigators from the
Framingham Heart Study showed that in their group of non-hypertensive
participants below the age of 65 years 5.3% of those with optimum blood
pressure (BP), 17.6% of those with normal BP, and 37.3% of the subjects with
high normal BP progressed to hypertension over a period of four years.
Corresponding 4-year rates of progression to hypertension in participants of
65 years and older were 16.0%, 25.5%, and 49.5%, respectively.6 Furthermore,
they estimated a lifetime risk of developing hypertension of 90% for participants
who were normotensive at 55 years of age.7
According to the World Health Organization (WHO), hypertension is estimated to
cause over seven million premature deaths and 4.5% of the total disease burden
worldwide, its impact being higher than that of e.g. tobacco use and alcohol
consumption.8 Data from the WHO also indicate that about 62% of
cerebrovascular disease and 49% of ischemic heart disease are attributable to
non-optimal BP levels.8,9 Furthermore, it has become clear that the risk of
cardiovascular complications is not confined to subsets of patients with
particularly high levels of BP, but rather that the risk occurs in a continuum,
affecting even those with below average levels of BP.10,11 Also, hypertension often
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coexists with other cardiovascular risk factors, such as tobacco use, diabetes,
dyslipidemia and obesity, which add to the cardiovascular risk attributable to
hypertension.
High BP is the most prevalent, most important, and best modifiable vascular risk
factor for cardio- and cerebrovascular disease in general. Besides BP reduction, the
main purpose of antihypertensive treatment is to prevent the concomitant
cardiovascular, cerebrovascular and renal complications, to extend longevity, and
to improve quality of life.5 Treating hypertension substantially reduces the risk of
cardiovascular morbidity and death. For instance, pooled data from prospective
observational studies showed that a long-term reduction of five to six mmHg in
usual DBP was associated with a 35-40% risk reduction in stroke, a 20-25% risk
reduction in coronary heart disease, and a 21% risk reduction in vascular
mortality.12
Taken together, hypertension is a global, important condition, not only because of
its high frequency and concomitant morbidity, but also because it is probably the
best treatable vascular risk factor.

Hypertensive target-organ damage
Hypertension causes structural and functional alterations in the vasculature in
general and in target organs such as the heart, kidneys and brain in particular.4,13
Although initially these changes are compensatory in nature, they will invariably
lead to compromised organ function in patients with untreated or uncontrolled
hypertension. Importantly, once organ involvement has developed cardiovascular
prognosis worsens.3 Moreover, the presence of target-organ damage may also
determine the choice for a specific drug or drug combination in the treatment of
hypertension.3
Current guidelines for the management of hypertension mainly recommend the
search for preclinical cardiac and renal damage, i.e., detection of left ventricular
hypertrophy (LVH) and microalbuminuria or impaired renal function,
respectively.2,3 Both conditions have been associated with an increased incidence
of cardiovascular complications.14,15 The detection of injury to the vasculature by
means of measuring arterial stiffness and the presence of vascular hypertrophy or
atherosclerosis, has been recognized only recently by some3 but not all
guidelines.2 Cuspidi et al. demonstrated the importance of assessing whether
target-organ damage is present or not. They observed a marked change in
cardiovascular risk when the presence of LVH and/or vascular damage were taken
into consideration: up to 50% of the hypertensive patients who were initially
classified at low-medium risk on routine examinations were found to be at high
absolute risk after considering target-organ damage.16 Moreover, treatment of
hypertension without assessing organ damage may lead to suboptimal BP
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control.3,4 For example, according to the current guidelines for the management
of arterial hypertension of the European Society of Hypertension (ESH)3 a patient
with BP levels up to 180 mmHg systolic or 110 mmHg diastolic and one or two
coexisting risk factors such as high cholesterol levels or smoking, is classified as
having a low to moderate added cardiovascular risk and lifestyle changes are
recommended for at least several weeks before starting drug treatment. However,
when in the same patient target-organ damage has been detected, antihypertensive treatment should be initiated immediately. In other words, the
decision of drug intervention depends for a large part on the presence of targetorgan involvement, particularly in patients with a mild to moderate hypertension
(BP levels up to 180/110 mmHg). In view of this, one may question whether the
detection of preclinical cardiac and renal damage sufficiently covers the risk
associated with hypertension, or leaves a significant number of high-risk patients
unnoticed, e.g., because silent damage to other organs such as the brain remains
undetected.
Hypertension guidelines only recognize symptomatic stroke or transient ischemic
attack (TIA) as markers of established hypertensive organ damage of the brain.2,3
Stroke has been associated with a high rate of disability, coexisting morbidity and
a high risk of death.17,18 About a quarter of stroke patients die within one month,
about a third within six months, and about a half are dead by one year, figures
illustrating the dramatic course of stroke.18 Compared with the general
population, stroke patients lose, on average, 8.6 years of life expectancy.19
Moreover, in view of the aging population and rising prevalence of hypertension,
estimates forecast a continuing increase in the incidence, prevalence and mortality
of stroke in the next decades.17,19 Therefore, it is important to estimate or predict
the risk of future stroke. To this end, risk scores, based on the presence of
common cardiovascular risk factors including the level of BP, have been
developed.3,20,21 These risk scores are, however, not without methodological
limitations.22 With the introduction of neuroimaging techniques, i.e., computed
tomography (CT) and later magnetic resonance imaging (MRI), it has become
possible to detect cerebrovascular disease already in a preclinical phase.23,24
Several large and prospective, population-based studies demonstrated that silent
cerebrovascular disease harbors prognostic relevance, reporting a two to five
times higher risk of future stroke in the presence of silent ischemic brain
damage.25-27 Despite this, hypertension guidelines do not yet recommend the
assessment of preclinical cerebrovascular disease to estimate the risk of stroke,
next to and in the same way as for instance the presence of LVH is recommended
in cardiovascular risk stratification.2,3 Furthermore, whether the use of silent
cerebrovascular disease as a marker of hypertensive brain involvement, in addition
to cardiac and renal risk markers, improves the identification of hypertensive
patients most at risk of cardiovascular complications, remains to be investigated.
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Hypertension and the cerebral circulation
The mechanisms leading to silent cerebrovascular damage are complex and not
well understood. Partly, this results from the heterogeneous presentation of brain
lesions, which can be present as extensive lesions of chronic ischemia, small,
mostly deep infarcts, or small bleedings. Nevertheless, all these changes appear to
be caused by a shared, generalized cerebral small-vessel disease (SVD).28
Hypertension leads to both functional and structural (adaptive as well as
degenerative) changes in the cerebral microvasculature. A variety of small-vessel
pathologies have been observed in the hypertensive brain.28 Despite this
heterogeneity, the main vessel pathology associated with hypertension is a socalled arteriolosclerosis, i.e., hyaline wall thickening with luminal narrowing, and
ultimately elongation, tortuosity and rarefaction of small arteries and
arterioles.28-30 This compromises cerebral perfusion, impairs cerebrovascular
function, and initiates blood-brain barrier dysfunction with extravasation of blood
or plasma constituents.28,31-33
To some degree arteriolosclerosis is seen in most of the aged brains. It begins in
the fourth decade, increases in severity with increasing age thereafter, and is
exacerbated principally by hypertension. With increasing severity, arteriolosclerosis
may be accompanied by other wall abnormalities, such as atherosclerotic changes
(microatheroma) and fibrinoid necrosis (lipohyalinosis).28,34 Recently, a number of
molecular changes, such as endothelial dysfunction, hemostatic activation, and
vascular inflammation have been implicated in the pathogenesis of cerebral
SVD35-40, changes that are also related to hypertension.41
Functionally, hypertension impairs cerebrovascular autoregulation, which, in
general, compensates for decreases in total cerebral blood flow (CBF) to keep
brain perfusion pressure constant.31 Autoregulation is effective over a wide range
of perfusion pressures with the lower and upper limits estimated to be at the
systemic mean arterial pressure (MAP) level of about 60 and 150 mmHg,
respectively.31 In uncomplicated hypertension autoregulation of CBF is preserved,
but the limits are shifted towards higher levels of systemic arterial pressure. In
other words, the tolerance of the cerebral circulation to increases in BP is
improved, but at the expense of an increased risk of cerebral hypoperfusion and
subsequent ischemia when systemic BP drops below the lower limit of
autoregulation.31,42 Moreover, as a consequence of the structural vessel wall
changes, which continue to develop as a result of the hypertension, the capacity
of the resistance vessels for maximal vasodilatation is reduced, and, hence, the
tolerance to decreases in systemic BP is further impaired.31 Accordingly, studies
found CBF to be reduced in hypertensive patients as compared to normotensive
controls43,44, and a decline in total CBF was associated with increasing severity of
silent ischemic brain lesions.45
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Antihypertensive therapy may reverse impaired cerebrovascular function, but
probably only in those hypertensive patients with compensatory vessel wall
changes (i.e., adaptive muscular hypertrophy). In patients with long-standing or
severe hypertension, i.e., those with degenerative vessel wall damage,
cerebrovascular function may not improve or only partial.31

Hypertension and silent cerebrovascular disease: white
matter hyperintensities, silent brain infarcts and brain
microbleeds
By definition, silent cerebrovascular disease occurs in the absence of stroke-like
symptoms. The most frequently reported manifestations of silent cerebrovascular
damage on MRI associated with hypertension are white matter hyperintensities
(WMHs), silent brain infarcts (SBIs), and brain microbleeds (BMBs).46-48 In the
following paragraphs these silent brain lesions are discussed in more detail.

White matter hyperintensities
White matter hyperintensities, also referred to as leukoaraiosis (from the Greek
words leukos = white, and ariosis = rarefied) or white matter lesions (WMLs) are
believed to develop as a result of chronic cerebral hypoperfusion and subsequent
ischemia associated with generalized cerebral SVD and impaired cerebrovascular
function.49 On brain MRI these lesions are reflected as areas of high intensity in
the white matter of the brain on T2-weighted and fluid-attenuated inversion
recovery (FLAIR) sequences (Figure A.1, Appendix A). Early lesions are small and
develop mainly around the frontal and occipital horns of the lateral ventricles, the
central cerebrospinal fluid spaces. This so-called periventricular white matter
rather than the more distal or deep white matter seems particularly vulnerable as
this region is vascularized by long, penetrating end-arteries with a relatively low
perfusion pressure, that lack appropriate anastomoses and supply blood to arterial
watershed zones.49-51 Small periventricular hyperintensities are often found in the
elderly, and are believed to reflect the effects of normal ageing.52 However, with
increasing ischemia, for example in the presence of hypertension, lesions enlarge
and extend from the periventricular white matter into the deep white matter,
causing large confluent lesions (for an example of such severe WMHs see
Figure A.1, Appendix A).53 Histopathological studies have demonstrated a parallel
increase in severity of ischemic tissue damage, ranging from mild perivascular
alterations, i.e., altered fluid dynamics, to large areas with variable loss of fibers,
multiple small cavitations indicating tissue loss, and marked arteriolosclerosis of
the supplying microvasculature, but without frank infarction.52,54
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On the basis of the differences in vascularization patterns between the
periventricular and deep white matter as described above, some investigators
distinguished periventricular from deep WMHs.49 Studies documenting differences
in susceptibility to (vascular) risk factors55,56, clinical consequences57, and
progression rates58 between these two WMH subtypes suggest that such a
distinction is clinically relevant.
The prevalence of WMHs is relatively high, but varies across different populations
and is highly age-dependent. The frequency of any grade of WMHs in otherwise
healthy elderly of 55 years of age or older is almost 90%.59-61 Severe lesions, i.e.,
confluent WMHs involving both the periventricular and deep white matter, are
found in about 20-30%.60-62 In the presence of hypertension the frequency of
WMHs further increases63, partly as a result of interactive effects with age, and
possibly also other risk factors, e.g., genetic factors.64,65 Importantly, the risk of
WMHs is even higher in patients with untreated and poorly controlled
hypertension.63,66 In hypertensive cohorts, the reported frequencies of WMHs
ranged between 12% and 55%.67-71 However, and apart from differences in risk
factor profiles between populations, the use of different and rather crude visual
WMH rating scales, which do not quantify the volume of damage and have
limited observer reliability, makes comparison of frequencies across different study
populations difficult.72
As indicated by the term silent, WMHs initially develop without symptoms.
Nevertheless, hyperintensities have been associated with gait disturbances73,74,
depression75, cognitive decline and dementia57,76, and an increased risk of future
stroke.26,27. Furthermore, the available evidence strongly suggests that most of the
cognitive and functional consequences observed in hypertensive patients77-79 are
mediated by the development of WMHs, and account for a substantial part of
disability encountered in hypertensive patients.80 Hence, the term silent is not
undisputed.

Silent brain infarcts
In addition to WMHs, SBIs are the most frequently encountered manifestation of
preclinical cerebrovascular disease. A recently published systematic review showed
that SBIs are detected in about 20% (range 8-28%) of healthy elderly people and
in up to 50% of patients in selected series.47 The prevalence of SBIs increases
steeply with advancing age. In hypertensive patients, the overall frequency was
estimated to be 43% (range 20-86%), supporting the importance of high BP as a
risk factor for SBIs besides ageing.47
The majority of SBIs are lacunar infarcts (LACs).81 They are located deep in the
brain and in the brainstem82, and are thought to result from a similar
hypertension-related arteriolosclerosis as found in the presence of WMHs. Indeed,
SBIs and WMHs often occur in concert.83 However, in contrast to WMHs, LACs are
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caused by occlusion of single, small, perforating arteries supplying the deep
subcortical areas of the brain, leading to local tissue loss and the formation of
small lacunae.28,34,84 These lacunae, which measure up to 15 to 20 mm in
diameter, are detectable on the same T2-weighted and FLAIR images on which
also WMHs are visible (for an example of a LAC see Figure A.2.1, Appendix A).
Besides LACs, but less frequently, silent infarcts can occur also in other brain
areas, for instance in the cortex or the cerebellum81 (for an example see
Figure A.2.2, Appendix A).
Similar to WMHs, SBIs usually develop without symptoms, but they have been
related to functional impairment85,86, cognitive decline and dementia87, as well as
to an increased risk of stroke.25,27 It has been calculated that, based on the
prevalence and annual risk of symptomatic stroke in subjects with SBIs, more than
half of all ischemic strokes annually may be preceded by SBIs.88 Notably, the
prevalence of SBIs is substantially higher than the estimated three to five percent
prevalence of ischemic stroke in both Europe and the United States.89,90
Furthermore, exploratory analyses of SBI incidence suggested that over 10 million
Americans developed new SBIs in 1998 compared to only 700,000 new ischemic
strokes.91

Brain microbleeds
Brain microbleeds are, next to WMHs and SBIs, emerging as a potential new
marker of silent cerebrovascular damage. These small hemorrhages were
described for the first time in the mid-1990s.92 Microbleeds are focal
accumulations of macrophages that contain hemosiderin, a blood breakdown
product, in the perivascular space of small brain vessels. They are indicative of
previous extravasation of blood and can be identified as small, punctate (<5 mm
in diameter) areas of signal loss on haem-sensitive T2*-weighted gradient echo
(GE) MRI (for examples of BMBs see Figure A.3, Appendix A).93 Because the
hemosiderin-laden macrophages remain in situ, BMBs stay visible for years.24
Histopathological studies found evidence of arteriolosclerosis and lipohyalinosis in
the deep perforating arteries supplying the areas of the brain harboring
microbleeds.93,94 This type of cerebral SVD is also referred to as bleeding-prone
microangiopathy.93
In Caucasian populations, the prevalence of BMBs is about 5% in healthy, mostly
elderly individuals, increases to around 25% in ischemic stroke patients and goes
even beyond 50% in patients affected by intracerebral hemorrhage; even higher
frequencies have been reported in populations of Asian descent.48,95 A systematic
review recently showed that in the presence of hypertension the risk of BMBs
increased almost fourfold.48 Currently, no data are available on the frequency of
BMBs in hypertensive patients, but one might expect their prevalence to be in
between the frequencies observed in healthy elderly and patients with ischemic
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stroke. The presence of BMBs has been associated with cognitive impairment,
independent of coexisting ischemic brain damage (i.e., WMHs).96,97 Moreover,
prospective data suggest that BMBs predict the recurrence of both ischemic and
hemorrhagic stroke98-100, emphasizing, similarly as WMHs and SBIs, their potential
clinical relevance.

Silent cerebrovascular disease and blood pressure
Although hypertension is the major, modifiable risk factor associated with WMHs,
SBIs and BMBs, little is known about the relation between these silent lesions and
BP levels per se.
For the diagnosis of hypertension and control of BP-lowering treatment, doctors
mainly rely on auscultatory BP measurements, obtained in the office.2,3 Nowadays,
automated BP measurements, and in particular those in the usual situation
outside the hospital (ambulant), are increasingly used in clinical practice. Fully
automated ambulatory BP monitoring (ABPM), which measures the BP every 15 to
30 minutes throughout the day and the night, substantially refines the risk
stratification provided by conventional office measurements because of the
greater number of readings, the absence of digit preference and observer bias,
the reduction of the white-coat effect, and the ability to assess the diurnal BP
rhythm.101,102 Prospective studies have demonstrated that BP obtained by 24-hour
ABPM, whether daytime, nighttime or 24-hour, is a strong predictor of
cardiovascular complications (including stroke) and death, and is considered to be
superior to office pressure.102 Moreover, there is growing evidence to support the
importance of the BP during the night, and in particular an absent as well as
extreme reduction of the usual nocturnal BP (so-called nondipping and extreme
dipping, respectively), over and above the daytime BP.103-106 In 1988, O’Brien and
colleagues were the first to report that hypertensive patients with a nondipping
pattern had a significantly higher frequency of stroke, and suggested that
nondippers had an additionally increased risk of cerebrovascular disease.107
However, the claim that abnormal day-night BP variations are associated with an
elevated cardiovascular risk and a worse prognosis108 is still controversial, not the
least because the dipping status has been found to be poorly reproducible.
Moreover, a large number of classifications has been used, and its (additional)
prognostic meaning depends on the prevailing 24-hour BP level and treatment
status.109
Population-based studies reported an increase in the number and extent of SBIs
and WMHs with higher BP levels as measured in the office by
sphygmomanometry.110-112 However, and in spite of the superiority of ambulatory
over office BP in terms of cardiovascular risk, relatively few studies have assessed
the relation between BP obtained by ABPM and WMHs or SBIs67,71,113-124 Of these
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studies, only three were carried out in hypertensive populations.67,71,123
Furthermore, and although subjects displaying BMBs were found to have higher
office BP levels125,126, so far no study has primarily focused on the BP-microbleed
relationship.
Studies using ABPM have shown that besides an increased daytime BP a raised BP
during sleep is also associated with severe WMHs and higher frequencies of
SBIs.71,113,114,116-118,120,122,124 In addition to the nocturnal BP level per se, several
studies specifically focused on abnormal day-night BP variations as a possible
cause of WMHs and SBIs, yielding conflicting results. While most investigators
found that an absent BP reduction during sleep was associated with severe WMHs
and the presence of SBIs114,117-119,122, others failed to find such associations71,113, or
reported the opposite, i.e., more severe WMLs and more infarcts in the presence
of extreme nocturnal BP dips (the so-called J-curved relationship between
nocturnal BP dipping and silent cerebrovascular disease).67,106,121 The associations
with nondipping can be ascribed to the adverse effects of a high nocturnal BP,
and hence a high 24-hour BP load, on the cerebral microcirculation as mentioned
above.28 The relations with extreme dipping have been explained in terms of an
increased risk of cerebral hypoperfusion. Because in hypertensive patients the
cerebrovascular autoregulation is impaired and the lower limit is shifted towards
higher pressure levels, it is possible that marked BP falls, as seen in extreme
dipping, lead to an excessive reduction in CBF, which cannot be compensated
for.31,127,128 In this respect, several investigators have questioned the safety of
indiscriminate BP-lowering, particularly in hypertensive patients with (silent)
cerebrovascular disease.129-131

Summary
The frequencies of WMHs, SBIs and BMBs are high and, importantly, all
substantially higher than the estimated prevalence of stroke. This suggests that
stroke is just the ”tip of the iceberg”. Moreover, and despite the heterogeneity in
presentation on MRI – WMHs, SBIs and BMBs frequently co-occur, but not
necessarily one-on-one – their underlying vascular pathology is quite similar, with
high BP besides age being the major determinant. However, the relationship with
the BP level per se is complex and not well understood. Finally, the clinical and
prognostic implications of these preclinical lesions are now emerging. Hence, the
term silent is not without dispute. Therefore, screening of hypertensive patients
for silent cerebrovascular damage with brain MRI, besides assessing cardiac and
renal damage, may be useful in stratifying the risk of future cardio- and
cerebrovascular disease.
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⏐Chapter 1
Outline of this thesis
The general aim of this thesis is to assess the role of silent cerebrovascular disease
as a marker of hypertensive organ damage of the brain. The different studies
address the relationships between ambulatory measured BP and WMHs, SBIs, and
BMBs as markers of hypertension-related silent cerebrovascular disease, focusing
specifically on the nocturnal BP. They also consider the role of genetic factors that
might influence the susceptibility of the brain to hypertension, and, finally, discuss
the clinical relevance of detecting silent cerebrovascular disease in terms of
cognitive function and the risk of future cardio- and cerebrovascular
complications.
Several lines of evidence suggest that the absence of the usual nocturnal BP
decline predicts the risk of future cardiovascular events. However, the reportedly
poor reproducibility and a lack of consensus about the definition of nondipping
complicate its use as a determinant of cardiovascular risk. Accordingly, Chapter 2
evaluates the effects of different dipping classifications on the extent of the
nocturnal BP dip, the classification into dippers and nondippers, and their
reproducibility on duplicate ABPMs. The clinical relevance of the different
nondipper states, i.e., their association with measures of cardiac and renal targetorgan damage, is discussed as well. The chapters 3 to 5 describe the relationships
of circadian BP patterns, i.e., the daytime, nighttime and 24-hour BP levels, and
the nocturnal BP dip, with WMHs, SBIs and BMBs. In Chapter 3 we study the
dose-effect of ambulatory BP on the volume of WMHs and determine whether
there are distinct thresholds in the BP-WMH relationship. Chapter 4 focuses on
the differential effects of high BP levels on specific subtypes of SBIs. In Chapter 5
we assess the relationship between ambulatory BP levels and the presence of
BMBs. Chapter 6 describes a genetic association study linking polymorphisms of
the renin-angiotensin system (RAS) and the endothelial nitric-oxide (NO) synthase
(NOS3) with WMHs. Genetic variants of molecular pathways mediating vascular
function and morphology might influence the susceptibility of the brain to
hypertension. The potential significance of some of these genetic variants is
further investigated in Chapter 7 where we relate them to the risk of stroke in a
prospective, population-based, case-cohort study in more than 1,500 women. The
effects of high BP, ageing, genetic and other (vascular) risk factors ultimately
result in vascular changes, for example, arterial stiffening. The study presented in
Chapter 8 was undertaken to assess the association between aortic pulse wave
velocity, a measure of arterial stiffness, and the presence of WMHs, LACs and
BMBs, linking systemic large-vessel disease to cerebral small-vessel disease. To
evaluate the clinical relevance of silent cerebrovascular damage in hypertensive
patients, we assessed, as described in Chapter 9, the effects of hypertensionrelated WMHs and LACs on several domains of cognitive performance. This is
followed, in Chapter 10, by a study investigating whether the detection of WMHs,
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SBIs and BMBs, as markers of target-organ damage of the brain, may refine the
identification of hypertensive patients most at risk of cardiovascular complications,
over and above the currently recommended cardiac and renal risk markers. Finally,
in Chapter 11, we summarize our findings, discuss their clinical relevance and
speculate on their implications for future research.
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Summary
We assessed how different definitions of the awake and asleep periods and the use of
various blood pressure indices affect the extent of the nocturnal blood pressure dip, the
prevalence of dippers and nondippers, their respective reproducibilities and the relation of
nondipping with target-organ damage.
We performed 24-hour ambulatory blood pressure monitoring twice and determined left
ventricular mass index and urinary albumin excretion as indices of target-organ damage in
150 hypertensive patients (off-medication). Awake and asleep periods were assessed using
fixed and diary time methods, covering all readings available (wide) or excluding the
morning and evening transition hours (narrow). Nondipping (blood pressure dip <10%)
was established for systolic and diastolic blood pressure, their combinations (and/or), and
mean arterial pressure.
The different awake-asleep definitions caused significant variation in both the extent of the
blood pressure dip and the number of dippers and nondippers in comparison with the wide
diary definition (i.e., use of actual awake and sleep periods). The prevalences of dippers
and nondippers also varied significantly by the blood pressure index. Reproducibility
analyses of the blood pressure dip and the dipping status yielded repeatability coefficients
(expressed as percentages of nearly maximal variation) between 42.39% and 48.71%, and
Kappa values between 0.323 and 0.459, respectively. Some classifications, but not all,
discriminated significantly between consistent dippers and nondippers in terms of left
ventricular mass index or urinary albumin excretion.
In conclusion, the use of different definitions of awake-asleep and blood pressure indices
affects significantly the classification of nocturnal blood pressure dipping and its relation
with hypertensive target-organ damage.
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Introduction
Prospective studies have demonstrated that blood pressure (BP) obtained by
24-hour ambulatory BP monitoring (ABPM) is a strong predictor of cardiovascular
morbidity and mortality.1 In terms of prognosis, there is growing evidence to
support the importance of BP during sleep, and the blunting or absence of the
usual nocturnal BP reduction (so-called nondipping) in particular, over and above
the awake BP.2,3 The claim that nondipping is associated with an elevated
cardiovascular risk and a worse prognosis4, however, is not undisputed.5 This issue
has been complicated mainly by observations questioning the reproducibility of
the dipping status6-8 and the use of different classifications of nondipping, i.e.
various definitions of ‘awake’ and ‘asleep’, different threshold values and a variety
of BP indices.9-11 Nevertheless, ABPM is increasingly being used in clinical practice
and recently authorative guidelines recommended its use for the evaluation of the
dipping status in hypertensive patients.12 Neither researchers nor clinicians,
however, reached consensus concerning the definition of nondipping. Moreover,
it remains unclear how different classifications affect the reproducibility of the
nocturnal BP dip and the clinical relevance of the nondipper status, i.e. its
association with target-organ damage. The present study, therefore, aimed to
assess how different definitions of awake and asleep and the use of various BP
indices affect the extent of the nocturnal BP dip, the prevalence of dippers and
nondippers, their respective reproducibilities, and the association of nondipping
with left ventricular mass index (LVMI) and urinary albumin excretion (UAE).

Methods
Participants
From July 2004 to January 2006, we have asked all patients referred to our
outpatient department for the evaluation of their hypertension to participate in
this BP monitoring study. As part of the routine work-up, patients underwent
ABPM and echocardiography, and collected urine over a 24-hour period. Patients
who were using antihypertensive medication were instructed to discontinue
treatment at least two weeks prior to the BP measurements. To be eligible for
inclusion in the present study, patients had to consent to a second ABPM,
preferably within one week after the first routine measurement, and also offmedication. In addition, participants had to fulfill the following criteria: men or
women aged 18-90 years; no indication from history-taking, physical examination
or routine laboratory tests of secondary hypertension; no evidence of chronic
renal failure (serum creatinine concentration >150 μmol/l); no diabetes, i.e. the
current use of oral antidiabetic drugs or insulin; no clinically documented ischemic
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or valvular heart disease or electrocardiographic evidence of atrial fibrillation; no
history of transient ischemic attacks and ischemic or hemorrhagic stroke; no
diagnosis of obstructive sleep apnea syndrome.
All participants gave written informed consent and the Medical Ethics Committee
of the Maastricht University Medical Centre approved the study.

Evaluation of blood pressure
Conventional clinic BP (CBP) was measured at the hospital by sphygmomanometry (Korotkoff phases I and V). After at least five minutes of rest, three
consecutive measurements were taken at the non-dominant arm, with the
participant seated, and always by the same investigator (L.H.). Heart rate was
obtained by palpation of the radial artery.
Hypertension was defined as an untreated conventional CBP ≥140 mmHg systolic
or ≥90 mmHg diastolic, or both. In addition, apparent hypertension was graded
as mild, moderate or severe according to the current guidelines of the European
Society of Hypertension.13
Ambulatory BP was monitored non-invasively on two occasions over a 24-hour
period using an oscillometric SpaceLabs 90207 or 90217 device (SpaceLabs
Medical Inc., Redmond, Washington, USA). Both monitors were programmed to
obtain BP recordings every 15 minutes from 0700 to 2300 hours and every
30 minutes thereafter, and set to reject automatically readings with an SBP >240
or <70 mmHg, a DBP >150 or <40 mmHg, a mean arterial pressure (MAP) >200
or <40 mmHg or a heart rate >200 or <20 beats per minute.14 Blood pressure was
recorded at the non-dominant arm using an appropriately sized cuff. Monitoring
sessions started at the hospital, always on a weekday and preferably in the
morning. We encouraged participants to adhere to their usual daily activities and
regular sleeping hours, but instructed them to keep their arm and fingers
motionless during a recording. Furthermore, they completed a diary card
documenting their actual awake and asleep times.
SpaceLabs data files were transferred to a Windows-based PC system and
analyzed using the Pressure Import and Export software version 1.3.0. (Instrument
Development Engineering and Evaluation (IDEE), Maastricht University, 2005;
http://www-id.unimaas.nl). Data files were not edited manually, as this can
substantially affect the diurnal BP rhythm and ABPM reproducibility.14
Participant’s awake (or daytime) and asleep (or nighttime) periods were
determined according to the following definitions (Figure 2.1): (1) wide fixed time
method (WF), which defines daytime from 0700 to 2300 hours and nighttime
from 2300 to 0700 hours; (2) narrow fixed time method (NF), defining daytime
from 0900 to 2100 hours and nighttime from 0100 to 0600 hours (NF-1)13, or
defining daytime from 1000 to 2000 hours and nighttime from 0000 to 0600
hours (NF-2).15 Narrow fixed time methods eliminate the morning and evening
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transition hours during which BP shows considerable variation; (3) wide diary time
method (WD), assessing the actual awake and asleep periods from the diary card
entries; (4) narrow diary time method (ND), which assesses the awake and asleep
periods by excluding a 2-hour transition period around the reported rising and
retiring times.
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Figure 2.1 Definition of awake (daytime) and asleep (nighttime) periods.
SBP indicates systolic blood pressure (BP); DBP, diastolic BP; MAP, mean arterial pressure;
WF, wide fixed time method; NF, narrow fixed time method; WD, wide diary time
method; ND, narrow diary time method.

On the basis of these four definitions, the nocturnal BP dip was quantified as the
relative decline in mean BP from awake (daytime) to asleep (nighttime) periods
and calculated for SBP, DBP and MAP separately using the following equation:
((mean awake BP - mean asleep BP) / mean awake BP) x 100%. Dipping status,
defining nondipping as a nocturnal BP dip <10%16, was assessed for SBP, DBP,
the combinations of SBP-and-DBP and SBP-or-DBP, as well as for MAP.

Evaluation of the heart
The left ventricular (LV) mass, assessed by two-dimensional M-mode and Doppler
echocardiography (Sonos 5500, Hewlett-Packard, Andover, MA), was estimated
by a team of four cardiologists (as part of the routine investigations) according to
Devereux’s formula (Penn convention)17 and indexed to body surface area.18 The
LV dimensions and wall thicknesses were measured according to current
recommendations.19 A fifth cardiologist, not involved in the routine assessments
and blinded to the participants’ clinical status, re-analyzed 30 randomly selected
echocardiograms (which included echo’s of all four cardiologists) to evaluate the
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intra- and inter-rater agreement of the LVMI assessment by calculating intraclass
correlation coefficients (ICCs).20

Evaluation of the kidneys
The UAE was measured in a timed 24-hour urine collection by means of
nephelometry (BN ProSpec® System, Dade Behring Inc.), with a detection limit of
2.2 mg/l. In our laboratory, intra- and inter-assay coefficients of variation are
<7.0%. In a random sample of 30 participants we repeated the 24-hour urine
collection (i.e., 48-hour collection period) to evaluate the within-subject
reproducibility by calculating the coefficient of repeatability according to Bland
and Altman (for detailed statistical explanation see below).21

Statistical analysis
Using the WD definition as reference (i.e., the actual awake and asleep BP)22, we
tested whether differences in relative nocturnal BP dip or proportions of dippers
and nondippers according to the other definitions of awake-asleep were
statistically significant. For that purpose, the paired-samples t-test or McNemar’s
test for correlated proportions was applied. The same approach was followed
with regard to the different BP indices, using the SBP-and-DBP index as
reference.16
We assessed the reproducibility of the relative nocturnal BP dip according to Bland
and Altman by calculating coefficients of repeatability, defined as twice the
standard deviation (SD) of the differences between the duplicate recordings.21 For
comparison of the reproducibility of the different awake-asleep definitions, the
repeatability coefficients were expressed as a percentage of the nearly maximal
variation, calculated as four times the SD of the average of the two recordings.23
High repeatability coefficients and high percentages of nearly maximal variation
indicate considerable variation between the repeated recordings, reflecting lower
reproducibility. To determine the reproducibility of the dipping status we
investigated the number of participants who confirmed their initial classification
on the second ABPM, assigning them as consistent dippers or consistent
nondippers, or as variable dipper/nondippers.8 Kappa statistics were applied to
evaluate the consistency of this classification.24 Kappa values below 0.40 signify
poor, 0.40 to 0.59 signify moderate, 0.60 to 0.79 signify substantial, and values
above 0.80 signify outstanding reproducibility.
To assess how the different awake-asleep definitions and BP indices affected the
relation between nocturnal BP dipping and LVMI, we performed one-way analysis
of variance (ANOVA) to test for significant differences in LVMI between consistent
dippers, variable dippers/nondippers and consistent nondippers. This was done on
the assumption that significant results indicate those combinations of awakeasleep definitions and BP indices that classify dippers and nondippers most
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accurately. The same approach was used to investigate the relation between the
dipping status and UAE.
Normally distributed variables are presented as mean ± SD, variables with skewed
distributions as median (interquartile range) or as the geometric mean ± SD, and
categorical variables as frequencies. A two-tailed probability value <0.05 was
considered statistically significant. Analyses were performed using the statistical
software packages SPSS (version 11.5 for Windows; SPSS Inc., Chicago, Illinois,
USA) and Prism (version 4.00 for Windows; GraphPad Software Inc., San Diego,
California, USA).

Results
Study population
We included 157 patients into the study. The ambulatory BP recordings of seven
patients were not suited for analysis because 30% or more of the expected
number of readings were not available13, the entire recording period covered less
than 20 hours25 or there were no valid measurements in any 2-hour period15. In
the remaining 150 participants, monitoring sessions were repeated with a median
interval of seven days (range 2-28 days). Echocardiographic examinations were
technically satisfactory for 143 subjects and data on UAE were available in 140
participants. The characteristics of the study population are summarized in Table
2.1.
Table 2.1

Characteristics of the study population.

Characteristics
Sex, male
Age, years
Weight, kg
BMI, kg/m2
Conventional CBP systolic, mmHg
Conventional CBP diastolic, mmHg
Heart rate, bpm
BP classification:
Normotension
Grade 1 hypertension (mild)
Grade 2 hypertension (moderate)
Grade 3 hypertension (severe)
LVMI, g/m2
UAE, mg/24 h

Data
74 (49.3)
52.2 ± 11.7
82.1 ± 16.3
28.0 (25.3 - 30.4)
168 ± 23
104 ± 12
75 ± 11
9 (6.0)
29 (19.3)
48 (32.0)
64 (42.7)
86.1 ± 19.7
12.6 (7.9 - 22.3)

Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; CBP, clinic blood pressure; bpm, beats per minute; LVMI, left ventricular mass index; UAE,
urinary albumin excretion.
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Relative nocturnal blood pressure dip
The effects of the various awake-asleep definitions on the relative nocturnal SBP,
DBP and MAP dip are summarized in Table 2.2. The WF definition significantly
underestimated the actual nocturnal BP dip (i.e., as compared to the WD
definition), whereas this was overestimated significantly by the other definitions.
Differences in the BP dip between the first and second ABPM were small and not
statistically significant. Reproducibility analyses yielded coefficients of repeatability
(expressed as percentages of nearly maximal variation) between 42.4% and
48.7%. Coefficients appeared lowest when applying diary time methods and the
SBP as BP index, signifying higher reproducibility.
Table 2.2

The relative nocturnal blood pressure dip according to the various definitions of awakeasleep (n=150).
Relative nocturnal BP dip

Definition BP index

Difference versus WD definitiona

ABPM 1

ABPM 2b

ABPM 1

ABPM2

Reproducibility
CR (%) NMV (%)

WD

SBP
DBP
MAP

14.24 ± 7.04
17.35 ± 7.24
15.98 ± 6.93

14.56 ± 6.48
17.26 ± 7.00
16.08 ± 6.59

reference
reference
reference

reference
reference
reference

10.57
11.75
10.77

42.39
45.39
43.32

WF

SBP
DBP
MAP

12.84 ± 7.20
15.68 ± 7.80
14.44 ± 7.36

13.10 ± 6.36
15.72 ± 7.04
14.58 ± 6.55

-1.40 ± 3.12e
-1.67 ± 4.05e
-1.54 ± 3.57e

-1.46 ± 3.19e
-1.54 ± 3.48e
-1.50 ± 3.27e

10.98
12.50
11.21

43.87
46.40
43.96

NF-1

SBP
DBP
MAP

15.17 ± 8.44
18.24 ± 9.13
16.91 ± 8.57

16.05 ± 7.62
18.69 ± 8.27
17.54 ± 7.76

0.93 ± 3.37d
0.89 ± 4.13 d
0.92 ± 3.69 d

1.49 ± 3.18e
1.43 ± 3.50e
1.46 ± 3.20e

13.08
15.00
13.55

44.46
47.76
45.50

NF-2

SBP
DBP
MAP

14.69 ± 8.55
18.14 ± 9.24
16.63 ± 8.68

15.44 ± 7.54
18.41 ± 8.16
17.11 ± 7.67

0.45 ± 3.66
0.78 ± 4.45c
0.65 ± 4.01c

0.88 ± 3.40d
1.15 ± 3.74e
1.03 ± 3.47e

13.45
15.27
13.79

45.88
48.71
46.37

ND

SBP
DBP

15.53 ± 7.94
18.77 ± 8.37
17.36 ± 7.94

16.05 ± 7.09
18.77 ± 7.48

1.29 ± 1.69e
1.42 ± 2.02e

1.49 ± 1.84e
1.51 ± 2.06e

11.81
13.28

42.65
46.15

17.59 ± 7.10

1.38 ± 1.78e

1.51 ± 1.86e

11.89

43.08

MAP

Data are presented as mean ± SD or percentages. BP indicates blood pressure; ABPM, ambulatory BP
monitoring; WD, wide diary time method; WF, wide fixed time method; NF-1, narrow fixed time
method, daytime from 0900 to 2100 and night time from 0100 to 0600 hours; NF-2, narrow fixed
time method, daytime from 1000 to 2000 and night time from 0000 to 0600 hours; ND, narrow diary
time method; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure; CR, coefficient of
repeatability; NMV, nearly maximal variation.
a
The signed difference in relative nocturnal BP dip between the definitions of awake-asleep, using the
WD method as reference; b All definitions P>0.05 versus ABPM 1 (paired-samples t-test).
c
P<0.05, d P< 0.01, e P<0.001 versus the relative nocturnal BP dip of the WD definition (pairedsamples t-test).
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Dipping status
Table 2.3 presents the frequencies of dippers and nondippers on the first and
second ABPM. The wide fixed variant, in keeping with the underestimated actual
nocturnal BP dip, more frequently classified participants as nondippers than the
WD definition. The NF time definitions yielded equal results, and the narrow diary
variant tended towards lower frequencies of nondippers. The number of dippers
and nondippers also varied according to the BP index chosen. Both the
SBP-or-DBP combination and the SBP overestimated significantly the prevalence of
nondippers in comparison with the SBP-and-DBP combination, whereas the DBP,
and in most instances also the MAP, yielded similar proportions of dippers and
nondippers.
The Kappa values indicated poor to moderate reproducibility of the dipping
status, regardless of the awake-asleep definitions or BP indices used (Table 2.3).
Table 2.4 summarizes the consistency of dipping classifications. Overall, at least
70% of the participants reproduced their initial dipping classification. However,
the nondipper status was less reproducible (range according to classifications,
36.8% to 59.4%) than the dipper status (range, 80.9% to 94.7%).

Associations with the left ventricular mass index and urinary albumin
excretion
For the LVMI, the agreement analyses yielded intra- and inter-rater ICCs of 0.90
and 0.87, respectively; interpretation of ICCs is similar to kappa.24 For UAE, the
within-subject reproducibility was 19.1% (repeatability coefficient, expressed as a
percentage of nearly maximal variation).
Table 2.5 and Table 2.6 display the relation between the dipping status
(consistent dippers – variable dippers/nondippers – consistent nondippers) and
LVMI and UAE, respectively. Significant results indicate those combinations of
awake-asleep definitions and BP indices that discriminate most accurately
between consistent dippers and consistent nondippers in terms of LVMI and UAE.
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Dipper
Nondipper

Dipper
Nondipper

Dipper
Nondipper

Dipper
Nondipper

Dipper
Nondipper

SBP-and-DBP

SBP-or-DBP

SBP

DBP

MAP

WD
ABPM 2
b

WF
ABPM 2

121 (80.7)b
125 (83.3)
29 (19.3)
25 (16.7)
0.368
118 (78.7)
114 (76.0)bc
32 (21.3)
36 (24.0)
0.430

121 (80.7)c
125 (83.3)c
29 (19.3)
25 (16.7)
0.459

95 (63.3)bc 106 (70.7)bc
55 (36.7)
44 (29.3)
0.326

108 (72.0)c
116 (77.3)c
42 (28.0)
34 (22.7)
0.368

130 (86.7)
130 (86.7)
20 (13.3)
20 (13.3)
0.365

94 (62.7)bc 102 (68.0)bc
56 (37.3)
48 (32.0)
0.354

122 (81.3)
129 (86.0)
28 (18.7)
21 (14.0)
0.344

ABPM 1

108 (72.0)c
113 (75.3)c
42 (28.0)
37 (24.7)
0.365

130 (86.7)
133 (88.7)
20 (13.3)
17 (11.3)
0.353a

ABPM 1

NF-1
ABPM 2

125 (83.3)c
131 (87.3)
25 (16.7)
19 (12.7)
0.363

129 (86.0)
132 (88.0)
21 (14.0)
18 (12.0)
0.382

115 (76.7)c
122 (81.3)c
35 (23.3)
28 (18.7)
0.379

113 (75.3)c
119 (79.3)c
37 (24.7)
31 (20.7)
0.393

131 (87.3)
135 (90.0)
19 (12.7)
15 (10.0)
0.404

ABPM 1

NF-2
ABPM 2

126 (84.0)
129 (86.0)c
24 (16.0)
21 (14.0)
0.399

127 (84.7)
132 (88.0)
23 (15.3)
18 (12.0)
0.408

112 (74.7)c
116 (77.3)c
38 (25.3)
34 (22.7)
0.379

111 (74.0)c
113 (75.3)c
39 (26.0)
37 (24.7)
0.436

128 (85.3)
135 (90.0)
22 (14.7)
15 (10.0)
0.356

ABPM 1

ND
ABPM 2

127 (84.7)
133 (88.7)b
23 (15.3)
17 (11.3)
0.368

129 (86.0)
132 (88.0)
21 (14.0)
18 (12.0)
0.382

116 (77.3)bc 123 (82.0)bc
34 (22.7)
27 (18.0)
0.323

114 (76.0)c
120 (80.0)bc
36 (24.0)
30 (20.0)
0.380

131 (87.3)
135 (90.0)
19 (12.7)
15 (10.0)
0.338

ABPM 1

Data are presented as number (%). BP indicates blood pressure; WD, wide diary time method; WF, wide fixed time method; NF-1, narrow fixed time method, daytime from 0900 to
2100 and night time from 0100 to 0600 hours; NF-2, narrow fixed time method, daytime from 1000 to 2000 and night time from 0000 to 0600 hours; ND, narrow diary time method;
ABPM, ambulatory BP monitoring; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure.
a
Kappa statistic quantifying the reproducibility of the dipper and nondipper status between ABPM 1 and ABPM 2; repeated for every column.
b
P<0.05 for differences in frequencies of dippers/nondippers according to the different definitions of awake-asleep applied, using the WD method as reference (McNemar's test). For
ABPM 1 and ABPM 2 separately.
c
P<0.05 for differences in frequencies of dippers/non dippers according to the BP index (or combinations of such indices) applied, using the SBP-and-DBP index as reference
(McNemar's test). For ABPM 1 and ABPM 2 separately.

Dipping status

Frequencies of dippers and nondippers on the first and second ambulatory blood pressure monitoring.

BP index

Table 2.3

40

⏐Chapter 2

26-9-2008 12:04:59

Thesis Henskens V07.pdf 41

Reproducible dipper/nondipper
Consistent dipper
Consistent nondipper
Variable dipper/nondipper

Reproducible dipper/nondipper
Consistent dipper
Consistent nondipper
Variable dipper/nondipper

Reproducible dipper/nondipper
Consistent dipper
Consistent nondipper
Variable dipper/nondipper

Reproducible dipper/nondipper
Consistent dipper
Consistent nondipper
Variable dipper/nondipper

Reproducible dipper/nondipper
Consistent dipper
Consistent nondipper
Variable dipper/nondipper

SBP-and-DBP

SBP-or-DBP

SBP

DBP

MAP

126
111
15
24

128
119
9
22

114
94
20
36

113
92
21
37

129
121
8
21

(84.0)
(74.0)
(10.0)
(16.0)

(85.3)
(79.3)
(6.0)
(14.7)

(76.0)
(62.7)
(13.3)
(24.0)

(75.3)
(61.3)
(14.0)
(24.7)

(86.0)
(80.7)
(5.3)
(14.0)

WD
Frequency

91.7
51.7

91.5
45.0

87.0
47.6

85.2
50.0

93.1
40.0

%repro

120 (80.0)
101 (67.3)
19 (12.7)
30 (20.0)

122 (81.3)
109 (72.7)
13 (8.7)
28 (18.7)

105 (70.0)
78 (52.0)
27 (18.0)
45 (30.0)

106 (70.7)
76 (50.7)
30 (20.0)
44 (29.3)

123 (82.0)
112 (74.7)
11 (7.3)
27 (18.0)

WF
Frequency

85.6
59.4

90.1
44.8

82.1
49.1

80.9
53.6

91.8
39.3

%repro

126 (84.0)
116 (77.3)
10 (6.7)
24 (16.0)

129 (86.0)
120 (80.0)
9 (6.0)
21 (14.0)

119 (79.3)
103 (68.7)
16 (10.7)
31 (20.7)

118 (78.7)
100 (66.7)
18 (12.0)
32 (21.3)

132 (88.0)
124 (82.7)
8 (5.3)
18 (12.0)

92.8
40.0

93.0
42.9

89.6
45.7

88.5
48.6

94.7
42.1

NF-1
Frequency %repro

127
116
11
23

129
119
10
21

116
97
19
34

118
96
22
32

129
121
8
21

(84.6)
(77.3)
(7.3)
(15.4)

(86.0)
(79.3)
(6.7)
(14.0)

(77.4)
(64.7)
(12.7)
(22.6)

(78.7)
(64.0)
(14.7)
(21.3)

(86.0)
(80.7)
(5.3)
(14.0)

92.1
45.8

93.7
43.5

86.6
50.0

86.5
56.4

94.5
36.4

NF-2
Frequency %repro

128 (85.3)
119 (79.3) 93.7
9 (6.0)
39.1
22 (14.7)

129 (86.0)
120 (80.0) 93.0
9 (6.0)
42.9
21 (14.0)

117 (78.0)
103 (68.7) 88.8
14 (9.3)
41.2
33 (22.0)

118 (78.7)
101 (67.3) 88.6
17 (11.3) 47.2
32 (21.3)

130 (86.7)
123 (82.0) 93.9
7 (4.7)
36.8
20 (13.3)

ND
Frequency %repro

Data are presented as number (%) and percentage of participants of whom their initial dipper or nondipper status was reproduced on the second ABPM
(%repro). BP indicates blood pressure; WD, wide diary time method; WF, wide fixed time method; NF-1, narrow fixed time method, daytime from 0900 to 2100
and night time from 0100 to 0600 hours; NF-2, narrow fixed time method, daytime from 1000 to 2000 and night time from 0000 to 0600 hours; ND, narrow
diary time method; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure.

Dipping status

Reproducibility (consistency) of the dipping status (n=150).

BP index

Table 2.4

Nocturnal blood pressure dipping

⏐41

26-9-2008 12:04:59

Thesis Henskens V07.pdf 42

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

SBP-and-DBP

SBP-or-DBP

SBP

DBP

MAP

85.2 ± 18.6
82.4 ± 15.7
98.7 ± 29.0b

86.0 ± 20.0
84.6 ± 14.7
91.1 ± 28.9

84.5 ± 18.3
84.8 ± 18.0
95.9 ± 26.7a

84.4 ± 18.5
85.8 ± 17.3
94.0 ± 27.3

86.1 ± 19.8
82.9 ± 15.8
95.8 ± 27.7

WD

83.7 ± 17.5
89.1 ± 20.1
93.7 ± 27.5

85.6 ± 18.9
86.2 ± 21.4
89.8 ± 23.8

84.0 ± 18.2
84.4 ± 17.1
95.0 ± 25.7b

83.8 ± 18.4
85.5 ± 16.8
92.6 ± 25.6

85.5 ± 18.7
85.6 ± 22.2
93.2 ± 23.8

WF

85.0 ± 18.3
84.5 ± 16.2
103.1 ± 35.1a

86.7 ± 20.0
78.7 ± 15.4
95.9 ± 26.0a

85.0 ± 18.6
83.8 ± 16.5
97.9 ± 29.0a

85.4 ± 18.5
83.2 ± 17.2
95.5 ± 28.0

86.3 ± 19.7
80.3 ± 14.9
97.9 ± 27.4

NF-1

85.4 ± 18.4
82.8 ± 15.9
100.9 ± 33.8a

86.8 ± 19.9
79.7 ± 13.5
91.7 ± 27.3

85.1 ± 18.9
83.9 ± 16.3
95.0 ± 27.3

85.4 ± 18.8
83.6 ± 16.8
92.4 ± 26.5

86.6 ± 20.0
79.2 ± 13.2
97.9 ± 27.4a

NF-2

85.4 ± 18.2
82.5 ± 16.4
106.1 ± 36.3b

85.6 ± 18.3
85.3 ± 24.6
95.1 ± 26.5

85.1 ± 18.5
83.3 ± 16.2
100.3 ± 30.4b

85.0 ± 18.7
84.4 ± 16.4
95.6 ± 29.1

85.5 ± 18.1
84.8 ± 24.9
101.0 ± 28.6

ND

Data are presented as mean ± SD (g/m2). BP indicates blood pressure; WD, wide diary time method; WF, wide fixed time method; NF-1, narrow fixed time
method, daytime from 0900 to 2100 and night time from 0100 to 0600 hours; NF-2, narrow fixed time method, daytime from 1000 to 2000 and night time
from 0000 to 0600 hours; ND, narrow diary time method; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure.
a
P<0.10 and ≥0.05, b P<0.05 for trend (one-way analysis of variance)

Dipping status

BP index

Table 2.5 Relation of nocturnal blood pressure dipping with left ventricular mass index according to the various dipping classifications (n=143).
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Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

Consistent dipper
Variable dipper/nondipper
Consistent nondipper

SBP-and-DBP

SBP-or-DBP

SBP

DBP

MAP

14.4 ± 2.6
15.5 ± 2.6
22.7 ± 3.5

14.3 ± 2.7
16.4 ± 2.6
29.5 ± 3.4

14.7 ± 2.7
14.4 ± 2.5
19.9 ± 3.3

14.9 ± 2.7
13.8 ± 2.5
20.1 ± 3.2

14.2 ± 2.6
17.7 ± 2.6
30.4 ± 3.7

WD

13.9 ± 2.6
14.0 ± 2.6
28.7 ± 3.0b

14.1 ± 2.7
14.7 ± 2.4
30.5 ± 3.1b

14.8 ± 2.7
14.3 ± 2.4
18.5 ± 3.5

15.0 ± 2.7
13.5 ± 2.3
19.0 ± 3.3

13.9 ± 2.7
16.9 ± 2.5
29.0 ± 3.4a

WF

13.3 ± 2.6
21.6 ± 2.7
30.8 ± 3.2b

13.8 ± 2.7
18.8 ± 2.1
33.4 ± 3.7b

13.9 ± 2.6
16.3 ± 2.9
22.9 ± 3.1

13.7 ± 2.5
16.2 ± 2.7
23.5 ± 3.4

13.8 ± 2.7
22.3 ± 2.2
27.6 ± 3.5b

NF-1

14.0 ± 2.6
15.0 ± 2.5
35.6 ± 3.4b

14.3 ± 2.7
15.1 ± 2.3
32.3 ± 3.5b

14.4 ± 2.6
15.8 ± 2.7
18.9 ± 3.2

14.5 ± 2.6
14.1 ± 2.5
21.1 ± 3.3

14.2 ± 2.7
18.1 ± 2.5
27.6 ± 3.5

NF-2

14.6 ± 2.7
13.8 ± 2.4
31.9 ± 3.4a

14.5 ± 2.7
15.7 ± 2.5
25.8 ± 3.3

14.8 ± 2.7
13.6 ± 2.5
24.6 ± 3.3

15.0 ± 2.7
12.9 ± 2.6
22.4 ± 3.0

14.3 ± 2.7
18.0 ± 2.4
28.3 ± 3.9

ND

Data are presented as geometric mean ± SD (mg/24 h). BP indicates blood pressure; WD, wide diary time method; WF, wide fixed time method; NF-1, narrow
fixed time method, daytime from 0900 to 2100 and night-time from 0100 to 0600 hours; NF-2, narrow fixed time method, daytime from 1000 to 2000 and
night time from 0000 to 0600 hours; ND, narrow diary time method; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure.
a
P<0.10 and ≥0.05, b P<0.05 for trend (one-way analysis of variance).

Dipping status

Relation of nocturnal blood pressure dipping with urinary albumin excretion according to the various dipping classifications (n=140).

BP index

Table 2.6
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Discussion
This study demonstrates that the use of different definitions of awake-asleep and
BP indices significantly affects the classification of nocturnal BP dipping and its
relation with hypertensive target-organ damage.
Previously, several studies evaluated the reproducibility of nocturnal BP dipping,
but none of them compared the data of different classifications.6-8,23,26-35 Taken
together, the results of these studies indicate that, comparable to our findings,
the repeatability of the nocturnal BP dip is about 50% of nearly maximal variation,
ranging from 36 to 72% depending on the awake-asleep definition and BP-index
chosen.8,23,26,29-31,33,34
The reproducibility of dippers and nondippers varied in a similar way, being
reproducible in 35 to 85% of the studied populations.6-8,26-28,32,35 Nevertheless, the
repeatability of the relative nocturnal BP dip is reportedly less than that of the
mean awake, asleep and 24-hour BP. For these BP indices the nearly maximal
variation is about 20% lower, independent of the classification applied.23,29,31,33,34
Our observations support the notion that the WF method is inappropriate to
determine the awake and asleep periods. Wide fixed time methods are reliable
only when subjects rise and retire within predefined periods15, overestimate the
actual nighttime BP, and as our data also showed, underestimate the related
nocturnal BP decline and increase the number of subjects who are being
(mis)classified as nondipper.15,36,37 Narrow fixed time methods, on the other hand,
approximate the actual awake and asleep BP by excluding the morning and
evening transition hours.37 Accordingly, both NF methods yielded proportions of
dippers and nondippers comparable to those of the WD definition, in spite of the
overestimated actual nocturnal BP dip. This provides further evidence in favor of
the NF method as a practical definition of the awake and asleep BP.10 Other
advantages are that the NF definition can be applied without the disruption of a
person’s regular sleeping hours, and that it is easy to use in contrast to the rather
time-consuming wide and narrow diary methods.10
Few studies have investigated the impact of the BP index on the classification of
nocturnal BP dipping. In keeping with some of these studies we found the systolic
BP dip to be more reproducible than the diastolic dip.8,26,34 Other studies,
however, showed no difference or reported the opposite.23,29,31 Furthermore, our
data show that the choice of the BP index can significantly influence the
proportions of dippers and nondippers. Stenehjem et al., investigating the same
BP indices as we did, observed a similar variation in the reproducibility of the
dipping status.32 While these investigators found the SBP-or-DBP combination to
be most reproducible, we noted the highest numbers of reproducible dippers and
nondippers with the use of the SBP-and-DBP index. The use of different
ambulatory BP monitors – they used an auscultatory device – may account for this
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discrepancy. Yet, the optimal BP index, taking into account the measurement
technique, remains to be determined.
An important observation in the present study is that the nondipper status was
less reproducible than the dipper status, regardless of the awake-asleep definition
or BP index used. Apparently, it is more difficult to ascertain nondipping than
dipping.38 This may also explain the poor overall reproducibility of the dipping
status.
Considering the good reproducibility of dippers, one might hypothesize that a
person who dips more than 10% on the initial ABPM is a real dipper; in this
subject nondipping will occur only occasionally, for instance due to a disturbed
sleep. Nondippers, however, have a chance of at least 40% to dip more than
10% on a next monitoring session; they failed to dip by occasion on the first
ABPM. Consequently, being a nondipper on two occasions increases the
probability of being a real nondipper. The fact that variable dippers/nondippers
and consistent dippers yielded a comparable amount of LVMI and UAE for most
of the classifications supports this notion. This is consistent with previous
observations that defining nondipping on the basis of a single ABPM is less
reliable.6,28 Therefore, we propose that persons who display a nondipping pattern
on a first ABPM should always be re-monitored. Whether dippers need a reexamination may depend on the magnitude of the BP dip; for instance, one may
decide to re-examine a borderline dipper more quickly than an extreme dipper.
Finally, some but not all combinations of awake-asleep definitions and BP indices
yielded classifications that discriminated significantly between consistent dippers
and nondippers in terms of LVMI or UAE. Although in the present study the interrater agreement of the LVMI assessments was good, we cannot rule out that
some heterogeneity, introduced as a result of several observers, might have
influenced our findings. Similarly, the relation between nocturnal BP dipping and
UAE could have been influenced as a consequence of incorrectly timed urine
collections, despite acceptable repeatability of UAE measurements. On the other
hand, as we have compared various dipping classifications in a single group of
subjects, we believe that the relative differences in LVMI or UAE between
classifications depend on the awake-asleep definitions and BP indices used, rather
than on the target-organ measures. This once more demonstrates the variation
caused by the classification chosen and may explain, at least in part, the
contradicting results from studies concerning the clinical relevance of the
nondipping phenomenon.39
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In conclusion, the classification of nocturnal BP dipping and its relation with
hypertensive target-organ damage depend on both the definition of the awake
and asleep periods and the BP index (or combinations of such indices) used.
Narrow fixed time methods seem most practical to determine daytime and
nighttime periods, whereas the optimal BP index remains to be determined.
Nevertheless, nocturnal BP dipping is a poorly reproducible phenomenon,
irrespective of the classification used.
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Summary
High daytime and nighttime blood pressure levels, and apparently also an abnormal
nocturnal blood pressure dip, coincide with a greater extent of cerebral white matter
hyperintensities. Previous studies applied rather crude and less reliable visual rating scales to
categorize white matter hyperintensities instead of quantifying the actual lesion volume.
We aimed to assess the relationship between ambulatory blood pressure and volumes of
white matter hyperintensities, and distinguished between periventricular and deep
hyperintensities because of a supposedly different etiology.
A total of 210 hypertensive patients (110 males) without manifest cardio- and
cerebrovascular disease, a mean age of 52.5±12.5 years, and untreated office blood
pressure levels of 170±24/104±12 mmHg, underwent duplicate 24-hour ambulatory blood
pressure monitoring (off-medication) and brain magnetic resonance imaging to quantify
the white matter hyperintensity (total, periventricular and deep) and brain volumes. We
performed linear regression analyses to relate the mean 24-hour, awake and asleep blood
pressures, and the relative nocturnal blood pressure dip to the different volumes of white
matter hyperintensities, while adjusting for age, sex, brain volume and vascular risk factors.
Higher 24-hour, awake and asleep blood pressure levels were independently associated
with a greater volume of total (all models P<0.001), periventricular (P<0.001) and, to a
lesser extent, deep (P<0.05) white matter hyperintensities. Although the relationship
between the nocturnal blood pressure dip and the volume of white matter hyperintensities
appeared to be J-curved, i.e., higher volumes with smaller as well as extreme (>25-30%)
blood pressure dips, this was not statistically significant.
In conclusion, white matter hyperintensity volumes are independently associated with
higher 24-hour, daytime and nighttime blood pressure levels. The relation with nocturnal
blood pressure dipping, however, remains undetermined.
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Introduction
Cerebral white matter hyperintensities (WMHs) are a common finding on
magnetic resonance imaging (MRI) of the brain in the elderly. However, in the
presence of hypertension WMHs tend to occur earlier in life and appear to be
more severe.1 Although WMHs initially develop without symptoms, their presence
(especially when severe) has been associated with an increased risk of cognitive
impairment, stroke and death.2-4
Ambulatory blood pressure (BP) monitoring (ABPM) has shown that, in addition to
an increased daytime BP, a raised BP during sleep and an abnormal nocturnal
pressure decline are associated with more severe WMHs.5-17 The majority of
studies5-9,12-17, however, estimated the extent of WMHs using visual rating scales
instead of quantifying the actual lesion volume.10,11 Visual rating scales apply
arbitrary cut-offs to define lesion severity, display ceiling effects and poor
discrimination of absolute lesion volumes, and have limited observer reliability.18,19
Consequently, they may be less sensitive to detect (small) differences between
clinical groups.19 Furthermore, the use of different rating scales has complicated
the comparison of results between studies.20 Contrary, the quantification of WMH
volumes (WMHVs) will enable us to examine the dose-effect of BP on the extent
of WMHs and to determine whether there are distinct thresholds in the BPWMHV relationship.
The aim of the present study was to assess the relationship between the
ambulatory BP profile and the volume of WMHs in a cohort of hypertensive
patients without a history of cardio- and cerebrovascular disease. Furthermore, we
distinguished periventricular hyperintensities from those in the deep white matter
because the etiology of these WMH subtypes may actually differ.21

Methods
Participants
Screening, selection and inclusion of patients have been described in detail
elsewhere (Figure B.1, Appendix B).22 Briefly, 218 patients, referred for evaluation
of their hypertension and currently off anti-hypertensive treatment, were included
in the present study. In addition to the routine work-up, which included 24-hour
ABPM, standard 12-lead electrocardiography, echocardiography, and routine
laboratory investigations (for details on these investigations see elsewhere22,23),
patients consented to a repeat ABPM (also off-medication) and an MRI of the
brain. All participants, aged 20-82 years, had no indication of secondary
hypertension or chronic renal failure, no documented diabetes, no ischemic or
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valvular heart disease, no atrial fibrillation, no history of transient ischemic attacks
or stroke, and no diagnosis of obstructive sleep apnea syndrome.
The Medical Ethics Committee of the Maastricht University Medical Centre
approved the study and written informed consent was obtained from all
participants.

Blood pressure
Conventional office BP was measured at the hospital by sphygmomanometry
(Korotkoff phases I and V). After at least five minutes of rest, three consecutive
measurements were taken at the non-dominant arm, with the participant seated,
and always by the same trained investigator (L.H.). We calculated the mean
arterial pressure (MAP) from the corresponding systolic BP (SBP) and diastolic BP
(DBP) using the following equation: MAP=DBP+((SBP-DBP)/3). For analysis we used
the mean of the second and third measurements.
Ambulatory BP was monitored non-invasively over a 24-hour period using
validated SpaceLabs 90207 or 90217 devices (SpaceLabs Medical Inc., Redmond,
Washington, USA), as described in detail elsewhere.22 The monitoring sessions
were repeated with a median time interval of seven (interquartile range 5-9) days,
because the assessment of the 24-hour BP profile on the basis of a single ABPM
has been shown to be less reliable.24 Participant’s awake (daytime) and asleep
(nighttime) periods were determined by excluding a 2-hour transition period
around the reported rising and retiring times.23 According to this narrow diary
time definition and based on both ABPMs (for reproducibility data see Appendix
C) we calculated the mean 24-hour, awake and asleep SBP, MAP and DBP, and
quantified the relative nocturnal BP (MAP) dip (equation: ((mean awake MAP mean asleep MAP) / mean awake MAP) * 100%), as detailed previously.22
We defined hypertension as an untreated office BP ≥140 mmHg systolic and/or
≥90 mmHg diastolic.25

Magnetic resonance imaging
Brain MRI (Intera 1.5-T, Philips Medical Systems, Best, The Netherlands) was
performed to obtain axial T2-weighted and fluid-attenuated inversion recovery
(FLAIR) images (for details on the imaging protocol see Appendix D).
All imaging data were transferred to a Macintosh workstation and analyzed for
WMH and brain volumes, using the in-house developed (E.G.) image-processing
software package GIANT (General Imaging and Analysis Tools; Department of
Psychiatry and Neuropsychology, Maastricht University, Maastricht, The
Netherlands).
White matter hyperintensities were identified as hyperintense areas on T2weighted and FLAIR images (for an example see Figure A.1, Appendix A). We
defined WMHs connected to the lateral ventricles as periventricular (PWMHs)
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otherwise we considered them to be deep (DWMHs) (Figure D.1, Appendix D).
The actual quantification of the WMH volume (WMHV) was performed semiautomatically. A detailed description of this procedure, including fully automatic
brain volume (BV) measurements, is given in Appendix D. Reliability analyses for
WMHV and BV measurements yielded very good inter- and intra-observer
agreement with intraclass correlation coefficients ranging between 0.96 and 0.99
(Table D.1, Appendix D).

Risk factors
Information on lifestyle habits (smoking), past and current morbidity, and
hypertension history (including the duration of hypertension, previous and current
use of cardiovascular medication, and duration of treatment) were obtained by
interview and verified by inspection of recently started medical records. The
duration of hypertension was estimated as the time (in months) passed since the
self-reported age of diagnosis until inclusion in the study. Smoking was classified
as never, past or current.
Height and weight were measured without shoes and wearing light indoor
clothing to determine body mass index (BMI, kg/m2).
Venous blood samples, routinely drawn after an overnight fast, were analyzed for
serum creatinine, serum total and high-density lipoprotein (HDL) cholesterol levels,
and plasma glucose levels using standard laboratory procedures.
Hypercholesterolemia was considered to be present in subjects who either used
lipid-lowering drugs or had untreated total cholesterol levels >6.5 mmol/l.25
Left ventricular (LV) hypertrophy (LVH) was assessed by means of electro- and
echocardiography. We defined electrocardiographic LVH as a Sokolow-Lyons
index (SV1 + RV5-6) >38 mm.25 Left ventricular mass was assessed by twodimensional M-mode and Doppler echocardiography (Sonos 5500, HewlettPackard, Andover, MA, USA) as detailed recently.23 Echocardiographic LVH was
defined as an LV mass index (LVMI) >115 g/m2 for men and >95 g/m2 for women.
The assessments of LVMI were good reproducible; the intra- and inter-observer
intraclass correlation coefficients26 were 0.90 and 0.87, respectively.23

Statistical analysis
Before analyzing the relationship between ambulatory BP and WMHs we tested
the reproducibility of the duplicate ambulatory BP recordings. A detailed
description is given in Appendix C.
To detect group differences between unpaired data we applied the independent
samples t-test for normally distributed variables, the Mann-Whitney U test for
variables with skewed distributions, and the Pearson χ2 statistic or Fisher’s exact
test for categorical variables.
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We modeled the relation between the aforementioned BP measurements and
total, periventricular and deep WMHVs, while controlling for age, sex and BV.
Statistical significance of these relationships was assessed using linear regression
analyses, after WMHVs had been logarithmically transformed because of skewed
distributions. Models were adjusted for age, sex and BV (model 1), and
additionally for the duration of hypertension, previous antihypertensive treatment,
smoking of cigarettes, fasting plasma glucose levels, fasting serum creatinine
levels and LVH (model 2), factors previously reported to be associated with the
volume of WMHs.3,11,27-29 Covariates were forced into the models simultaneously
(enter procedure).
To illustrate the relationships between the BP level and the volume of WMHs, we
produced plots of the predicted WMHVs versus the office, 24-hour, awake and
asleep BP levels. The predicted WMHVs are the volumes predicted by the
regression equation between BP and the untransformed WMHVs, adjusted for
age, sex and BV.
Normally distributed variables are presented as mean ± standard deviation (SD),
variables with skewed distributions as median and interquartile ranges (IQR), and
categorical variables as frequencies. Unstandardized regression coefficients and
odds ratios are presented with corresponding 95% confidence intervals. A twotailed probability value <0.05 was considered statistically significant. Analyses
were performed using the statistical software packages SPSS (version 11.0.4 for
Macintosh, SPSS Inc., Chicago, Illinois, USA) and Prism (version 4.00 for Windows,
GraphPad Software Inc., San Diego, California, USA).

Results
Characteristics
Of the 218 participants 213 (98%) had duplicate ABPMs. In three subjects BVs
could not be obtained because of insufficient scan quality, thus leaving
210 participants for statistical analysis.
The characteristics of the study population, specified for men and women, are
summarized in Table 3.1.
At inclusion, the median duration of hypertension was 45 (IQR 14-147) months,
during which 180 (86%) patients had been on antihypertensive treatment for a
median duration of 24 (IQR 6-65) months. Based on the untreated office BPs, 200
(95%) participants were diagnosed with hypertension. Ten (5%) participants
appeared to have normal BP levels, even though the referring diagnosis was
hypertension. Seventy (34%) participants had hypercholesterolemia of whom 25
used lipid-lowering medication. Fourteen subjects were receiving antithrombotic
treatment.
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Characteristics of the study population according to sex.

Characteristics
Age, years
Height, cm
BMI, kg/m2
Office BP, mmHg:
SBP
MAP
DBP
Heart rate, bpm
Smoking of cigarettes:
Never
Past
Current
Glucose, mmol/l
Creatinine, μmol/l
Total cholesterol, mmol/l
LVH

All (210)

Men (106)

Women (104)

52.5 ± 12.5
169.6 ± 9.8
28.2 ± 4.9

52.6 ± 11.5
176.2 ± 7.2
28.6 ± 4.2

52.3 ± 13.4
162.8 ± 7.1
27.9 ± 5.5

170 ± 24
126 ± 14
104 ± 12
75 ± 12

169 ± 23
127 ± 14
105 ± 11
74 ± 13

170 ± 25
125 ± 15
102 ± 13
76 ± 10

85 (40)
90 (43)
38 (17)
5.4 ± 0.6
82 (71 - 93)
5.8 (5.2 - 6.5)
45 (21)

28 (26)
56 (53)
22 (21)
5.5 ± 0.6
90 (82 - 102)
5.7 (5.0 - 6.4)
14 (13)

57 (55)
34 (33)
13 (12)
5.3 ± 0.7
73 (65 - 80)
6.0 (5.2 - 6.7)
31 (30)

Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; BP, blood pressure; SBP, systolic BP; MAP, mean arterial pressure; DBP, diastolic BP; bpm,
beats per minute; LVH, left ventricular hypertrophy.

Ambulatory blood pressure and white matter hyperintensities
Brain MRI was performed with a median interval of 10 (IQR 7-16) days from the
first ABPM. The total WMHV of the study population ranged from 0.02 to
68.93 cm3 with a median of 0.84 (IQR 0.36-2.86) cm3. Periventricular WMHVs
(PWMHVs) ranged from 0.01 to 38.86 cm3 (median 0.67 [IQR 0.33-2.23] cm3) and
deep WMHVs (DWMHVs) from 0 to 30.07 cm3 (median 0.05 [IQR 0.002-0.32]
cm3). The participants’ mean BV was 1265.42±123.22 cm3. The median WMHV
increased with increasing age while the mean BV declined (Table 3.2).
Table 3.2

White matter hyperintensity and brain volumes according to age.
Age categories, years

Parameter
n
WMHV, cm3:
Total
Periventricular
Deep
BV, cm3

<40
34

40-60
115

≥60
61

0.35 (0.13 - 0.82)
0.35 (0.13 - 0.79)
0.00 (0.00 - 0.03)
1319 ± 113

0.60 (0.35 - 1.55)
0.57 (0.30 - 1.40)
0.04 (0.00 - 0.20)
1272 ± 124

2.93 (0.95 - 9.99)
2.33 (0.64 - 9.54)
0.42 (0.05 - 1.20)
1223 ± 115

Data are presented as mean ± SD, number, or median (interquartile range). n indicates number;
WMHV, white matter hyperintensity volume; BV, brain volume

Reproducibility data of the duplicate ABPMs are presented in Appendix C. In
accordance with the results of the reproducibility analyses all BP data are based on
the average of both recordings.
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Because of the large number of BP variables we only report the results associated
with the MAP, as this BP component relates to both SBP and DBP, and is only
slightly modified by age. The results were, however, similar for the systolic and
diastolic BPs.
The panels A to D of Figure 3.1 depict the relation between BP and WMHs while
adjusting for age, sex and BV.

Figure 3.1 Relationships between ambulatory blood pressure components and the predicted
volumes of white matter hyperintensities.
MAP indicates mean arterial pressure; WMH, white matter hyperintensity; TWMHV, total
WMH volume; PWMHV, periventricular WMH volume; DWMHV, deep WMH volume.
Circles indicate the age, sex and brain volume adjusted periventricular (open circles) and
deep (closed circles) predicted WMHVs associated with increasing levels of MAP.
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The volumes of total, periventricular and, to a lesser extent, deep WMHs increased
with increasing levels of office, 24-hour, awake or asleep BP. The spread in
distribution of WMHVs was greater for periventricular than for deep WMHs. In
line with the figures, the linear regression analyses showed that higher office,
24-hour, awake and asleep pressures were significantly associated with a greater
volume of total (all models P<0.001), periventricular (P<0.001) and, to a lesser
extent, deep (P<0.05) WMHs, independent of age, sex and BV (Table 3.3, model
1). Additional adjustments for vascular risk factors did not change the associations
(Table 3.3, model 2).
Although the relationship between nocturnal BP dipping and the volume of
WMHs appeared to be J-curved, i.e., higher volumes associated with smaller as
well as extreme (>25-30%) BP dips (Figure 3.2), the corresponding adjusted linear
regression models were not statistically significant (Table 3.3, all adjusted models
P>0.05).
Table 3.3

WMHVsa
Total

Mean arterial pressure components in relation to white matter hyperintensity volumes
(n=210).
MAP

Office
24-hour
Awake
Asleep
Nocturnal dip
Periventricular Office
24-hour
Awake
Asleep
Nocturnal dip
Deep
Office
24-hour
Awake
Asleep
Nocturnal dip

Unadjusted
0.013
0.013
0.011
0.014
-0.017
0.014
0.014
0.012
0.015
-0.016
0.015
0.011
0.007
0.014
-0.026

Model 1
d

(0.008 - 0.020)
(0.006 - 0.020)d
(0.004 - 0.018)c
(0.007 - 0.021)d
(-0.030 - -0.004)c
(0.008 - 0.020)d
(0.007 - 0.021)d
(0.005 - 0.019)c
(0.008 - 0.021)d
(-0.029 - -0.004)b
(0.004 - 0.026)c
(-0.002 - 0.023)
(-0.005 - 0.020)
(0.002 - 0.026)b
(-0.048 - -0.003)b

0.011
0.015
0.014
0.013
-0.009
0.012
0.015
0.014
0.014
-0.009
0.009
0.013
0.012
0.013
-0.013

Model 2
d

(0.006 - 0.016)
(0.009 - 0.020)d
(0.008 - 0.019)d
(0.008 - 0.019)d
(-0.020 - 0.001)
(0.007 - 0.017)d
(0.009 - 0.021)d
(0.009 - 0.020)d
(0.008 - 0.019)d
(-0.020 - 0.002)
(0.000 - 0.018)
(0.003 - 0.024)b
(0.001 - 0.022)b
(0.003 - 0.023)b
(-0.032 - 0.007)

0.012
0.015
0.014
0.013
-0.009
0.012
0.016
0.015
0.014
-0.009
0.010
0.014
0.012
0.014
-0.015

(0.006 - 0.017)d
(0.009 - 0.022)d
(0.008 - 0.021)d
(0.008 - 0.019)d
(-0.020 - 0.002)
(0.007 - 0.018)d
(0.010 - 0.022)d
(0.009 - 0.021)d
(0.008 - 0.019)d
(-0.020 - 0.003)
(0.000 - 0.020)b
(0.003 - 0.026)b
(0.001 - 0.024)b
(0.004 - 0.025)b
(-0.034 - 0.005)

Data are presented as unstandardized regression coefficients (95% confidence interval). WMHVs
indicates white matter hyperintensity volumes; MAP, mean arterial pressure.
a
WMHVs were log-transformed.
Model 1: adjusted for age, sex and total brain volume.
Model 2: additionally adjusted for duration of hypertension, previous antihypertensive treatment,
smoking status, fasting plasma glucose levels, fasting serum creatinine levels, and LVH.
b
P<0.05; c P<0.01; d P<0.001.
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Figure 3.2 Relationships between nocturnal blood pressure dipping and the predicted volumes of
white matter hyperintensities.
MAP indicates mean arterial pressure; WMH, white matter hyperintensity; TWMHV, total
WMH volume; PWMHV, periventricular WMH volume; DWMHV, deep WMH volume.
Circles indicate the age, sex and brain volume adjusted periventricular (open circles) and
deep (closed circles) predicted WMHVs associated with changing levels of MAP dip.

Discussion
The present study, carried out in a cohort of hypertensive patients without
manifest cardio- and cerebrovascular disease, demonstrated that higher,
untreated awake, asleep and 24-hour BP levels were related to a greater volume
of periventricular and, to a lesser extent, deep WMHs. The relationships were
continuous, without evidence of distinct thresholds and continued down to BP
levels well within the normotensive range.
Schwartz et al. were the first, and the only investigators so far, to report on an
independent contribution of higher ambulatory BP levels to greater WMHV.11 Our
data confirm their observations and extend them by showing a clear distinction
between hyperintensities of the periventricular and deep white matter in their
relation with ambulatory BP levels. While the PWMHV increased steeply with
higher BP levels, the volume of DWMHs did so only modestly.
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Hypertension leads to microvascular arteriolosclerosis (i.e., thickening of the vessel
wall with luminal narrowing), lengthening and tortuosity of microvessels, and
impairs cerebrovascular autoregulation.30,31 This increases the risk of cerebral
hypoperfusion and subsequent white matter ischemia. The periventricular rather
than the deep white matter seems particularly vulnerable to these adverse effects
of high BP, as this region is vascularized by long end-arteries with a relatively low
perfusion pressure, that lack appropriate anastomoses and supply blood to arterial
watershed zones.32 Besides, observations that periventricular and deep WMHs are
differentially influenced by vascular risk factors, have different clinical
consequences, and have different progression rates, further support the existence
of WMH-subtypes.2,21,33 Other investigators, however, criticized that a distinction
between deep and periventricular WMHs is arbitrary and failed to identify distinct
subtypes using anatomical mapping techniques.34 Notwithstanding, future studies
should preferably report their data specified for hyperintensities of the
periventricular and deep white matter, enabling us to further evaluate the
pathological and clinical relevance of subtyping WMHs.
Consistent with the results of the few earlier studies on ambulatory BP and
(mainly categorical) WMHs5,6,8,9,11,13,14,16 we found the absolute nocturnal BP level,
in addition to the daytime pressure, to be positively associated with WMHVs.
Large, prospective outcome studies have shown that the nighttime BP is a better
predictor of cardiovascular events (including stroke) and mortality than is the
daytime pressure, although the underlying mechanisms continue to be
speculative.35 Whether the nocturnal BP is indeed more important in the
development of WMHs than the daytime BP remains to be determined.
In addition to the nocturnal BP level per se, some studies have focused on
abnormal nocturnal BP falls as a possible cause of WMHs. While some
investigators found that an absent BP decline during sleep was associated with
advanced WMHs6,10-12,16, others failed to find such an association5,14,17 or reported
the opposite, i.e., more severe hyperintensities in the presence of extreme
nocturnal BP dips.7,15 Contrary to the results of Schwartz et al. we did not find an
independent relation between smaller nocturnal BP dips and greater WMHV.11
Their study, however, was carried out on a sample of mostly drug-treated
hypertensive subjects, and had a median time difference of almost one year
between the performance of MRI and the ambulatory BP measurements. We
observed a more or less J-curved relation between nocturnal BP dipping and the
volume of PWMHs, suggesting that in excess to smaller BP dips also extreme BP
falls beyond 25-30% are associated with greater PWMHV. Associations between
extreme dipping and the extent of WMHs have been observed before, but only in
two, rather small, Japanese populations.7,15 Moreover, and as pointed out recently
by experts in ABPM, the clinical value of abnormal nocturnal dipping patterns
remains controversial36.
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It has been shown that the associations between BP and the risk of stroke are
continuous and without any evidence of thresholds, continuing down to normal
BP levels as low as 115 mmHg systolic and 75 mmHg diastolic.37 We observed
similar patterns for preclinical manifestations of cerebrovascular disease. Such
continuous relationships, starting already at below average BP levels, suggest that
WMHs develop gradually and with increasing severity. Histopathological data have
shown a gradual increase of ischemic tissue damage parallel to an increase from
small punctate lesions to large confluent WMHs.38 Recent imaging studies, using
diffusion tensor techniques, found that subtle white matter changes, such as
altered fluid dynamics, are already present in the normal appearing white matter
of patients who display WMHs on conventional T2-weighted and FLAIR images.39
In other words, the WMHs visible on T2-weighted and FLAIR images probably
represent the more severe lesions of a broader white matter disease that is not
detectable yet on conventional neuroimaging.
The present study has limitations. Because of its cross-sectional design we cannot
infer a cause-effect relationship between increasing BP levels and greater WMHVs.
Hence, our observations need to be extended in longitudinal and adequately
powered studies. Furthermore, the associations between ambulatory BP levels and
DWMHV might have been underestimated, as we classified large confluent lesions
extending into the deep white matter but connected to the lateral ventricles as
periventricular rather than deep (even though this classification is generally
accepted).
Strengths of our study are firstly that BP was measured by ABPM and,
importantly, on two occasions. Secondly, the assessments of the WMHVs showed
very good intra-rater, inter-rater and scan-rescan agreement. Thirdly, we studied
BP and WMHs as continuous variables rather than using arbitrary cut-offs. The
observed associations were robust and not biased by concurrent antihypertensive
treatment or a history of symptomatic cerebrovascular disease. Moreover, we did
not include subjects with manifest vascular disease, thereby reducing the
possibility that our observations result from reverse causality.
In conclusion, the observed relationships between increasing BP levels and greater
WMHV, though cross-sectional, were continuous, without evidence of distinct
thresholds and continued down to BP levels within the normotensive range. This is
important in view of the possibility that lowering BP may prevent the development
of new or the progression of existing WMHs. Data from the Perindopril Protection
Against Recurrent Stroke Study suggest that an active BP-lowering regimen stops
or delays the progression of WMHs in patients with a history of stroke or TIA.40
However, the safety of indiscriminate BP reduction (i.e., risk of cerebral
hypoperfusion) has been questioned, particularly in hypertensive patients with
(silent) cerebrovascular disease.41 Accordingly, there is a need for adequately
powered intervention trials in hypertensive patients, who display different rates of
WMHs and who have not had a stroke yet. These trials should assess the effects
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and safety of antihypertensive (and also other cardiovascular) treatment on the
development and/or progression of WMHs, with a special focus on the nocturnal
BP and its (abnormal) patterns.
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Summary
Although silent brain infarcts occur frequently in patients with hypertension, little is known
about the relation of subtypes of silent brain infarcts and blood pressure levels per se.
In 213 stroke-free hypertensive patients (110 males, age 52.5±12.6 years) we performed
duplicate 24-hour ambulatory blood pressure monitoring (off-medication) and brain
magnetic resonance imaging to detect silent brain infarcts. Lacunar infarcts were
distinguished from territorial infarcts. We performed logistic regression analyses to relate
ambulatory blood pressure levels to silent brain infarcts and their subtypes.
Silent brain infarcts were present in 61 (29%) participants of whom 42 had lacunar infarcts
and 25 had territorial infarcts (i.e., six patients displayed both subtypes). On logistic
regression analyses, adjusted for age, sex and cardiovascular risk factors, higher 24-hour,
awake and asleep blood pressure levels were significantly associated with lacunar infarcts
but not territorial infarcts.
In conclusion, these data show that lacunar infarcts but not territorial infarcts are
associated with ambulatory measured blood pressure. This differential effect stresses the
need for adequately powered trials, which specifically assess the effects of lowering blood
pressure on the risk of lacunar infarcts, territorial infarcts and other silent ischemic brain
lesions.
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Introduction
Silent brain infarcts (SBIs) occur frequently in patients with hypertension.1
Nevertheless, the relation between SBIs and blood pressure (BP) as a quantitative
variable has not been studied in detail. Studies into subtypes of SBIs are lacking,
despite observations that some brain areas may be more vulnerable to the adverse
effects of high BP than other regions.2 Furthermore, a better understanding of
how BP relates to SBI-subtypes is also relevant in view of the potential benefits of
lowering BP in the primary and secondary prevention of (silent) stroke.3
In the present study, carried out in a cohort of stroke-free hypertensive patients,
we aimed to further detail the BP-SBI relationship, by relating ambulatory
measured BP to SBIs in subtype-specific analyses.

Methods
Participants
Selection of participants has been described in detail elsewhere (Figure B.1,
Appendix B).4 Briefly, 218 patients referred for evaluation of their hypertension
(office BP ≥140/90 mmHg) and currently off anti-hypertensive treatment were
included in the present study. All participants, aged 20-82 years, had no signs of
secondary hypertension or chronic renal failure, no documented diabetes,
ischemic or valvular heart disease, no atrial fibrillation, and no history of
symptomatic cerebrovascular disease (i.e., transient ischemic attacks or stroke).
Interviews (lifestyle habits, treatment and hypertension history), physical
examinations (including office BP measurements) and routine laboratory
investigations (including echocardiography and urinalysis to test for the presence
of left ventricular hypertrophy and microalbuminuria, respectively) were
performed as published recently.4,5
All participants gave written informed consent and the Medical Ethics Committee
of the Maastricht University Medical Centre approved the study.

Ambulatory blood pressure monitoring
Blood pressure (off-medication) was monitored non-invasively over a 24-hour
period and on two occasions using ambulatory BP monitoring (ABPM; SpaceLabs
90207 or 90217 devices [SpaceLabs Medical Inc., Redmond, Washington, USA]).
We performed duplicate recordings (median time interval of seven [interquartile
range 5-9] days) because the assessment of the diurnal BP profile on the basis of a
single recording is less reliable.6 Participant’s awake (daytime) and asleep
(nighttime) periods were determined by excluding a 2-hour transition period
around the reported rising and retiring times. According to this narrow diary time
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definition and based on both ABPMs (for reproducibility analyses see Appendix C)
we calculated the mean 24-hour, awake and asleep systolic BP (SBP), mean
arterial pressure (MAP), and diastolic BP (DBP), and quantified the relative
nocturnal BP (MAP) dip (equation: ((mean awake MAP - mean asleep MAP) /
mean awake MAP) * 100%), as reported recently.4 We defined hypertension as
an untreated office BP ≥140 mmHg systolic and/or ≥90 mmHg diastolic.7

Silent brain infarcts
Brain MRI (1.5-T) was performed to obtain axial T2-weighted and fluid-attenuated
inversion recovery (FLAIR) images (for details on the imaging protocol see
Appendix D).4 We identified SBIs as sharply demarcated hyperintense lesions on
T2-weighted images, with corresponding foci of FLAIR low signal intensity. Small
infarcts were distinguished from perivascular spaces using the FLAIR images,
infarcts being characterized by a central cavitation of low signal intensity with a
surrounding higher-intensity rim of gliotic tissue. We distinguished lacunar infarcts
(LACs; diameter 3-15 mm) situated in the basal ganglia, internal capsule,
thalamus (i.e., those sites limited to the vascular territories of the lenticulostriate,
anterior choroidal and thalamoperforant arteries) and/or brainstem, from
territorial infarcts (TIs) located in the cerebral hemispheres, cerebellum and/or
brainstem (for examples of LACs and TIs see Figure A.2.1 and A.2.2, respectively,
Appendix A). Two vascular neurologists (R.v.O and J.L.) independently rated all
scans. In case of disagreement, infarcts were ascertained by consensus.

Statistical analysis
To assess the relation between ambulatory BP and silent infarcts we performed
logistic regression analyses, adjusted for age and sex, and additionally (i.e.,
exploration) for the self-reported duration of hypertension, previous antihypertensive treatment, smoking status and the ratio of total to high-density
lipoprotein cholesterol. Covariates were forced into the models simultaneously
(enter procedure). We applied the same approach to evaluate the relation
between ambulatory BP and measures of hypertensive cardiac and renal organ
damage.
A two-tailed probability value <0.05 was considered statistically significant.
Analyses were performed using the statistical software package SPSS (version
11.0.4 for Macintosh, SPSS Inc., Chicago, Illinois, USA).

Results
Of the 218 participants, 213 (98%) had duplicate ABPMs and complete MRI data.
Their characteristics are presented in Table 4.1. Reproducibility data of the
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duplicate ABPMs are presented in Appendix C. In accordance with the results of
the reproducibility analyses all BP data are based on the average of both
recordings.
Table 4.1

Characteristics of the study population.

Characteristics
Sex, male
Age, years
BMI, kg/m2
Office BP, mmHg:
SBP
DBP
Heart rate, bpm
Current smoker
Cholesterol, mmol/l:
Total
HDL
Ratio total/HDL cholesterol
Creatinine, μmol/l
Hypertension history:
Duration of hypertension, months
Previous antihypertensive treatment
Silent brain infarcts:
Total
Lacunar
Territorial

All (213)
108 (51)
52.5 ± 12.6
28.2 ± 4.9
170 ± 24
104 ± 12
75 ± 12
36 (17)
5.9 ± 1.2
1.4 ± 0.4
4.6 ± 1.4
82 (71 - 93)
45 (14 - 145)
173 (81)
61 (29)
42 (20)
25 (12)

Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; bpm, beats per minute; HDL, highdensity lipoprotein.

We observed 84 SBIs in 61 (29%) participants. Forty-two (20%) patients had LACs
and 25 (12%) subjects had TIs (Table 4.1). In six participants we observed both
subtypes.
The diurnal (24-hour, awake and asleep) systolic, mean and diastolic BP levels of
patients with LACs were higher than those measured in patients with TIs, while
there was no difference in terms of nocturnal BP dipping (Table 4.2). Ambulatory
BP levels were significantly associated with the presence of SBIs and in particular
LACs, independent of age and sex (Table 4.2). Additional adjustments for
cardiovascular risk factors did not change the results (data not shown). No
associations were found between ambulatory BP and TIs (Table 4.2).
In agreement with the above, we found that hypertensive cardio-renal damage,
i.e., damage resulting from longstanding high BP levels, was also related to LACs
only (Table 4.2).
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135 ± 23
100 ± 16
82 ± 13
16 ± 7

130 ± 17
95 ± 12
78 ± 11
18 ± 7

159 ± 22
118 ± 16
98 ± 14
164 ± 23
122 ± 16
102 ± 15
139 ± 23
102 ± 16
83 ± 14
16 ± 8

1.24 (0.90 - 1.70)b
1.36 (1.00 - 1.85)b
1.45 (1.04 - 2.02)b
1.19 (0.87 - 1.64)b
1.32 (0.97 - 1.78)b
1.40 (1.01 - 1.95)b
1.28 (0.95 - 1.72)b
1.38 (1.02 - 1.87)b
1.42 (1.04 - 1.92)b
0.86 (0.63 - 1.16)b

1.57 (1.13 - 2.21)b
1.63 (1.14 - 2.33)c
1.59 (1.12 - 2.27)c
0.93 (0.67 - 1.29)b

1.63 (1.14 - 2.31)c
1.73 (1.21 - 2.47)c
1.80 (1.24 - 2.62)c

1.65 (1.16 - 2.36)c
1.77 (1.24 - 2.53)c
1.84 (1.27 - 2.69)c

SBIs present
LACs (42)a
Value
aOR (95% CI)

132 ± 19
98 ± 14
82 ± 12
16 ± 7

155 ± 21
118 ± 16
99 ± 14

150 ± 20
113 ± 15
95 ± 13

Value

1.02 (0.68 - 1.54)
1.15 (0.76 - 1.74)
1.26 (0.82 - 1.92)
0.86 (0.57 - 1.30)

0.95 (0.62 - 1.45)
1.07 (0.71 - 1.60)
1.18 (0.76 - 1.85)

0.96 (0.63 - 1.47)
1.10 (0.71 - 1.69)
1.21 (0.78 - 1.89)

TIs (25)a
aOR (95% CI)

92.8 ± 22.7 1.06 (0.98 - 1.15)b
96.2 ± 24.7 1.10 (1.01 - 1.20)b
92.8 ± 22.8 1.05 (0.95 - 1.15)
b
16.4 (8.6, 29.9) 1.68 (0.81 - 3.45) 19.0 (8.9, 41.4) 2.62 (1.17 - 5.87)b 13.9 (8.7, 24.4) 0.92 (0.39 - 2.82)

159 ± 22
119 ± 16
100 ± 14

155 ± 16
116 ± 12
96 ± 11

86.9 ± 18.8
12.5 (7.5, 21.8)

154 ± 22
115 ± 15
96 ± 14

149 ± 16
111 ± 11
92 ± 11

Value

All (61)
aOR (95% CI)

Values are presented as mean ± SD or median (interquartile range). Odds ratios are presented with 95% confidence intervals. SBIs indicates silent brain infarcts;
LACs, lacunar infarcts; TIs, territorial infarcts; aOR, age and sex adjusted odds ratio; 95% CI, 95% confidence interval; BP, blood pressure; SBP, systolic BP; MAP,
mean arterial pressure; DBP, diastolic BP; LVMI, left ventricular mass index; UAE, urinary albumin excretion. Adjusted odds ratios indicate the following (all
models adjusted for age and sex): For BP variables: aORs associated with a 1 SD increase in 24-hour , awake or asleep BPs, or relative MAP dip. For cardiac
damage: aORs associated with a 5 unit increase in LVMI. For renal damage: aORs associated with a 1 unit in log-transformed (because of skewed distribution)
UAE.
a
Both LACs and TIs include 6 participants displaying both SBI-subtypes (for the purpose of statistical power). b P<0.05; c P<0.01.

Ambulatory BP, mmHg:
24-hour
SBP
MAP
DBP
Awake
SBP
MAP
DBP
Asleep
SBP
MAP
DBP
Relative MAP dip, %
BP-related organ damage:
LVMI, g/m2
UAE, mg/24h

SBIs absent (152)
Value

Age and sex adjusted associations between blood pressure and silent brain infarcts (n=213).

Characteristic

Table 4.2
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Discussion
Our analyses show that the relation between ambulatory BP levels and SBIs is
determined solely by LACs. Moreover, the inclusion of TIs in the SBI-definition
resulted in weak or even non-significant associations between BP and SBIs.
The distinction between LACs and TIs suggests a differential effect of high BP on
the brain circulation, fitting within the concept of small vs. large vessel disease.
Histopathological and clinical studies have related asymptomatic LACs to
hypertension-induced arteriolosclerosis, which particularly occurs in the smallest
arteries (diameter <200 μm).8,9 In larger vessels, however, other mechanisms, e.g.,
atherothrombosis and cardio-embolism, may play a more prominent role, causing
(silent) non-lacunar infarcts.2 The independent associations with cardio-renal
damage further support a role for high BP in the etiology of LACs. Yet, the
observed distinction between SBI-subtypes may also result from the small number
of TIs, which limits the statistical power to detect modest associations with BP.
Our findings have implications for future research and clinical practice. First, our
observations need confirmation in adequately powered and longitudinal studies,
being able to establish risk factor profiles for both LACs and TIs (and if possible
their subtypes). This is important in view of developing prevention strategies. For
instance, reducing BP may mainly lower the risk of new LACs. Territorial infarcts,
on the other hand, may require different or additional preventive measures, e.g.,
cholesterol lowering and/or antithrombotic treatment. Second, data from the
Perindopril Protection Against Recurrent Stroke Study (PROGRESS) suggest that
active BP reduction stops or delays the progression of SBIs (most of which were
LACs) in patients with a history of stroke.10 However, the safety of BP lowering in
patients with (silent) cerebrovascular disease has been questioned.3 Therefore,
clinical trials in asymptomatic hypertensive patients should evaluate the effects
and safety of antihypertensive (and also other cardiovascular) treatment on the
development and/or progression of LACs, TIs, and other markers of hypertensionrelated silent brain damage.
In conclusion, our data suggest that high BP differentially affects the risk of LACs
and TIs. There is a need for adequately powered intervention trials in hypertensive
patients, which specifically assess the effects of lowering BP on the risk of LACs,
TIs and other silent ischemic brain lesions.
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Summary
Brain microbleeds, indicative of cerebral small-vessel disease, may occur with increased
frequency in patients with hypertension. However, little is known about the relation of
these abnormalities with blood pressure levels. We assessed the relation between
ambulatory measured blood pressure and the presence of microbleeds in a cohort of
hypertensive patients without a history of cerebrovascular disease.
A total of 218 participants (110 males, age 52.5±12.6 years) underwent 24-hour
ambulatory blood pressure monitoring twice (off-medication) and brain magnetic
resonance imaging to detect microbleeds and coexisting white matter hyperintensities. We
performed logistic regression analyses to relate the following blood pressure components
(based on both recordings) to microbleeds: the mean 24-hour, awake and asleep blood
pressures; nocturnal hypertension (asleep pressure ≥120/70 mmHg); nocturnal blood
pressure dipping. Models were adjusted for age and sex, and additionally for cardiovascular
risk factors, and white matter hyperintensities.
We detected microbleeds in 35 participants (16.1%; 95% confidence interval
11.1-21.0%). On average, each standard deviation increment in blood pressure, whether
24-hour, awake or asleep, was significantly and independently associated with a 1.8- to
1.9-fold higher likelihood for microbleeds (all models P<0.05). Similarly, the adjusted odds
ratio for microbleeds was five- to six-fold higher in subjects diagnosed with nocturnal
hypertension (all models P<0.05). Microbleeds were not associated with nocturnal dipping.
In conclusion, brain microbleeds are frequently found in hypertensive patients without a
history of cerebrovascular disease, and are independently associated with higher daytime as
well as nighttime blood pressure levels.
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Introduction
Brain microbleeds (BMBs) are focal accumulations of hemosiderin-containing
macrophages in the perivascular space of small blood vessels in the brain,
indicating previous extravasation of blood.1 These abnormalities, which were
described in the mid-1990s for the first time2, can be identified as small areas of
signal loss on haem-sensitive T2*-weighted gradient echo (GE) magnetic
resonance imaging (MRI), and remain detectable for years.3
In Caucasian populations, the prevalence of BMBs is about 5% in healthy, mostly
elderly individuals, increases to around 25% in ischemic stroke patients and goes
even beyond 50% in patients affected by intracerebral hemorrhage; in
populations of Asian descent even higher prevalences have been reported.4,5 The
presence of BMBs has been associated with cognitive impairment, independent of
coexisting ischemic brain damage (in particular white matter changes).6,7
Moreover, prospective data suggest that BMBs predict the recurrence of both
ischemic and hemorrhagic stroke8-10, emphasizing their potential clinical relevance.
Although BMBs may occur with increased frequency in patients with
hypertension4,5 and, accordingly, in conjunction with hypertension-related
damage of the heart and the brain11,12, little is know about their relation with
blood pressure (BP) levels per se. Some studies have reported higher BP levels in
subjects displaying BMBs9,13-15, but so far no study has primarily focused on the
BP-microbleed relationship.
It has been shown that BP obtained by ambulatory BP monitoring (ABPM)
correlates closely with hypertension-related organ damage, and that its prognostic
value, whether daytime, nighttime or 24-hour, is superior to that of BP measured
in the office.16-18 Therefore, the objective of the present study was to assess the
relation between BMBs and BP measured by ABPM in a cohort of hypertensive
patients without a history of cerebrovascular disease.

Methods
Participants
Between July 2004 and September 2006, all consecutive patients referred to our
outpatient department for the evaluation of their hypertension have been
screened for participation in the present study. As part of the routine work-up,
patients underwent ABPM over a 24-hour period, standard 12-lead
electrocardiography, and routine laboratory investigations. Patients who were
using antihypertensive medication were also instructed to discontinue treatment
at least two weeks prior to the BP measurements. An experienced internist
decided, based on the patients’ clinical information provided by the referring

Thesis Henskens V07.pdf 77

26-9-2008 12:05:03

78

⏐Chapter 5
physician and independent of the study, whether it was possible to stop
temporarily the antihypertensive medication. Accordingly, patients who continued
treatment were excluded from participation.
Those patients who stopped or did not receive prior treatment had – to be eligible
for inclusion in the present study – to consent to an MRI of the brain and a repeat
ABPM, preferably within one week after the first one, and also off-medication. In
addition, participants had to fulfill the following criteria: men or women aged
18-90 years; no indication from history-taking, physical examination or routine
laboratory tests of secondary hypertension; no evidence of chronic renal
insufficiency (serum creatinine concentration >150 μmol/L); no history of diabetes;
no clinically documented ischemic or valvular heart disease or electrocardiographic
evidence of atrial fibrillation; no history of transient ischemic attacks and ischemic
or hemorrhagic stroke; no diagnosis of obstructive sleep apnea syndrome. All
participants gave written informed consent and the Medical Ethics Committee of
the Maastricht University Medical Centre approved the study. In this way, a total
of 218 patients were included into the study. The flow diagram in Figure B.1
(Appendix B) displays the number of patients screened, those eligible for inclusion
into the study, and those who eventually consented to participate.

Evaluation of blood pressure
Conventional office BP was measured at the hospital by sphygmomanometry
(Korotkoff phases I and V).19 After at least five minutes of rest, three consecutive
measurements were taken at the non-dominant arm, with the participant seated,
and always by the same trained investigator (L.H.). Hypertension was defined as
an untreated conventional office BP ≥140 mmHg systolic or ≥90 mmHg diastolic,
or both.20
Ambulatory BP was monitored non-invasively on two occasions over a 24-hour
period using an oscillometric SpaceLabs 90207 or 90217 device (SpaceLabs
Medical Inc., Redmond, Washington, USA). Both monitors meet the accuracy
criteria of the Association for the Advancement of Medical Instrumentation and
the British Hypertension Society. The devices were programmed to obtain BP
recordings every 15 minutes from 0700 to 2300 hours and every 30 minutes
thereafter, and set to reject automatically readings with a systolic BP (SBP) >240
or <70 mmHg, a diastolic BP (DBP) >150 or <40 mmHg, a mean arterial pressure
(MAP) >200 or <40 mmHg or a heart rate >200 or <20 beats per minute. We
performed duplicate recordings because the assessment of the 24-hour BP profile
on the basis of a single ABPM has been shown to be less reliable.21
Blood pressure was recorded at the non-dominant arm using an appropriately
sized cuff. Monitoring sessions started at the hospital, always on a weekday and
preferably in the morning. We encouraged participants to adhere to their usual
daily activities and regular sleeping hours, but instructed them to keep their arm

Thesis Henskens V07.pdf 78

26-9-2008 12:05:03

⏐79

Brain microbleeds and ambulatory blood pressure

and fingers motionless during a recording. Furthermore, they completed a diary
card documenting their actual awake and asleep times.
SpaceLabs data files were transferred to a Windows-based PC system and
analyzed using the Pressure Import and Export software version 1.4.0. (Instrument
Development Engineering and Evaluation [IDEE], Maastricht University, 2005;
http://www-id.unimaas.nl). Data files were not edited manually.
Participant’s awake (daytime) and asleep (nighttime) periods were determined by
excluding a 2-hour transition period around the reported rising and retiring times.
On the basis of this narrow diary time approach we assessed the mean 24-hour,
awake and asleep SBP, MAP and DBP. Furthermore, we investigated the asleep
(nocturnal) BP in terms of: (1) nocturnal hypertension, defined as an average
asleep BP ≥120/70 mmHg19; (2) the nocturnal BP dip, quantified as the relative
decline in MAP from the awake to asleep periods using the following equation:
((mean awake MAP - mean asleep MAP) / mean awake MAP) * 100%; (3)
nocturnal non-dipping, defined as a nocturnal MAP dip <10%.16

Evaluation of microbleeds and white matter hyperintensities
Brain MRI was performed on a 1.5-T clinical MR-system (Intera, Philips Medical
Systems, Best, The Netherlands) using a standard quadrature head coil. The
standardized imaging protocol consisted of T2-weighted fast spin echo (repetition
time [TR] 4820 ms; echo time [TE] 100 ms; flip angle 90°; field of view [FOV] 230
mm; acquisition matrix 512X512), fluid-attenuated inversion recovery (FLAIR) (TR
8000 ms; TE 120 ms; inversion time 2000 ms; FOV 230 mm; acquisition matrix
256X256 [reconstructed to 512X512]) and T2*-weighted GE (TR 736 ms; TE
23 ms; flip angle 15°; FOV 230 mm; acquisition matrix 256X256; in-plane spatial
resolution 0.9X0.9 mm/pixel [resolution may be actually higher because of the
T2*-effect3]) sequences in the axial plane, producing 24 slices with a thickness of
5 mm and a 0.5 mm interslice gap.
We defined BMBs as punctate (diameter <5 mm), homogeneous foci of low signal
intensity on T2*-weighted GE images.22 The presence of BMBs was assessed
throughout the brain, e.g. brainstem, cerebellum, basal ganglia, corona radiata
and cortico-subcortical grey and white matter. Symmetric hypointensities in the
globi pallidi, likely to represent calcification or iron deposition, and sulcal flow
voids from cortical vessels were disregarded. Figure A.3 (Appendix A) depicts
examples of BMBs in several brain areas.
White matter hyperintensities (WMHs) were identified on T2-weighted and FLAIR
images and classified according to Fazekas et al. into hyperintensities of the deep
and subcortical white matter (DWMH) and periventricular hyperintensities (PVH)
(for an example see Figure A.1, Appendix A).23 For details on the Fazekas-scale to
rate WMHs, see Table E.1 (Appendix E). We considered WMHs to be advanced in
case of DWMH grades 2 or 3 (i.e. beginning confluence of foci or large confluent
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areas) and/or PVH grade 3 (i.e. irregular hyperintensities extending into the deep
white matter). Histopathological and clinical data indicate that these advanced
lesions reflect ischemic brain damage related to a cerebral small-vessel disease.24,25
Two independent raters (R.v.O. and J.L.), blinded to the participants’ age, sex and
clinical status (including BP data), rated all scans. The inter-rater reliability,
expressed as Cohen’s kappa, was 0.68 for the presence of BMBs and 0.76 for
advanced WMHs. According to Landis and Koch, kappa values between 0.60 to
0.79 indicate substantial agreement.26 In case of disagreement, lesions were
ascertained by consensus.

Evaluation of risk factors
Information on lifestyle habits, past and current morbidity (including current
treatment), and hypertension history (including the self-reported age of diagnosis
and previous use of antihypertensive medication), were obtained by interview and
verified by inspection of recently started medical records. The duration of
hypertension was estimated as the time (in months) passed since the self-reported
age of diagnosis until inclusion into the study. Smoking was classified as never,
past or current. Height and weight were measured to determine the body mass
index (BMI, kg/m2). Venous blood samples, routinely drawn after an overnight
fast, were analyzed for serum total and high-density lipoprotein (HDL) cholesterol
and serum creatinine using standard laboratory procedures. Hypercholesterolemia
was considered to be present in subjects who either used lipid-lowering drugs or
had untreated total cholesterol levels >6.5 mmol/l.

Statistical analysis
Before analyzing the relation between ambulatory BP and BMBs we tested the
reproducibility of the duplicate ambulatory BP recordings. A detailed description is
given in Appendix C.
To detect group differences between unpaired data we applied the independent
samples t-test for normally distributed variables, the Mann-Whitney U test for
variables with skewed distributions, and the Pearson χ2 statistic or Fisher’s exact
test for categorical variables.
We performed logistic regression analyses to evaluate the relation between the
aforementioned ambulatory BP components and the presence of BMBs. Models
were adjusted for age and sex (model 1), and additionally (i.e. exploratory
analyses) for cardiovascular risk factors, i.e., the duration of hypertension,
previous antihypertensive treatment, smoking status5 and the ratio of total/HDL
cholesterol27 (model 2). Finally, we also adjusted for the presence of advanced
WMHs (model 3).28 All covariates were forced into the model simultaneously
(enter procedure). Normally distributed variables are presented as mean ± SD,
variables with skewed distributions as median with interquartile ranges (IQR), and
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categorical variables as frequencies. Odds ratios are presented with corresponding
95% confidence intervals. A two-tailed probability value <0.05 was considered
statistically significant. Analyses were performed using the statistical software
package SPSS (version 11.0.4 for Macintosh, SPSS Inc., Chicago, USA).

Results
Participants
Of the 389 patients eligible for inclusion into the study, 218 consented to
participate (Figure B.1, Appendix B). The remainder (n=171) did not differ
significantly from the participants in terms of age (50.4±14.4 vs. 52.5±12.6 years,
P=0.283) and sex (45.0% male vs. 50.5%, P=0.287). The daytime MAP and DBP
levels were slightly, yet significantly, higher in participants than in those who were
not included into the study (MAP: 117±13 vs. 114±13 mmHg, P=0.045; DBP:
97±12 vs. 94±12 mmHg, P=0.016). However, refusal to participate was neither
associated with the daytime systolic pressure (156±18 vs. 153±17 mmHg,
P=0.336) nor with the SBP, MAP as well as DBP levels during sleep
(132/97/80±20/15/13 vs. 131/95/77±19/14/12 mmHg, P=0.460/0.143/0.056).

Characteristics according to microbleed status
Microbleeds were observed in 35 of 218 participants (16.1%; 95% confidence
interval [CI] 11.1-21.0%). Twenty-two patients displayed a single microbleed, six
patients had two, and seven patients showed three or more BMBs. The
characteristics of the study population are summarized in Table 5.1. Participants
with BMBs were older and had higher office BP levels than those without
(P<0.05). Based on the office pressures 207 (94.9%) patients were diagnosed
with hypertension. Eleven (5.1%) participants had normal BP levels, and none of
them displayed BMBs on MRI. We observed no differences in the duration of
hypertension or cardiovascular treatment, i.e. previous antihypertensive treatment,
or current use of antithrombotic and cholesterol lowering medication.
Advanced WMHs were present in 46 of 218 participants (21.1%; 95% CI
15.6-26.6%), being more prevalent in subjects with BMBs than in those without
(48.6% vs. 15.8%, respectively; P<0.001).

Ambulatory blood pressure and brain microbleeds
Of the 218 participants who underwent ABPM, duplicate recordings were
available in 213 (97.7%). Monitoring sessions were repeated with a median
interval of seven (IQR 5-9) days. Detailed reproducibility data are given in
Appendix C.
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Table 5.1

Characteristics of the study population according to the microbleed status.
Brain microbleeds

Characteristics
Sex, male
Age, years
BMI, kg/m2
Office BP, mmHg:
SBP
DBP
Heart rate, bpm
Smoking of cigarettes:
Never
Past
Current
Cholesterol, mmol/l:
Total
HDL
Ratio total/HDL cholesterol
Hypercholesterolemia
Creatinine, μmol/l
Hypertension history:
Duration of hypertension, months
Previous antihypertensive treatment

All (218)

Absent (183)

Present (35)

110 (50.5)
52.5 ± 12.6
28.2 ± 4.9

90 (49.2)
51.0 ± 12.3
28.3 ± 5.1

20 (57.1)
60.0 ± 11.9b
27.4 ± 3.3

170 ± 24
104 ± 12
75 ± 12

166 ± 22
103 ± 12
75 ± 12

187 ± 27b
108 ± 14a
74 ± 12

87 (39.9)
93 (42.7)
38 (17.4)

72 (39.3)
83 (45.4)
28 (15.3)

15 (42.9)
10 (28.6)
10 (28.6)

5.9 ± 1.2
1.4 ± 0.4
4.6 ± 1.5
73 (33.6)
82 (71 - 94)

5.9 ± 1.2
1.4 ± 0.4
4.6 ± 1.5
65 (35.7)
82 (71 - 93)

5.7 ± 0.9
1.4 ± 0.4
4.5 ± 1.2
8 (22.9)
84 (72 - 105)

44 (13 - 134)
178 (81.7)

39 (13 - 126)
149 (81.4)

60 (12 - 164)
29 (82.9)

Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; bpm, beats per minute; HDL, highdensity lipoprotein.
a
P<0.05; b P<0.001 versus brain microbleeds absent.

Brain MRI was performed with a median interval of 10 (IQR 7-16) days after the
first ABPM. Odds ratios quantifying the relation between the different ambulatory
BP components and BMBs are summarized in Table 5.2. Higher 24-hour, awake
and asleep BP levels, and nocturnal hypertension were significantly associated
with the presence of BMBs, independent of age and sex (Table 5.2, model 1; all
P<0.01). For every SD increase in SBP, MAP or DBP, the odds ratios ranged
between 1.84 and 2.01 for the 24-hour period, between 1.75 and 1.87 for the
awake period, and between 1.80 and 1.90 for the asleep period; a diagnosis of
nocturnal hypertension was associated with a 5.45-fold higher likelihood for
BMBs (Table 5.2, model 1). Additional adjustments (exploratory analyses) for
cardiovascular risk factors, i.e., the duration of hypertension, previous
antihypertensive treatment, smoking and the ratio of total/HDL cholesterol, did
not affect the associations substantially (Table 5.2, model 2). Final adjustments for
coexisting advanced WMHs modified the results of model 2 only slightly (Table
5.2, model 3).
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166 ± 21
123 ± 16
101 ± 15
142 ± 16
104 ± 12
84 ± 12
31 (91.2)
3 (8.8)
15 ± 7
4 (11.8)
30 (88.2)

154 ± 17
116 ± 12
97 ± 11

129 ± 19
95 ± 13
78 ± 12

123 (68.7)
56 (31.3)

18 ± 7
11 (6.1)
168 (93.9)

1.84 (1.25 - 2.72)c
1.94 (1.29 - 2.92)c
2.01 (1.31 - 3.06)c
1.75 (1.19 - 2.58)c
1.81 (1.24 - 2.66)c
1.87 (1.22 - 2.85)c
1.80 (1.24 - 2.62)c
1.90 (1.30 - 2.80)c
1.89 (1.27 - 2.82)c
5.45 (1.54 - 19.27)c

1.35 (0.93 - 1.96)
1.71 (0.49 - 5.96)

1.91 (1.30 - 2.81)d
1.68 (1.18 - 2.40)c
1.45 (1.00 - 2.11)b
1.98 (1.37 - 2.86)d
1.88 (1.28 - 2.76)c
1.68 (1.15 - 2.44)c
4.71 (1.38 - 16.04)b

1.48 (1.02 - 2.14)b
2.04 (0.61 - 6.82)

Model 1a

2.02 (1.37 - 2.97)d
1.82 (1.24 - 2.66)c
1.58 (1.08 - 2.30)b

Unadjusteda

1.41 (0.95 - 2.10)
1.49 (0.40 - 5.49)

6.03 (1.62 - 22.54)b

1.91 (1.27 - 2.87)c
2.01 (1.30 - 3.12)c
2.01 (1.28 - 3.14)c

1.81 (1.19 - 2.77)c
1.92 (1.24 - 2.95)c
1.95 (1.25 - 3.06)c

1.95 (1.27 - 2.97)c
2.07 (1.34 - 3.19)c
2.13 (1.33 - 3.41)c

Model 2a

1.36 (0.92 - 2.03)
1.43 (0.38 - 5.44)

5.35 (1.42 - 20.24)b

1.80 (1.15 - 2.82)c
1.90 (1.23 - 2.95)c
1.89 (1.21 - 2.95)c

1.72 (1.12 - 2.62)b
1.79 (1.16 - 2.77)c
1.82 (1.14 - 2.92)b

1.84 (1.17 - 2.92)c
1.94 (1.23 - 3.07)c
1.98 (1.24 - 3.17)c

Model 3a

Data are presented as mean ± standard deviation (SD) or number (%). BP indicates blood pressure; SBP, systolic BP; MAP, mean arterial pressure; DBP, diastolic
BP.
a
Data are presented as the odds ratios (95% confidence interval) associated with a 1 SD increase in 24-hour, awake or asleep BPs, a 1 SD decrease in the
relative nocturnal BP dip, or with the presence of the nocturnal hypertension status or the nondipping pattern. The SDs of the respective SBP, MAP and DBP
were 18, 13 and 12 mmHg for the 24-hour period, 18, 13 and 12 mmHg for the awake period, and 19, 14 and 12 mmHg for the asleep period; the SD of the
relative nocturnal BP dip was 7%.
Model 1: adjusted for age and sex.
Model 2: additionally adjusted for duration of hypertension, previous antihypertensive treatment, smoking and ratio of total/HDL cholesterol.
Model 3: additionally adjusted for advanced white matter hyperintensities.
b
P<0.05; cP<0.01; dP<0.001.

161 ± 19
119 ± 14
98 ± 14

148 ± 17
111 ± 12
92 ± 11

Brain microbleeds
Absent (179)
Present (34)

Ambulatory blood pressure components in relation to brain microbleeds (n=213).

BP component
24-hour BP, mmHg:
SBP
MAP
DBP
Awake BP, mmHg:
SBP
MAP
DBP
Asleep BP, mmHg
SBP
MAP
DBP
Nocturnal hypertension:
Yes
No
Nocturnal BP dipping:
Relative BP (MAP) dip, %
Nondipper
Dipper

Table 5.2

Brain microbleeds and ambulatory blood pressure
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Discussion
The present study demonstrated that, in this hypertensive population without a
history of cerebrovascular disease, the prevalence of microbleeds in the brain was
16.1% (95% CI 11.1-21.0%), and that the daytime, nighttime and 24-hour BP
levels and a diagnosis of nocturnal hypertension were associated with the
presence of BMBs, independent of age and sex, other cardiovascular risk factors,
and coexisting ischemic brain damage.
The frequency of BMBs in our hypertensive cohort is approximately three times
higher than that reported in the general population.4 Importantly, in our study the
microbleed-count could not have been influenced by a history of symptomatic
cerebrovascular disease as this was an exclusion criterion.29,30 This, together with
the observed associations between ambulatory BP and BMBs, suggests that
hypertension is a substantial and independent risk factor for the development of
BMBs.
The associations between the various ambulatory BP components and the
presence of BMBs were robust and independent of age and sex, other
cardiovascular risk factors, and advanced WMHs. On average, every SD increment
in BP, whether 24-hour, daytime or nighttime, was associated with a 1.8- to
1.9-fold higher likelihood for BMBs. In the adjusted models the asleep BP, in
addition to the awake pressure, remained significantly related to the presence of
BMBs. Moreover, the associations were even stronger, confirming earlier
observations supporting the importance of a high nighttime BP.17,18 The finding
that the likelihood for BMBs was five- to six-fold higher in subjects who were
diagnosed with nocturnal hypertension further supports this.
Contrary, the nondipping status, in general considered to be a strong determinant
of hypertension-related organ damage31, was not related to the presence of
BMBs. Also when we analyzed the day-to-night BP decline as a continuous
variable, adjusted associations were not significant. However, the prevalence of
nondippers was small (n=15, 7.0%). This, along with the narrow and nearly
significant 95% CIs of the odds ratios for BMBs associated with the relative
nocturnal BP dip, reflects the low statistical power of these analyses to detect
associations with BP dipping.
The mechanism behind hypertension-related BMBs remains speculative.
Histopathological studies have shown that BMBs consist of macrophages
containing hemosiderin – a blood breakdown product – adjacent to small blood
vessels affected by moderate to severe fibrohyalinosis or arteriolosclerosis.1,32
Hence, a high BP during the day and additionally at night, i.e., a higher
cumulative 24-hour BP load, could induce structural changes of the brain
microvasculature with subsequent extravasation of blood. A similar concept, i.e.,
blood-brain barrier leakage of plasma components with hypertension as a major
risk factor, has been proposed previously as a cause of other types of small-vessel
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disease in the brain, namely WMHs and lacunar stroke.33 The associations
between BMBs and ambulatory BP in our study were not explained by coexisting
WMHs, suggesting that the occurrence and mechanisms of both abnormalities
are, at least in part, independent.
The present study has limitations, such as the cross-sectional design and the
relatively small number of participants displaying BMBs. Although the group size
was sufficient to carry out the logistic regression analyses corrected for age and
sex, the additional adjustments (models 2 and 3), having an exploratory nature,
need to be interpreted within the context of their statistical limitations. Hence, our
findings require confirmation in longitudinal and adequately powered studies.
Another limitation is the lack of a local, preferably community based, control
population. Such a control group would have enabled us to assess whether the
prevalence of BMBs in our hypertensive cohort was really increased. Furthermore,
it is possible that we failed to include patients with more severe hypertension,
because they were not allowed to stop their antihypertensive medication.
However, we would expect an even higher prevalence of BMBs and more robust
associations with ambulatory BP when participants with more severe hypertension
had been included.
On the other hand, we performed our study in a large cohort of well-defined
hypertensive patients whose data were collected prospectively. Moreover,
demographic and BP data of the participants were similar to those who did not
consent to the study. Another strength of the study is that the BP was measured
by ABPM and, importantly, on two occasions. Based on the reproducibility
analyses we used the data of both recordings. Other investigators previously have
shown that this improves the reliability of the calculated BP components.21,34
Finally, the observed associations were not biased by concurrent antihypertensive
treatment35 or a history of symptomatic stroke.29,30 The latter implies that the
detected BMBs in our participants were all silent.
In summary, our study showed that BMBs are a frequent finding in hypertensive
patients without a history of cerebrovascular disease. Moreover, the data suggest
that participants with a high daytime and especially nighttime BP, i.e., a high 24hour BP load, were more likely to display BMBs on MRI. In contrast to the general
believe that BMBs are clinically silent, recently reported associations with cognitive
impairment6,7 and an increased risk of stroke recurrence8,9 – processes that may be
accelerated in the face of a persistently high BP – illustrate the potential clinical
relevance of these small lesions. Considering all this, we postulate that BMBs
should be considered as an additional (besides WMHs and lacunar infarcts) and
independent marker of hypertensive target-organ damage of the brain. Our
findings need, however, confirmation in adequately powered and preferably longterm follow-up studies, which also should address the role of BMBs in risk
estimation and prevention of both future stroke and impairment of brain
function.
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Summary
White matter lesions may represent early target-organ damage of the brain in patients with
hypertension. Because these lesions may have a genetic background we assessed the
associations between polymorphisms of the renin-angiotensin system and the endothelial
nitric oxide synthase genes and white matter lesions.
Ninety-three hypertensive individuals were studied. Magnetic resonance imaging of the
brain was performed to obtain estimates of the total volume of subcortical and the extent
of periventricular white matter lesions. Patients were genotyped for the angiotensinogen
(AGT M235T), the angiotensin-converting enzyme (ACE insertion/deletion, I/D), the
angiotensin II type 1 receptor (AGTR1 A1166C) and the endothelial nitric oxide synthase
(NOS3 G894T) genes. A linear regression model was used to assess the relationship of these
gene polymorphisms with both subtypes of white matter lesions.
When adjusted for age, diabetes mellitus and blood pressure, subcortical white matter
lesion volume was lowest in the presence of one or two AGTR1 C alleles (unstandardized β
-39.0; 95% confidence interval -66.4 to -11.7, and -114.2; 95% confidence interval -190.6
to -37.8, respectively), whereas it was highest in the presence of an NOS3 T allele (31.1;
95% confidence interval, 3.6 to 58.5). No interaction between these polymorphisms on
white matter lesions could be demonstrated. No associations were present with the other
polymorphisms, either with subcortical or periventricular lesions.
In conclusion, we found the AGTR1 A1166C as well as the NOS3 G894T polymorphisms to be
associated with white matter lesions in the subcortical area.
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Introduction
Asymptomatic white matter lesions (WMLs) on magnetic resonance imaging (MRI)
of the brain may represent an early sign of target-organ damage in patients with
hypertension.1 WMLs are thought to be caused by cerebral small-vessel disease
(SVD), probably through endothelial dysfunction.2 Twin and family studies also
suggest a strong genetic background.3,4 Among the potential candidate genes
that can account for a genetic predisposition to WMLs, common genetic variants
of the renin-angiotensin system (RAS) and the endothelial nitric oxide synthase
(NOS3) rank high.5-11 Homozygosity of the deletion variant of the angiotensinconverting enzyme insertion/deletion (ACE I/D) polymorphism and the presence of
one or two C alleles of the A1166C polymorphism of the angiotensin II type 1
receptor (AGTR1) gene, indeed, seem to increase the risk of WMLs.7-11 No
evidence has been found for a role of the angiotensinogen (AGT) M235T and the
NOS3 G894T polymorphisms.5,6,11
Previously, other investigators distinguished periventricular WMLs from those in
the subcortical area on the basis of vascularisation patterns12, susceptibility to
(vascular) risk factors13 and consequences, e.g., cognitive impairment.14 Moreover,
the Rotterdam Scan Study suggests that the genetic predisposition to WMLs is
confined to specific brain areas, i.e., to the subcortical but not the periventricular
white matter.15 However, no data are available regarding the relationship
between the aforementioned polymorphisms and this site-specificity. Moreover,
WMLs have been studied predominantly as a qualitative (i.e., presence or absence)
rather than as a quantitative trait (i.e., lesion quantity). This prompted us to assess
the associations between polymorphisms of the RAS and the NOS3 genes and
WMLs, in terms of well-characterized subtypes and lesion quantity, in otherwise
healthy hypertensive individuals, aged between 30 and 80 years.

Methods
Participants
A total of 105 consecutive hypertensive patients aged between 30 and 80 years
who attended the outpatient clinic of the University Hospital Maastricht were
enrolled in the present study. Hypertension was defined as a systolic blood
pressure (BP) ≥140 mmHg, or a diastolic BP ≥90 mmHg, or both, as assessed on
multiple occasions. Exclusion criteria were: clinical evidence of ischemic or valvular
heart disease, congestive heart failure, cerebrovascular accidents or transient
ischemic attacks, chronic renal failure (serum creatinine >150 μmol/l), indication
of secondary hypertension, and contraindications for MRI. As part of the local
protocol, ambulatory blood pressure monitoring (ABPM) was performed over a
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24-hour period and blood samples were drawn for routine laboratory
investigations and genetic analysis. Brain MRI was performed for the present study
only. All patients gave their written informed consent and the local Medical Ethics
Committee approved the study.

Risk factors
Blood samples were drawn from fasting patients for assessment of serum
creatinine, total cholesterol and glucose levels. Hypercholesterolemia was defined
as a total cholesterol level exceeding 6.5 mmol/l and/or use of lipid-lowering
drugs. Diabetes mellitus (DM) was considered to be present in case of fasting
plasma glucose levels above 6.9 mmol/l and/or use of oral anti-diabetic drugs or
insulin.
Non-invasive ABPM (SpaceLabs 90217; SpaceLabs Medical Inc., Redmond,
Washington, USA) was performed at the non-dominant arm, every 15 minutes
during the day and every 30 minutes during the night. Antihypertensive
medication was discontinued three weeks prior to ABPM. For analysis, average
levels of 24-hour systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP)
and pulse pressure (PP) were calculated.
At their visit to the hospital, patients’ height, weight and smoking status were
obtained.

White matter lesion scoring
MRI scans were made on a 1.5 Tesla Philips Intera NT. The scan protocol consisted
of axial proton density (PD), axial T2-weighted fast spin-echo (FSE), and axial T2weighted fluid-attenuated inversion recovery (FLAIR) sequences. Subcortical and
periventricular WMLs were scored according to the Rotterdam Scan Study scale
(Table E.2, Appendix E).14 For an example of WMLs see Figure A.1 (Appendix A).
All scans were analyzed off-line using custom software (Ed Gronenschild; imageprocessing software package GIANT [General Imaging and Analysis Tools];
Department of Psychiatry and Neuropsychology, Maastricht University, Maastricht,
The Netherlands). This program allowed a systematic inspection of side-by-side
aligned axial PD, FSE, and FLAIR image stacks and manual demarcation of regions
of interest (ROI). Subcortical WMLs were scored using predefined ROI masks, i.e.
circles with a diameter of 2, 6, and 12 mm, respectively. Lesions were first
identified on the FLAIR image and then confirmed on both other images at the
same level. If a lesion was present on all three images, the mask that matched the
ROI best was fitted over the lesion. After inspection and delineation of all
subcortical WMLs in a stack the program generated an output file with the
number and size of all lesions at each level of the scan. In order to obtain the total
subcortical WML volume for each patient, ROIs were inflated to spheres with the
same diameter, with corresponding volumes of 4.2, 113 and 905 mm3,
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respectively. Subcortical WMLs were processed by one medical investigator
(M.v.B.) after satisfactory intra-class correlations (ICCs) between 0.81 and 0.98
had been reached, based on the independent assessments of subsequent series of
10 random stacks by this investigator and an experienced neuroradiologist (P.H.).
Periventricular WML severity, ranging between 0 and 3, was scored for frontal
and occipital regions (‘caps’) and the medial periventricular lining (‘bands’)
separately, which were then summed to an overall periventricular WMLs score.14

Genetic analysis
DNA was extracted from whole blood with the use of the QIAamp® Blood Kit
(Qiagen Inc.). The ACE I/D polymorphism was detected using the technique
described by Rigat et al.16 A second PCR was performed to avoid misidentification
of ID as DD. Genotyping of the AGT M235T, the AGTR1 A1166C and the NOS3
G894T polymorphisms was performed using a multilocus genotyping assay for
candidate markers of cardiovascular disease risk (Roche Molecular Systems Inc.),
and has been described in detail previously.17 Genetic analyses were performed
after assessment of the MRI scans, so the investigators who scored WMLs were
blinded for the genotypes.

Statistical analysis
Deviation from Hardy-Weinberg equilibrium (HWE) was assessed using χ2-statistics
comparing expected against observed genotype frequencies. Allele frequencies
were estimated by gene counting.
Because of skewed distribution of WMLs, associations between periventricular or
subcortical WMLs and risk factors or demographics were determined by means of
Spearman’s correlations and the non-parametric Mann-Whitney U test.
Subsequently, WML data were log-transformed to achieve normality before
further analysis.
Univariate and multivariate regression analyses were performed to evaluate the
relationship between genotypes and WMLs, with adjustment for age, DM and
ambulatory BP. For that purpose, dummy variables were created using the
homozygous wild type genotype as reference category. All covariates were forced
into the model simultaneously (enter procedure). In addition, for those models
that reached statistical significance, the influence of the separate alleles on WMLs
were assessed similarly.
Interactions between two polymorphisms with respect to WMLs were assessed
using a linear regression model that included the alleles at risk, the interaction
term between the two, and other covariates when applicable.
Normally distributed variables are presented as mean ± SD, variables with skewed
distributions as median (interquartile ranges), and categorical variables as
frequencies. A two-tailed probability value <0.05 was considered statistically
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significant. Because of the exploratory nature of the present study, no corrections
for multiple testing were applied. Statistical analyses were performed using SPSS
11.5 for Windows (SPSS Inc., Chicago, Illinois, USA).

Results
Patient characteristics
Among the 105 patients available, MRI data of nine patients were inadequate
because of claustrophobia (one), movement artifacts (four) or premature
withdrawal from the study (four). Another three patients withdrew consent for
genetic investigations leaving 93 patients for analysis. Patients who entered the
study did not differ in baseline characteristics from those who did not.
Characteristics of the study population are summarized in Table 6.1. Twenty
patients (22%) had no, or only one small subcortical WML on their MRI scan,
whereas periventricular WMLs were present in 61 patients (66%). Age was
associated with higher subcortical WML volume and periventricular WML score
(r=0.587 and P<0.001, and r=0.485 and P<0.001, respectively). Twenty-four-hour
SBP, MAP and PP correlated with periventricular WMLs (r=0.360 and P=0.001,
r=0.231 and P=0.027, and r=0.463 and P<0.001, respectively), whereas 24-hour
PP correlated with subcortical WMLs (r=0.294 and P=0.004). There were no
significant associations between WML categories and other demographics or risk
factors.
Table 6.1

Characteristics of the study population (n=93).

Characteristics
Sex, male/female
Age, years
Smoking
BMI, kg/m2
Glucose, mmol/l
Diabetes mellitus
Cholesterol, mmol/l
Hypercholesterolemia
Creatinine, μmol/l
24-hour SBP, mmHg
24-hour DBP, mmHg
24-hour MAP, mmHg
24-hour PP, mmHg
Heart rate, bpm
Subcortical WML volume, mm3
Periventricular WMLs, score

All
56/37
57 ± 11
27 (29)
28.8 ± 5.5
5.9 ± 1.1
14 (15)
5.4 ± 1.1
23 (25)
85.0 (71.0 - 96.0)
152 ± 21
93 ± 12
113 ± 14
59 ± 15
75 ± 11
138.23 (8.38 - 590.62)
0.50 (0.00 - 2.25)

Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; SBP, systolic blood pressure (BP); DBP, diastolic BP; MAP, mean arterial pressure; PP, pulse
pressure; bpm, beats per minute; WML, white matter lesion.
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Genetic analysis
In seven patients a second analysis was necessary to obtain all the genotypes.
Genotype and allele frequencies of all polymorphisms (Table 6.2) were in HWE.
There were no statistically significant associations between the polymorphisms of
the RAS or NOS3 genes and periventricular WML score. The same was true for the
ACE I/D and the AGT M235T polymorphisms with respect to the subcortical WML
volume. However, both the AGTR1 A1166C and the NOS3 G894T polymorphisms
were significantly associated with subcortical WMLs (Table 6.3). When using the
AA genotype as the reference category, the CC genotype of the AGTR1 A1166C
polymorphism was inversely associated with the volume of subcortical WMLs.
Similarly, when using the GG genotype of the NOS3 G894T polymorphism as the
reference category, the TT genotype was associated with the highest subcortical
WML volumes.
Table 6.2

Genotype and allele frequencies of the studied polymorphisms.

Polymorphism
AGT M

235

T

ACE I/D
AGTR1 A1166C
NOS G894T

Genotype
CC
16 (17.2)
II
11 (11.8)
AA
38 (40.9)
GG
38 (40.9)

CT
43 (46.2)
ID
49 (52.7)
AC
49 (52.7)
GT
47 (50.5)

Allele frequencies
TT
34 (36.6)
DD
33 (35.5)
CC
6 (6.5)
TT
8 (8.6)

C
0.403
I
0.382
A
0.672
G
0.661

T
0.597
D
0.618
C
0.328
T
0.339

Data are presented as number (%) or as frequencies.

After adjustment for age, DM and 24-hour PP (Table 6.3), the AGTR1 CC
genotype remained independently and inversely associated with the subcortical
WML volume. In addition, the volume of subcortical WMLs was significantly lower
in carriers of the AC genotype compared to AA carriers. The NOS3 G894T
polymorphism remained associated with the subcortical WML volume on
multivariate analysis, albeit only for the GT genotype. Analyses based on the risk
alleles yielded comparable results, showing the highest volumes of subcortical
WMLs with the AGTR1 A and the NOS3 T alleles (Table 6.3). There was no
statistical interaction between the two polymorphisms.
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Table 6.3

Linear regression model for the AGTR1 A1166C or NOS3 G894T genotypes and alleles with
subcortical WML volume.

Determinants
AGTR1 ACb
AGTR1 CCb
AGTR1 Cc
NOS3 GTb
NOS3 TTb
NOS3 Tc

Subcortical WML volume
Univariate analysis
Multivariate analysis a
-31.1 (-75.8 - 13.6)
-147.0 (-237.8 - -56.2)
-41.3 (-74.2 - -8.5)

-47.8 (-85.8 - -9.8)
-112.6 (-188.9 - -36.4)
-38.8 (-66.1 - -11.4)

36.1 (-10.1 - 82.2)
95.3 (13.0 - 177.6)
37.3 (4.5 - 70.1)

43.3 (4.5 - 82.1)
63.3 (-10.3 - 136.8)
31.1 (3.6 - 58.4)

Data are presented as unstandardized β (95% confidence interval). The β represents the change in
log-transformed subcortical WML volume for each unit change in continuous risk factors and for a
change from negative to positive for dichotomous risk factors.
a
Adjusted for age, diabetes mellitus and 24-hour pulse pressure; bAGTR1 AA or NOS3 GG genotypes
were used as reference category, respectively; cAGTR1 A or NOS3 G alleles were used as reference
category, respectively.

Discussion
In the present study, we found the AGTR1 A1166C as well as the NOS3 G894T
polymorphisms to be associated with silent WMLs in the subcortical white matter.
When age, DM and BP were accounted for, lesion volume was lowest in the
presence of an AGTR1 C allele and in patients with the CC genotype, whereas it
was highest in the presence of an NOS3 T allele.
The associations reported on here contradict the observations of most previous
studies on the AGTR1, NOS3 and ACE gene polymorphisms. Firstly, the C allele
and the CC genotype of the AGTR1 A1166C polymorphism have been associated
with the severity of periventricular WMLs11 or an increased risk of incident
ischemic stroke.18 Furthermore, evidence suggests that the C allele is an
independent cardiovascular risk factor.19 Consequently, one would expect the
C allele rather than the A allele to be associated with subcortical WML volume.
Secondly, others did not find an association between the NOS3 G894T variant and
WMLs on both MRI and computed tomography in patients with clinically evident
cerebral SVD.5 Studies on ischemic stroke also failed to detect a relationship with
this polymorphism20,21 or even reported an increased risk in patients homozygous
for the G allele.22 Lastly, we were not able to replicate previous associations of the
ACE D allele and the DD genotype with ischemic stroke23 or WMLs7-10 in terms of
lesion subtype and severity.
Inconsistencies in association studies can be attributed mainly to multiple
hypothesis testing, heterogeneous study populations and inadequate power.24
Whereas the first two situations are not likely to explain our findings as we
performed this study with a clear a priori hypothesis and selected our population

Thesis Henskens V07.pdf 96

26-9-2008 12:05:05

Gene polymorphisms and white matter lesions

⏐97

using strict inclusion criteria, the third situation potentially does. Although, our
study population is small, the cohort design enabled us to investigate the impact
of genetic markers. This could help in identifying those patients who are at
greatest risk and who may need (although this has yet to be proven) more
aggressive treatment. Moreover, recent evidence suggests that the use of
intermediate phenotypes and a ‘high quality’ of phenotyping allow smaller
populations to be studied.5,25 Silent WMLs are an intermediate phenotype for
cerebral SVD and ischemic stroke.25,26 Furthermore, we phenotyped WMLs
according to subtype (subcortical and/or periventricular) and severity (lesion
volume), and independently of the results of genotyping. By doing so, we
improved the quality of phenotyping. Nevertheless, the small study population
remains a limitation of the present study and confirmation in larger cohorts
including case-control studies is needed.
Other potential sources of inconsistency between our data and those in the
literature are the use of different rating scales for quantifying WMLs and
differences in disease status. With respect to the latter, most studies focused on
patients with clinical evidence of stroke rather than on silent disease. Since stroke
is characterized by a continuing increased risk of death27, selection bias may have
occurred by early death of patients carrying a high-risk allele. Indeed, several
association studies observed lower frequencies of high-risk alleles in stroke
patients compared to healthy controls.20,22 On the other hand, studies on the AGT
M235T polymorphism including ours were all negative.6,7,11 Remarkably, the latter
studies focused all on silent WMLs. Thus, it is possible that the influence of
genetic factors on the course of the disease, i.e., from silent abnormalities to
clinically evident lesions varies.
The mechanisms behind the associations reported on here remain speculative,
especially because the functional aspects of the genetic polymorphisms are not
clear yet. On the other hand, it is possible that these polymorphisms are in linkage
disequilibrium with another unidentified functional mutation nearby. In keeping
with this, our group and others recently provided indirect evidence of a functional
role. The AGTR1 C and the NOS3 T alleles were found to be associated with
increased sensitivity to angiotensin II and reduced bioavailability of nitric oxide,
respectively.17,28
We and others15 provide evidence that the genetic predisposition to WMLs is
confined to specific brain areas. Very recently, the Rotterdam Scan Study showed
an increased risk of subcortical but not periventricular WMLs in carriers of the
apolipoprotein E (apoE) ε4 allele of the apoE gene.15 Our data extend this
observation by showing that genetic variants of other pathways mediating
vascular function and morphology exhibit a similar predilection for the subcortical
white matter. These observations are indicative of distinct subtypes of WMLs,
which is supported by additional evidence. For instance, the periventricular white
matter seems less resistant to the influence of hypertension and other vascular risk
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factors than the subcortical white matter.13,15 Furthermore, the vascular
architecture of the subcortical and periventricular white matter appears to be
significantly different, the latter being an arterial watershed zone, lacking
appropriate anastomoses.12,29 Finally, cognitive impairment as a consequence of
WMLs has been associated with lesions in the periventricular rather than the
subcortical area.14
In summary, our data support the notion that genetic factors may explain the
differences in the susceptibility of the cerebral white matter to hypertension.15
Furthermore, these data illustrate the value of intermediate phenotypes in studies
on genotype-phenotype relationships. Prospective studies are now warranted, all
the more since a recent study found the AGT M235T polymorphism to be
associated with the progression of WMLs rather than their presence per se.6
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Summary
There is ample evidence that genetic factors contribute to cardiovascular disease risk. The
present study aimed to assess the relation between polymorphisms of the angiotensin II
type 1 receptor (AGTR1 A1166C) and endothelial nitric oxide synthase (NOS3 G894T) and the
risk of stroke.
We performed a case-cohort study on all first fatal and non-fatal stroke events (n=74) and
a 10% random sample (n=1,523) of a population-based cohort of women aged 4970 years (n=15,236; median follow-up 4.3 years). Uni- and multivariate unweighted Cox
proportional hazards regression models were used to assess the relation between the
polymorphisms, their interactions with coexisting risk factors and the risk of stroke.
The relation between the AGTR1 CC genotype and stroke risk (unadjusted hazard ratio
1.62; 95% confidence interval, 0.81-3.28) was modified by increasing age (>56 years:
adjusted hazard ratio 2.77; 95% confidence interval, 1.17-6.56) and systolic blood pressure
(>130 mmHg: adjusted hazard ratio 2.58; 95% confidence interval, 1.12-5.93). The NOS3
G894T polymorphism, however, was not associated with stroke risk.
In conclusion, in the presence of other coexisting risk factors the AGTR1 A1166C but not the
NOS3 G894T polymorphism increased the risk of stroke. The CC genotype may help identify
those individuals who are at greatest risk and who may need (early) treatment and/or
careful follow-up.
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Introduction
The burden of stroke in Westernized societies is high and in view of the ageing
population estimates forecast a continuing rise in the incidence, prevalence and
mortality of stroke in the next decades.1 To improve the detection of groups at
particularly high risk, it is considered important to identify new determinants
beyond conventional risk factors. Evidence is accumulating that genetic factors
contribute to the risk of stroke.2 Some investigators have suggested that genetic
factors which appear insignificant when occurring alone may increase
susceptibility to stroke in the presence of other risk factors.3
Among potential candidate genes that predispose to stroke, those related to the
renin-angiotensin system (RAS) and the endothelial nitric oxide (NO) synthase
(NOS3) rank high, as both systems play an important role in vascular function and
morphology.4 Accordingly, the angiotensin II type 1 receptor (AGTR1) A1166C and
the NOS3 G894T polymorphisms have been implicated in the pathophysiology of
cardiovascular events, including stroke.5-8 Coexisting risk factors, such as
hypertension and high cholesterol levels, seem to increase the effects of these
polymorphisms5,6,8, though, the available evidence remains inconclusive. This
prompted us to assess the influence of the AGTR1 A1166C and NOS3 G894T
polymorphisms, and their interaction with coexisting risk factors, on the risk of
stroke in a large and relatively homogeneous cohort of women aged 49 to
70 years, who were followed up for a median of 4.3 years.

Methods
Study population
The study population consisted of participants of one of the two Dutch
contributions to the European Prospective Investigation into Cancer and
nutrition (Prospect-EPIC cohort). Study design and characteristics of the cohort
population have been described in detail previously9. Briefly, a total of 17,357
women aged 49 to 70 years were included. At enrolment all women underwent a
physical examination and filled out a general questionnaire relating to lifestyle and
medical factors. In addition, a non-fasting blood sample was taken, which was
fractionated into serum, citrated plasma, buffy coat and erythrocyte aliquots and
stored under liquid nitrogen at minus 196°C for future research. Data on
morbidity were obtained from the Dutch Centre for Health Care Information,
which holds a standardized computerized register of hospital discharge diagnoses.
All diagnoses were coded according to the International Classification of Diseases,
Ninth Revision (ICD-9). Using the ICD-9 codes we categorized cerebrovascular
disease of any kind (codes 430-438) and other cardiovascular diseases.
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Whenever multiple events occurred, the first diagnosis was taken as endpoint for
analyses.
All women signed an informed consent form prior to study inclusion. The study
was approved by the Institutional Review Board of the University Medical
Center Utrecht.

Design
We applied a case-cohort design introduced by Prentice.10 First, all first fatal and
non-fatal stroke events were selected that arose during follow-up until the first of
January 2000. Next, from the 17,357 women in the entire cohort we randomly
selected a sample of 10% (sub-cohort n=1,736). Women who did not consent to
linkage with vital status registries or who were not traceable were not included.
Women who reported a diagnosis of cardiovascular disease (ICD-9, codes 390459) at baseline, who had missing questionnaires, or who had missing blood or
DNA samples were also excluded from the analyses. This resulted in 1,523 women
in a random sample (sub-cohort) at baseline and a total number of 74
cerebrovascular events. After applying all exclusions, the entire cohort
encompassed 15,236 women. For all case subjects follow-up ended at the date
of diagnosis or at the date of death due to cardiovascular disease. Moving
out of the Netherlands (two) and death due to causes other than cardiovascular
disease (16) were considered censoring events. The remaining subjects were
censored on the first of January 2000.

General questionnaire and anthropometric measurements
The general questionnaire contained questions on demographic characteristics,
lifestyle habits, obstetric and gynecological history and past and current
morbidity. Women were classified according to their smoking habits as current,
past or never smokers. For current and past smokers, the number of pack-years
was calculated as the average number of packs of cigarettes smoked per day
multiplied by the total years of smoking. Systolic and diastolic blood pressure
(BP) and heart rate were measured in duplicate, and mean values were
calculated. Furthermore, height, weight and waist and hip circumferences were
measured without shoes and wearing light indoor clothing. Body mass index
(BMI) was defined as weight divided by height squared (kg/m 2 ).
Hypercholesterolemia or diabetes was defined as a self-reported physician
diagnosis. Women were considered to be hypertensive when BP exceeded 140
mmHg systolic and/or 90 mmHg diastolic, or when they were using
antihypertensive medication.
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Laboratory measurements
Biochemical measurements were performed in all sub-cohort members and stroke
cases using standard laboratory procedures. Total cholesterol was determined
using an automated enzymatic procedure on a Vitros 250 (Johnson & Johnson,
Rochester, New York, USA). Low density lipid (LDL) and high density lipid (HDL)
cholesterol were measured using a colorimetric assay on a Hitachi 904 (Johnson &
Johnson, Rochester, New York, USA).

Genetic analysis
Genetic analysis was performed at the Cardiovascular Genotyping (CAGT)
laboratory of the Department of Internal Medicine of the University Hospital
Maastricht. Genomic DNA was extracted from buffy coats with the use of the
QIAamp® Blood Kit (Qiagen Inc., Valencia, California, USA). Genotyping of the
AGTR1 A1166C and the NOS3 G894T polymorphisms was performed using a
multilocus genotyping assay for candidate markers of cardiovascular disease risk
and has been described in detail previously.11 Investigators involved in biochemical
measurements and genotyping were blinded to the disease status of the
participants.

Statistical analysis
Deviation from Hardy-Weinberg equilibrium (HWE) was tested using χ2 statistics
comparing expected against observed genotype frequencies. Allele frequencies
were estimated by gene counting. Despite the risk of heterogeneity, all stroke
types (ICD-9, codes 430-438) were pooled and analyzed as one group because
the small number of stroke events complicates reliable comparisons within and
between distinct stroke phenotypes.
To investigate whether the AGTR1 and the NOS3 genotypes were risk factors for
stroke, we created dummy variables considering the homozygous wild type
genotype as reference category (AA and GG, respectively). For the analyses we
used an unweighted Cox proportional hazards regression model as described by
Prentice.10 This approach was specifically developed for case-cohort analyses using
SAS statistical software (http://lib.stat.cmu.edu/general.robphreg). For the analysis
of case-cohort data, the unweighted method of Prentice computes estimates that,
compared to the other methods, resemble those from the full-cohort analysis
most. With a sampling fraction ≥10%, the results of the case-cohort analyses are
similar to the full-cohort analyses.12
Using the same approach we checked for potential confounders, i.e., factors
related to both stroke and the polymorphism of interest. In addition, we evaluated
the presence of possible interactions (effect modification) between the
polymorphisms and other coexisting (risk) factors with respect to stroke risk using
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multiplicative interaction terms. The following variables were considered as
potential modifying factors: age (continuous), BMI (continuous), systolic and
diastolic BP (continuous), HDL and LDL cholesterol (continuous), pack-years of
smoking (continuous), hypertension (dichotomous), hypercholesterolemia
(dichotomous), and diabetes (dichotomous). In case of a probability value <0.10
for the interaction term the model was explored further. For this purpose
continuous variables were dichotomized using the median value as cut-off point.
For those models that reached statistical significance, the interaction was also
explored using a geometric (sliding mean) analysis, being less arbitrary.13
According to this approach, subgroups of 500 subjects were formed based on
increasing values of the relevant modifying factor. Each subgroup differs from the
preceding or succeeding subgroup by 10 individuals. In each subgroup a Cox
regression model was carried out to explore the relation between the
polymorphism and stroke. Because two adjacent subgroups differ by only
10 individuals (according to the increasing values of the modifying factor), hazard
ratios change very smoothly.
Normally distributed variables are presented as mean ± SD, variables with skewed
distributions as median (interquartile ranges), and categorical variables as
frequencies. Stroke risk is expressed as a hazard ratio (HR) with corresponding
95% confidence interval (CI). A two-tailed probability value <0.05 was considered
statistically significant. Statistical analyses were performed using the statistical
software packages SPSS (version 11.5 for Windows, SPSS Inc.) and SAS (version
8.2, SAS Institute Inc.).

Results
General characteristics
Baseline characteristics of the study population are summarized in Table 7.1. The
women (n=1,597) were followed up for a median of 4.3 years (range 0.03-6.5).
Of the 74 stroke events 42 (57%) were classified as ischemic, 20 (27%) as
hemorrhagic and 12 (16%) as unspecified for subtype of stroke.

Genotypes
For technical reasons in 11 women the AGTR1 A1166C and the NOS3 G894T
genotypes could not be obtained. In the remaining women (n=1,586), genotype
and allele frequencies (Table 7.2) were consistent with the HWE, except for subcohort members with regard to the NOS3 polymorphism (χ2=7.357; P=0.025). We
repeated the genetic analysis of the NOS3 polymorphism in a random sample of
100 participants. In three individuals the initially obtained genotypes, i.e. GG or
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GT, were misclassified as GT or GG, respectively. The TT genotype showed
complete concordance.
Table 7.1

Baseline characteristics of the case-cohort according to stroke status.
Total cohort (n=1,597) Stroke present (n=74) Stroke absent (n=1,523)

Age, years
Height, cm
BMI, kg/m2
Waist, cm
Waist to hip ratio
SBP, mmHg
DBP, mmHg
Heart rate, bpm
Cholesterol, mmol/l:
Total
LDL
HDL
Hypertension
Hypercholestrolemia
Diabetes
Smoking:
Current
Past
Never
Pack-years
Menopause experience
Age at menopause, years
Follow-up time, years

57.3 ± 6.1
164.2 ± 6.0
25.8 ± 4.0
83.2 ± 9.9
0.79 ± 0.06
133 ± 20
79 ± 11
74 ± 11

60.8 ± 6.0
163.0 ± 5.9
26.7 ± 4.2
86.6 ± 9.8
0.81 ± 0.06
145 ± 24
83 ± 11
74 ± 12

57.1 ± 6.1
164.3 ± 6.0
25.8 ± 3.9
83.0 ± 9.8
0.79 ± 0.06
133 ± 20
79 ± 11
73 ± 11

5.9 ± 1.0
3.9 ± 0.9
1.6 ± 0.4
19.2
4.4
2.2

6.1 ± 1.2
4.2 ± 1.1
1.5 ± 0.4
33.8
14.9
1.4

5.9 ± 1.0
3.9 ± 0.9
1.6 ± 0.4
18.5
3.9
2.2

23.4
34.2
42.4
1.4 (0.0 - 11.7)
87.4
47.5 ± 5.7
4.3 (3.2 - 5.3)

32.4
24.3
43.3
1.6 (0.0 - 17.2)
95.3
48.6 ± 5.9
2.3 (1.4 - 3.6)

23.0
34.7
42.3
1.3 (0.0 - 11.6)
87.0
47.5 ± 5.7
4.3 (3.3 - 5.3)

Data are presented as mean ± SD, frequency, or median (interquartile range). BMI indicates body
mass index; SBP, systolic blood pressure (BP); DBP, diastolic BP; bpm, beats per minute; LDL, lowdensity lipoprotein; HDL, high-density lipoprotein.

Table 7.2

Genotype and allele frequencies of the AGTR1 A1166C and the NOS3 G894T polymorphisms
according to stroke status.

Genetic variant

Stroke present (n=74)

Stroke absent (n=1,512) Unadjusted HR (95% CI)

1166

AGTR1 A C
Genotype, n (%)AA
AC
CC
Allele, %
C

33 (44.6)
30 (40.5)
11 (14.9)
35.1

710 (47.0)
659 (43.6)
143 (9.4)
31.2

Reference
0.95 (0.58 - 1.58)
1.62 (0.81 - 3.28)

NOS3 G894T
Genotype, n (%)GG
GT
TT
Allele, %
T

34 (45.9)
35 (47.3)
5 (6.8)
30.4

654 (43.3)
716 (47.4)
142 (9.4)
33.1

Reference
0.94 (0.58 - 1.53)
0.69 (0.27 - 1.78)

AGTR1 indicates angiotensin II type 1 receptor; NOS3, endothelial nitric oxide synthase; n, number;
HR, hazard ratio; CI, confidence interval.
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Relation with stroke
In the entire population (n=1,586), neither the AGTR1 nor the NOS3 genotypes
were associated with the risk of stroke of any kind, although risk tended to
increase in the presence of the AGTR1 CC genotype (Table 7.2).
However, analyses of interactions indicated that the relation between the AGTR1
A1166C polymorphism and stroke differed by age and systolic BP (P value of
interaction terms <0.10). Accordingly, subgroup analysis, adjusted for age, obesity
and pack-years of smoking, showed that in women above the median age of
56 years the CC genotype was independently associated with the risk of stroke
(adjusted HR 2.77; 95% CI, 1.17-6.56; Table 7.3). Similarly, in women who had a
systolic BP above 130 mmHg (median), the risk of stroke increased in the presence
of the CC genotype (adjusted HR 2.58; 95% CI, 1.12-5.93; Table 7.3).
Comparable results were found when using sliding mean analyses, i.e., without
applying cut-off points (Figures 7.1 and 7.2, respectively). In other words, for the
same age or the same level of elevated pressure, a CC subject runs a far greater
risk than an AA individual. In women below the median age of 56 years or below
the median systolic BP of 130 mmHg, the AGTR1 A1166C polymorphism was not
related to the risk of stroke (Table 7.3). A similar pattern was observed when
univariate analyses were repeated for ischemic stroke separately. Hemorrhagic
strokes, however, were not explored further because their number was too small
to allow reliable comparisons.
Table 7.3

Relation of the AGTR1 A1166C polymorphism with stroke in strata of relevant modifiers.
Strataa

Adjusted HR (95% CI)bc

Age

≤56 years
>56 years

0.37 (0.05 - 2.87)
2.77 (1.17 - 6.56)

SBP

≤130 mmHg
>130 mmHg

No cases with CC
2.58 (1.12 - 5.93)

Modifier

HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure. a Medians were used as cut-off
point; b HRs are shown for CC vs. AA genotypes; c Adjusted for age, obesity and pack-years of
smoking.

Using the same approach with regard to the NOS3 G894T polymorphism, analyses
of interactions indicated that the relation with stroke differed by age and LDL
cholesterol (P value of interaction terms <0.10). However, subgroup analyses
revealed no significant association between the NOS3 polymorphism and stroke
(Table 7.4).
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Figure 7.1 Sliding mean analysis of the interaction between the AGTR1 CC genotype and age with
respect to the risk of stroke.
HR indicates hazard ratio. Each point represents the unadjusted HR (CC vs. AA
genotypes) of 500 individuals (subgroup) according to age, and differs from the
preceding or succeeding point by 10 individuals. Open points represent a significant
(P<0.05) unadjusted HR.

Figure 7.2 Sliding mean analysis of the interaction between the AGTR1 CC genotype and systolic
blood pressure with respect to the risk of stroke.
HR indicates hazard ratio; BP, blood pressure. Each point represents the unadjusted HR
(CC vs. AA genotypes) of 500 individuals (subgroup) according to systolic BP, and differs
from the preceding or succeeding point by 10 individuals. Open points represent a
significant (P<0.05) unadjusted HR.
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Table 7.4

Relation of the NOS3 G894T polymorphism with stroke in strata of relevant modifiers.

Modifier
Age

LDL cholesterol

Strataa

Adjusted HR (95% CI)bc

≤56 years
>56 years

2.48 (0.59 - 10.5)
0.41 (0.09 - 1.77)

≤3.87 mmol/l
>3.87 mmol/l

0.73 (0.16 - 3.40)
0.87 (0.25 - 3.09)

HR, hazard ratio; CI, confidence interval; LDL, low-density lipoprotein. a Medians were used as cut off
point. b HRs are shown for TT vs. GG genotypes. c Adjusted for age, systolic blood pressure and body
mass index.

Discussion
This prospective study in a large population-based cohort of women aged 49 to
70 years found that the relation between the AGTR1 A1166C polymorphism and
stroke was modified by coexisting risk factors, illustrating the importance of geneenvironment interactions. The stroke risk associated with the CC genotype
increased only with increasing age or elevated systolic BP. The NOS3 G894T
polymorphism, however, was not related to the risk of stroke.
The present analysis, which is based on the large Prospect-EPIC cohort9, focused
on women who were 49 to 70 years of age and who were likely to have
coexisting risk factors. Data collection was prospective, before the diagnosis of
stroke and equal for all participants, assuring the comparability of the cases and
the randomly selected sub-cohort.10 Moreover, with a sampling fraction ≥10%,
the results of a case-cohort analysis are similar to those of a full-cohort analysis.12
For a multifactorial and late-onset trait like stroke14, this provides a valid approach
to evaluate the relation between genetic factors and the risk of stroke while
taking into account coexisting factors.
Nevertheless, the present study had some limitations, such as the relatively short
period of follow-up and the heterogeneous group of strokes. With respect to the
latter, the small number of strokes – a consequence of the study design –
complicates meaningful comparisons within and between distinct stroke
phenotypes. Moreover, the possibility that the ICD-9 misclassified strokes, because
coding depends on subjective interpretation of medical records and assignment of
appropriate codes, justifies the pooling of all stroke events.15 However, taking into
account the heterogeneity thus introduced, we performed additional exploratory
analyses on ischemic strokes separately. This yielded, within the context of the
statistical limitations, comparable results. The number of hemorrhagic strokes,
however, was too small to allow reliable analyses. Furthermore, although the RAS
and NO synthase play an important role in vascular function and morphology4,
one should bear in mind that it remains unclear whether the investigated
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polymorphisms represent a functional change in physiology. Yet, other
investigators have recently provided indirect evidence of functionality. The AGTR1
C and the NOS3 T alleles were found to be associated with increased sensitivity to
angiotensin II and reduced bioavailability of NO, respectively.11,16
In the present study, the risk of stroke associated with the AGTR1 A1166C
polymorphism was modified by age and systolic BP, the latter suggesting a
vascular pathology. However, the mechanisms behind these findings remain
speculative. First, the CC genotype was a risk factor for stroke in women above a
median age of 56 years, but not in younger ones. This may indicate an agerelated penetrance of the polymorphism, whereas at a younger age compensatory
mechanisms may counterbalance a genetic predisposition. Compensatory
mechanisms may become insufficient with advancing age. Figure 7.1 supports this
concept, showing that the risk of stroke according to the CC-genotype is clearly
age-dependent, starting from the age of 60 years. Furthermore, additional risk
factors may become more prominent. Second, our data show that, from a BP of
approximately 130 mmHg systolic, for the same level of elevated pressure a
CC subject runs a far greater risk than an AA individual. In accordance with this
threshold effect, elevated BP could act as a mediator of the unfavorable genotype.
Indeed, none of the stroke patients who had a systolic BP below 130 mmHg was
carrying the CC genotype. In line with this, higher systolic BP values have been
observed in subjects carrying the CC genotype.6 Moreover, three studies have
reported that the risk of stroke associated with the CC genotype or the C allele
was particularly or exclusively increased in the presence of hypertension.5,6,17 Our
data confirm and extend these observations in terms of blood pressure,
population structure and study design. A very recent study observed a weak
association between at least one copy of the C allele and brain infarction.7 The
association was not modified by a history of hypertension. However, the genotype
frequencies in controls did not comply with the HWE, inflating the chance of a
false-positive association.18 Similar to the potentially modifying effects of age and
systolic BP, it is possible that other coexisting factors, not documented in the
present study yet related to both stroke and the A1166C variant, account for the
observed association. Third, the possibility that the relation between the
CC genotype and stroke results from selection bias cannot be ruled out, because
only women with a first-ever stroke were eligible for inclusion in the present
analysis. Ultimately, the pathogenesis of stroke is complex and involves many
genes, lifestyle and environmental factors and their interactions.14 As such, it is
possible that the presence of coexisting risk factors is a prerequisite for an
unfavorable genotype to increase someone’s susceptibility to stroke.
Our findings on the NOS3 G894T polymorphism are consistent with previous
studies that failed to detect a relation with stroke.19-21 However, the distribution of
the NOS3 genotypes in the sub-cohort deviated from HWE. Although the
selection of the sub-cohort was random, this could have led to an artificial

Thesis Henskens V07.pdf 111

26-9-2008 12:05:06

112

⏐Chapter 7
phenotype group. Consequently, genotypes associated with such a phenotype will
be selected as well, and their distribution will not be certain to fit the HWE.
Ultimately, a population will never be exactly in HWE as we, for instance, cannot
exclude the presence of mutation or migration and selection according to
genotype.22 The possibility that the distribution of NOS3 genotypes deviated from
HWE as a result of genotyping errors is unlikely, and cannot be revealed by testing
for deviations from HWE.23
In conclusion, this prospective study in a population-based cohort of women aged
49 to 70 years confirms that the CC genotype of the AGTR1 A1166C polymorphism
does increase the risk of stroke, but only in the presence of other coexisting risk
factors. Since the A1166C variant has also been associated with preclinical
cerebrovascular disease24, we hypothesize that the polymorphism remains
important from silent to clinically evident stroke. As silent brain infarction
increases the risk of future stroke25, we hypothesize that the CC genotype can
help identify those individuals who are at greatest risk and who may need (early)
treatment and/or careful follow-up. However, this remains to be determined in
populations with a long follow-up and well-phenotyped stroke.
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Summary
Aortic stiffness predicts an excess risk of stroke, supposedly via cerebral small-vessel
disease. Because white matter hyperintensities, silent lacunar infarcts and brain
microbleeds, as markers of cerebral small-vessel disease on neuroimaging, may precede
overt cerebrovascular disease, we assessed whether aortic stiffness is also related to such
lesions.
In 167 hypertensive patients (85 males) without a history of cardio- or cerebrovascular
disease, a mean age of 51.8±13.1 years, and untreated office blood pressure levels of
169±25/104±12 mmHg, we determined aortic pulse wave velocity, office and ambulatory
24-hour pulse pressure (off-medication), as well as the volume of white matter
hyperintensities and the presence of lacunar infarcts and microbleeds using brain magnetic
resonance imaging. Linear and logistic regression analyses were performed to assess the
relationships between the arterial stiffness measures and brain lesions.
Aortic stiffness and pulse pressure were significantly related to each of the brain lesions in
univariate analyses (P<0.05). Multivariate analyses, adjusted for age, sex, brain volume,
mean arterial pressure and heart rate, showed that a higher pulse wave velocity was
significantly associated with a greater volume of white matter hyperintensities
(unstandardized regression coefficient, 0.041; 95% confidence interval 0.005-0.078;
P<0.05) and the presence of lacunar infarcts (odds ratio [per standard deviation increase in
pulse wave velocity], 1.78; 95% confidence interval 1.06-2.99; P<0.05), but not with
microbleeds. The models for pulse pressure failed to reach statistical significance in
multivariate analyses.
In conclusion, aortic stiffness is independently associated with cerebral small-vessel disease
in hypertensive patients without a history of cardio- or cerebrovascular disease.
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Introduction
The arterial system gradually stiffens because of the shared effects of ageing, high
blood pressure (BP) and other vascular risk factors.1 Arterial stiffness can be
assessed by non-invasive pulse wave velocity (PWV) measurements.2 In particular,
the velocity of the carotid-femoral or aortic pulse wave appears to be of
prognostic importance, and is considered to be the gold-standard for assessing
arterial stiffness.3 Several studies, in both population- and patient-based cohorts,
have demonstrated a strong association between increased aortic PWV and excess
risk of cardiovascular complications, including stroke.4-9 Whether the risk of stroke
is mediated by large- and/or small-vessel disease is not known, but the previously
reported increased risk of stroke in the presence of preclinical cerebral
microvascular disease, i.e., white matter hyperintensities (WMHs), silent lacunar
infarcts (LACs), and/or brain microbleeds (BMBs), suggests small-vessel disease
involvement.10,11 O’Rourke and Safar hypothesized that cerebral microvascular
disease results from the damaging forces of abnormal flow pulsations extending
into small cerebral arteries as a consequence of arterial stiffening.12 However, the
relationship between arterial stiffness and cerebral small-vessel disease has not
been investigated in great detail and studies have yielded conflicting results.13-15
The present study was undertaken to assess the associations between aortic PWV
and WMHs, LACs and BMBs as markers of silent cerebral-small vessel disease on
magnetic resonance imaging (MRI) of the brain, in a cohort of hypertensive
patients without a history of symptomatic cardio- or cerebrovascular disease. We
also included the peripheral pulse pressure (PP), being a widely accepted surrogate
marker for arterial stiffness.

Methods
Participants
The selection of patients has been described in detail elsewhere (Figure B.1,
Appendix B).16 Briefly, patients who were referred for the evaluation of their
hypertension to our outpatient department were eligible for inclusion in the
present study. As part of the routine work-up, which included ambulatory BP
monitoring (ABPM) over a 24-hour period, standard 12-lead electrocardiography,
aortic PWV measurements, and routine laboratory investigations, patients were
asked to discontinue their antihypertensive medication for at least two weeks. An
experienced internist decided based on the patients’ clinical information provided
by the referring physician and independent of the study whether is was possible
to stop temporarily the antihypertensive medication. In addition, patients
consented to a repeat ABPM (also off-medication) and an MRI of the brain. All
participants, aged 20-82 years, had no indication of secondary hypertension or
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chronic renal failure, no documented diabetes, ischemic or valvular heart disease,
no atrial fibrillation, no history of transient ischemic attacks or stroke, and no
diagnosis of obstructive sleep apnea syndrome.
The Medical Ethics Committee of the Maastricht University Medical Centre
approved the study and written informed consent was obtained from all
participants.

Hemodynamic measurements
Conventional office BP was measured at the hospital by sphygmomanometry
(Korotkoff phases I and V). After at least five minutes of rest, three consecutive
measurements were taken at the non-dominant arm, with the participant seated,
and always by the same trained investigator (L.H.). We calculated the PP and the
mean arterial pressure (MAP) from the corresponding systolic BP (SBP) and
diastolic BP (DBP) using the following formulas: PP=SBP-DBP and
MAP=DBP+((SBP-DBP)/3). The mean of the second and third measurements was
used in the analyses.
Ambulatory BP was monitored non-invasively over a 24-hour period using
validated SpaceLabs 90207 or 90217 devices (SpaceLabs Medical Inc., Redmond,
Washington, USA), as described in detail elsewhere.16 The monitoring sessions
were repeated with a median interval of seven (interquartile range 5-9) days,
because the assessment of the 24-hour BP profile on the basis of a single ABPM
has been shown to be less reliable.17 Based on both recordings we calculated the
mean 24-hour SBP, MAP, DBP and PP using the Pressure Import and Export
software version 1.4.0. (Instrument Development Engineering and Evaluation
[IDEE], Maastricht University, 2005; http://www-id.unimaas.nl). The betweenABPM repeatability coefficient, calculated according to the method of Bland and
Altman (twice the standard deviation [SD] of the differences between the
duplicate recordings)18 and expressed as a percentage of the nearly maximal
variation (four times the SD of the average of the two recordings), was 17% for
the 24-hour PP, indicating acceptable reproducibility.19 Repeatability coefficients
for the 24-hour SBP, MAP and DBP were 20%, 21% and 20%, respectively.
Regional arterial stiffness was assessed by measuring the carotid-femoral or aortic
PWV with the participant in the supine position, applying the validated and
reproducible foot-to-foot velocity method.2 An automatic device (Complior,
Colson, France) measured the time delay (t) between the rapid upstroke of the
feet of simultaneously recorded waveforms, obtained transcutaneously over the
right common carotid artery and the right femoral artery. The distance (D)
traveled by the pulse waves was estimated by measuring the distance between
the two recording sites over the body surface with a tape measure. Aortic PWV
was calculated automatically as D/t (m/s). The mean of at least 10 measurements
with a good upstroke was used in the analyses. A single trained technician
(M.F-L.), who was blinded to the participants’ clinical data, performed all PWV
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measurements. The intra-observer agreement, assessed in a random sample of 15
subjects, was very good with an intraclass correlation coefficient (ICC) of 0.88.20
All but 15 of the participants were off antihypertensive therapy at the time of the
aortic PWV measurements. In these patients BP-lowering treatment was started
again immediately after performing the ABPMs (as recommended by the patients’
internist), but before the aortic PWV could be assessed.

Brain magnetic resonance imaging
Brain MRI (Intera 1.5-T, Philips Medical Systems, Best, The Netherlands) was
performed to obtain axial T2-weighted, fluid-attenuated inversion recovery (FLAIR)
and T2*-weighted gradient echo (GE) images as detailed recently.16
White matter hyperintensities were identified as hyperintense areas in the
periventricular and deep white matter on both T2-weighted and FLAIR images (for
an example see Figure A.1, Appendix A). Because visual (i.e., categorical) WMH
rating scales apply arbitrary cut-offs to define lesion severity, display ceiling effects
and poor discrimination of absolute lesion volumes, and have limited observer
reliability21, we semi-automatically quantified the WMH volume (WMHV).
Moreover, volumetric measurements were found to be more sensitive in detecting
differences between clinical groups.21 A detailed description of the quantification
of the WMHV, including fully automatic brain volume (BV) measurements, is given
in Appendix D.
A single trained observer (L.H.), blinded to the participants’ age, sex and clinical
data, performed all quantitative WMH-assessments, after reaching satisfactory
agreement with an experienced neuroradiologist (P.H.). Reliability analyses, carried
out on a random sample of 20 scans, yielded excellent inter- and intra-observer
agreement (ICCs 0.97 and 0.99, respectively).20 Furthermore, twenty randomly
selected patients were scanned and rescanned with repositioning to evaluate the
scan-rescan effects on the WMHV- and BV-measurements. The scan-rescan
volumes also showed excellent agreement (both ICCs 0.99).
Two experienced vascular neurologists (R.v.O. and J.L.) assessed all scans for the
presence of silent LACs and BMBs, independently and blinded to the participants’
age, sex and clinical data. LACs were defined as small (diameter 3-15 mm),
sharply demarcated hyperintense lesions on T2-weighted images with
corresponding foci of FLAIR low signal intensity, and assessed in the basal ganglia,
internal capsule, thalamus (i.e., those sites limited to the vascular territories of the
lenticulostriate, anterior choroidal and thalamoperforant arteries) and/or
brainstem (for an example see Figure A.2.1, Appendix A). We distinguished LACs
from equally sized perivascular spaces using the FLAIR images, infarcts being
characterized by a central cavitation of low signal intensity with a surrounding
higher-intensity rim of gliotic tissue.
BMBs were defined as punctate (diameter <5 mm), homogeneous foci of low
signal intensity on T2*-weighted GE images and assessed throughout the brain,
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i.e., brainstem, cerebellum, basal ganglia, corona radiata and cortico-subcortical
gray and white matter (for an example see Figure A.3, Appendix A). Symmetric
hypointensities in the globi pallidi, likely to represent calcification or iron
deposition, and sulcal flow voids from cortical vessels were disregarded.16
The inter-observer agreement, expressed as Cohen’s Kappa, was 0.51 for LACs
and 0.69 for BMBs, signifying moderate to substantial agreement.22 However, in
case of disagreement between the two observers, lesions were always ascertained
by consensus.

Risk factors
Information on lifestyle habits, past and current morbidity (including current
treatment), and hypertension history (including the self-reported age of diagnosis
and previous use of antihypertensive medication), were obtained by interview and
verified by inspection of recently started medical records. Smoking was classified
as never, past or current. Alcohol consumption was estimated in units intake per
day. The duration of hypertension was estimated as the time (in months) passed
since the self-reported age of diagnosis until inclusion in the study.
Height and weight were measured without shoes and wearing light indoor
clothing to determine body mass index (BMI, kg/m2).
Venous blood samples, routinely drawn after an overnight fast, were analyzed for
serum creatinine, serum total cholesterol and high-density lipoprotein (HDL)
cholesterol levels, and plasma glucose levels using standard laboratory procedures.

Statistical analysis
To detect group differences between unpaired data we applied the independent
samples t-test for normally distributed variables, the Mann-Whitney U test for
variables with skewed distributions, and the Pearson χ2 statistic or Fisher’s exact
test for categorical variables.
We assessed the associations of the arterial stiffness measures with WMHs (both
in terms of volume and severity [third tertile vs. lower two tertiles]), LACs and
BMBs by means of linear or logistic regression analyses, whenever appropriate.
Regression models were adjusted for age and sex (and BV in case of WMHs)
(model 1), and additionally for MAP and heart rate5,7,23 (model 2). Significant
models were then further explored with additional adjustments for the use of BPlowering medication during PWV measurements (n=15), previous antihypertensive
treatment, BMI, smoking status and the ratio of total/HDL cholesterol.5,7
Covariates were forced into the models simultaneously (enter procedure).
Because age is an important determinant of arterial stiffness, we repeated the
regression analyses with respect to WMHVs for participants younger (n=83) and
for those older (n=84) than the median age of 52.7 years.
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To illustrate the relationship between arterial stiffness measures and the volume
of WMHs, we produced plots of the predicted WMHVs versus the aortic PWV or
PP. The predicted WMHVs are the volumes predicted by the regression equation
between PWV (or PP) and the untransformed WMHVs, adjusted for age, sex and
BV. First, we obtained the predicted WMHVs for the total study population.
Subsequently, we obtained the predicted WMHVs for participants younger (n=83)
and for those older (n=84) than the median age of 52.7 years in separate
analyses.
Normally distributed variables are presented as mean ± standard deviation (SD),
variables with skewed distributions as median with interquartile ranges (IQR), and
categorical variables as frequencies. Unstandardized regression coefficients and
odds ratios are presented with corresponding 95% confidence intervals. A twotailed probability value <0.05 was considered statistically significant. Analyses
were performed using the statistical software packages SPSS (version 11.0.4 for
Macintosh, SPSS Inc., Chicago, Illinois, USA) and Prism (version 4.00 for Windows,
GraphPad Software Inc., San Diego, California, USA).

Results
Characteristics
Altogether, we included 167 patients in the present study. Based on the
untreated office BP levels we diagnosed 159 (95%) participants with
hypertension. Eight (5%) participants had normal BP levels, even though the
referring diagnosis was hypertension. The characteristics of the study population
according to tertiles of aortic PWV are summarized in Table 8.1. Older age, male
sex, longstanding hypertension, higher office and ambulatory BP levels (including
PP), and higher serum creatinine and plasma glucose levels, were significantly
associated with increasing tertiles of aortic PWV (P=0.049 or less).

Arterial stiffness and silent cerebral small-vessel disease
Brain MRI was performed with a median interval of 10 (IQR 2-17) days from the
hemodynamic measurements.
The WMHV and the number of severe WMHs, LACs and BMBs increased from the
first to the third tertile of aortic PWV (Table 8.1).
Linear regression analyses, performed after WMHV had been logarithmically
transformed because of skewed distribution, showed that higher aortic PWV was
significantly associated with a greater volume of WMHs, independent of age, sex,
BV, MAP and heart rate (all models P<0.05; Table 8.2). Furthermore, the relation
between aortic PWV and WMHV remained statistically significant for both
participants younger (n=83; unstandardized regression coefficient, 0.074; 95%
CI, 0.027-0.122) and for participants older (n=84; unstandardized regression
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coefficient, 0.065; 95% CI, 0.017-0.112) than the median age of 52.7 years (both
models P<0.01). On univariate logistic regression analyses we found aortic PWV to
be significantly related to WMHs (third tertile vs. lower two tertiles), LACs and
BMBs (all P<0.01). However, in the adjusted models (1 and 2) the associations
attenuated and only the relation with LACs remained statistically significant. Every
SD increase in aortic PWV was associated with a 1.78 higher likelihood of LACs
(P<0.05; Model 2, Table 8.2).
Table 8.1

Characteristics of the study population according to tertiles of arterial pulse wave velocity.
Aortic PWV tertiles

Parameter

All (167)

<10.4 m/s (55) 10.4-12.5 m/s (56) >12.5 m/s (56)

Anthropometrics
Age, years
51.8 ± 13.1
43.9 ± 12.7
51.5 ± 11.9
59.8 ± 9.6
Sex, male/female
85/82
24/31
25/31
36/20
Weight, kg
79.9 ± 16.0
77.7 ± 15.1
79.5 ± 15.8
82.4 ± 16.8
BMI, kg/m2
27.5 ± 4.1
27.0 ± 4.2
27.7 ± 4.5
27.8 ± 3.8
Lifestyle factors
Current smoking
33 (20)
10 (18)
14 (25)
9 (16)
>2 alcoholic units per day
26 (16)
6 (11)
6 (11)
14 (25)
Hypertension history
Duration, months
39 (13-120)
19 (10-59)
53 (19-164)
58 (12-139)
Previous antihypertensive treatment
131 (78)
39 (71)
44 (79)
48 (86)
Hemodynamic measurements
Office SBP, mmHg
169 ± 25
156± 19
171 ± 24
181 ± 24
Office MAP, mmHg
126 ± 15
118 ± 13
127 ± 14
131 ± 14
Office DBP, mmHg
104 ± 12
100 ± 12
106 ± 11
106 ± 12
Office PP, mmHg
66 ± 20
57 ± 13
65 ± 20
75 ± 20
Office heart rate, bpm
75 ± 12
74 ± 10
74 ± 11
78 ± 13
24h SBP, mmHg
150 ± 18
141 ± 16
152 ± 15
159 ± 19
24h MAP, mmHg
112 ± 13
107 ± 12
113 ± 10
117 ± 14
24h DBP, mmHg
93 ± 12
90 ± 11
94 ± 10
96 ± 13
24h PP, mmHg
57 ± 12
51 ± 9
58 ± 12
62 ± 12
24h heart rate, bpm
76 ± 9
75 ± 9
75 ± 9
77 ± 10
Aortic PWV, m/s
12.0 ± 2.9
9.2 ± 0.8
11.4 ± 0.6
15.3 ± 2.3
Biochemical measurements (fasting)
Creatinine, μmol/l
82 (71-94)
80 (68-91)
79 (71-91)
88 (74-102)
Glucose, mmol/l
5.3 ± 0.6
5.2 ± 0.5
5.3 ± 0.6
5.5 ± 0.6
Total/HDL cholesterol ratio
4.4 (3.4-6.5)
4.0 (3.4-4.8)
4.7 (3.4-5.6)
4.6 (3.5-5.7)
Brain MRI
BV, cm3
1268 ± 125
1290 ± 130
1249 ± 124
1264 ± 119
WMHV, cm3
0.81 (0.36-2.93) 0.46 (0.22-1.15) 0.74 (0.34-1.80) 2.06 (0.69-8.59)
WMHs (third tertile)
56 (33)
10 (18)
15 (27)
31 (55)
LACs
36 (22)
8 (15)
8 (14)
20 (36)
BMBs
28 (17)
5 (9)
9 (16)
14 (25)

Pa
<0.001
0.048
0.299
0.519
4.464
0.058
0.005
0.165
<0.001
<0.001
0.008
<0.001
0.106
<0.001
<0.001
0.015
<0.001
0.262
<0.001
0.049
0.007
0.077
0.238
<0.001
<0.001
0.007
0.080

Data are presented as mean ± SD, number (%), or median (interquartile range). PWV indicates pulse
wave velocity; BMI, body mass index; SBP, systolic blood pressure; MAP, mean arterial pressure; DBP,
diastolic blood pressure; PP, pulse pressure; HDL, high-density lipoprotein; MRI, magnetic resonance
imaging; BV, brain volume; WMHV, white matter hyperintensity volume; WMHs, white matter
hyperintensities; LACs, lacunar infarcts; BMBs, brain microbleeds.
a
P values are for overall differences across tertiles (P for trend).
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On additional adjustments for vascular risk factors (exploration of significant
models) the regression models of both WMHV (unstandardized regression
coefficient, 0.043; 95% confidence interval [CI] 0.006-0.080) and LACs (odds
ratio [per SD increase in PWV], 1.21; 95% CI 1.00-2.14) remained statistically
significant (P<0.05).
The associations of the office and ambulatory 24-hour pulse pressures with
cerebral small-vessel disease were in general weaker than those observed for
aortic PWV and failed to reach statistical significance in fully adjusted analyses
(model 2, Table 8.2).
Table 8.2

Relationship between arterial stiffness indices and WMHs, LACs and BMBs.

Brain MRI
WMHs
WMHV
Unadjusted
Model 1
Model 2
3rd tertile
Unadjusted
Model 1
Model 2

Aortic PWV

Office PP

24-hour PP

0.126 (0.095 - 0.157)c
0.071 (0.037 - 0.104)c
0.041 (0.005 - 0.078)a

0.016 (0.012 - 0.021)c
0.008 (0.003 - 0.013)a
0.003 (-0.003 - 0.009)

0.021 (0.013 - 0.029)c
0.009 (0.001 - 0.017)a
-0.001 (-0.010 - 0.008)

2.98 (1.96 - 4.54)c
1.79 (1.10 - 2.91)a
1.53 (0.88 - 2.66)

2.89 (1.95 - 4.27)c
1.52 (0.95 - 2.44)
0.94 (0.48 - 1.83)

2.58 (1.77 - 3.76)c
1.72 (1.10 - 2.68)a
0.90 (0.50 - 1.62)

LACs
Unadjusted
Model 1
Model 2

2.16 (1.48 - 3.17)c
2.22 (1.40 - 3.52)b
1.78 (1.06 - 2.99)a

1.65 (1.16 - 2.34)a
1.49 (0.97 - 2.30)
1.38 (0.80 - 2.38)

1.49 (1.04 - 2.11)a
1.33 (0.89 - 1.99)
0.93 (0.55 - 1.56)

BMBs
Unadjusted
Model 1
Model 2

1.77 (1.21 - 2.61)b
1.31 (0.83 - 2.08)
1.13 (0.67 - 1.91)

2.10 (1.42 - 3.10)c
1.72 (1.07 - 2.75)a
0.85 (0.44 - 1.66)

1.76 (1.18 - 2.62)b
1.47 (0.92 - 2.35)
0.93 (0.52 - 1.68)

Data are presented as unstandardized regression coefficients (for WMHV) and odds ratios (per
standard deviation [SD] increase in PWV [SD=2.9 m/s], office PP [SD=20 mmHg], or 24-hour PP
[SD=12 mmHg]) with corresponding 95% confidence intervals. MRI indicates magnetic resonance
imaging; PWV, pulse wave velocity; PP, pulse pressure; WMHs, white matter hyperintensities; WMHV,
white matter hyperintensity volume; LACs, lacunar infarcts; BMBs, brain microbleeds.
Model 1: adjusted for age and sex (and BV in case of WMHs).
Model 2: additionally adjusted for office MAP and office heart rate (aortic PWV and office PP) or 24hour MAP and 24-hour heart rate (24-hour PP). a P<0.05; b P<0.01; c P<0.001.

Plots of the predicted WMHVs versus the aortic PWV or PP (Figure 8.1) illustrate
that the volume of WMHs increased with increasing PWV and PP levels.
Furthermore, with higher age the associations were stronger, but the splay of the
distribution was greater. Because the regression equations are specific for each
group, the models produce group-specific predicted WMHVs. Consequently, the
data points of the younger and older age groups do not match those of the total
study population.
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Figure 8.1 Scatter plots illustrating the relationships of aortic PWV (panel A), office PP (panel B) and
ambulatory 24-hour PP (panel C) with the predicted WMHV for the total population and
stratified for age (median age of 52.7 years used as cut-off point), while adjusting for
age, sex and BV; P values indicate significance levels for the corresponding linear
regression analyses (using log-transformed WMHV). WMH indicates white matter
hyperintensity; aPWV, aortic pulse wave velocity; PP, pulse pressure.
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Discussion
The present study demonstrates that in hypertensive patients without a history of
cardio- and cerebrovascular disease the aortic PWV is positively associated with
the extent of WMHs and the presence of silent LACs, independently of age, MAP
and other vascular risk factors.
We observed independent associations between aortic PWV and markers of silent
cerebral small-vessel disease. Every SD increase in aortic PWV was associated with
a 1.78 higher likelihood of LACs in adjusted analyses. The relation between aortic
stiffness and the volume of WMHs was continuous, without distinct thresholds
and continued down to PWV levels well within the normal range. Notably, in
participants younger than the median age of 52.7 years the association between
aortic stiffness and WMHV, though weaker, was present as well, which might
reflect accelerated vascular ageing in the presence of hypertension.24 Previously,
the relationship between arterial stiffness and cerebral microvascular disease has
been investigated by assessing brachial-ankle PWV and arterial compliance. The
results were, however, conflicting. While some investigators reported that, in
elderly subjects, stiffer arteries were significantly associated with higher grades of
WMHs13,15, others failed to find such an association for silent brain infarcts, yet in
a younger and predominantly normotensive population.14
The present study is the first to address the relation between arterial stiffness and
BMBs. Although the frequency of microbleeds increased from 9% in the first
tertile of aortic PWV to 25% in the third tertile, and higher levels of PWV and PP
were significantly associated with the presence of BMBs on univariate regression
analyses, the associations lost their significance on multivariate analyses. The
number of patients with BMBs was, however, small. Hence, the relationship
between arterial stiffness and BMBs remains to be determined in adequately
powered and preferably longitudinal studies.
We found aortic PWV but not peripheral PP to be associated with WMHs and
LACs. This difference can be attributed to the population’s age and to differential
effects of steady (MAP) and pulsatile (PP) components of BP on target organs.
Firstly, our study population is relatively young with half of the participants being
younger than 52.7 (median) years of age. Although peripheral PP increases with
age, the steepest rise occurs after the age of 50 years.25 Furthermore, peripheral
PP is a consequence rather than a cause of arterial stiffness, and as such only an
indirect measure of arterial stiffness. In young subjects (age <50 years) PP is
considerably amplified between the aorta and the brachial artery, making PP
higher in peripheral than in central arteries (i.e., the aorta).26,27 Because of this socalled PP amplification, which reduces with increasing age, peripheral PP does not
reliably reflect central PP in young subjects.27 In addition, the distensibility of the
aorta, an elastic artery, decreases with age, whereas the distensibility of the
muscular brachial artery is unrelated to age.28 As such, PP may be a reliable
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marker of arterial stiffening and related cardiovascular disease in elderly only.
Aortic PWV, on the other hand, is a direct measure that increases gradually with
age and, hence, better reflects central arterial stiffening.28,29 Accordingly, we
found PWV to be associated with WMHs in our younger participants as well.
Secondly, it has been suggested that an increased PP is a predictor of cardiac
rather than cerebrovascular disease.30,31 Verdecchia et al. demonstrated that MAP
but not PP predicts the risk of future stroke.31 In the present study, the
associations between PP and cerebral microvascular damage disappeared on
adjustments for the MAP. Mean arterial pressure is determined mainly by
peripheral microvascular resistance and might thus better reflect damage to the
cerebral microcirculation than PP. Conversely, aortic PWV remained significantly
related to WMHV and LACs after controlling for the MAP.
The mechanisms linking arterial stiffness and (silent) cerebrovascular disease are
complex and not well understood. Moreover, and contrary to large-artery
stiffness, the role of small-artery stiffness has been studied less extensively.32 It has
been hypothesized that cerebral small-vessel disease results from abnormal flow
pulsations into the brain microcirculation as a consequence of aortic stiffening.12
The brain is under normal conditions continuously and passively perfused at highvolume flow throughout systole and diastole. Because vascular resistance and
pulse wave reflection are very low, pulsations of pressure and flow extend well
into the (micro)vascular bed.12 Exposure to highly pulsatile pressure and
augmented flow, which exist in the carotid and vertebral arteries as a result of
arterial stiffening, may thus lead to microvascular damage.12,33 In line with this
hypothesis, reduced arterial wall compliance of large arteries has been associated
with narrowing of retinal arterioles34, which, in turn, has been related to the
presence of WMHs and may reflect the state of the cerebral microcirculation.35
The present study has limitations. Firstly, our study sample was relatively small,
and with a cross-sectional study design, association does not imply causation.
Accordingly, our observations need confirmation in longitudinal and adequately
powered studies. Secondly, our study is carried out in a selected group of
hypertensive patients referred to a university hospital, limiting the generalizability
of our findings to other populations.
Strengths of our study are that we included several markers of silent cerebral
small-vessel disease, that the volumetric assessment of WMHs enabled us to
explore the relation with arterial stiffness in continuous rather than in (arbitrary)
categorical analyses, and that the associations were not biased by a history of
symptomatic cardio- or cerebrovascular disease.
In conclusion, we observed robust but cross-sectional associations between aortic
stiffness and both WMHs and LACs. However, long-term follow-up studies are
needed to evaluate whether arterial stiffening really causes cerebral small-vessel
disease, and eventually stroke. Because both aortic stiffening and silent cerebral
small-vessel disease increase the risk of future stroke7-9,11, it is reasonable to
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consider that long-term reduction in arterial stiffness will reduce the risk of silent
and eventually symptomatic cerebrovascular disease. We found faster aortic PWV
to be associated with older age, male sex, longstanding hypertension, higher BP
levels, and higher creatinine, cholesterol and glucose levels. Consequently, arterial
stiffness can be regarded as a summary measure for vascular damage caused by
coexisting vascular risk factors.1 This implies, however, a multifactorial approach
aimed at treating all reversible risk factors36, and, ultimately, prevention of
progression of silent into clinically evident cerebrovascular disease.
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Summary
Prolonged exposure to elevated blood pressure can lead to both structural (white matter
lesions or infarctions) and functional changes in the brain. We studied in previously
diagnosed essential hypertensive individuals if diurnal blood pressure variation and
ambulatory blood pressure profile (daytime, nighttime and 24-hour blood pressure
averages) were related to evidence of white matter lesions, the presence of ‘silent’ lacunar
infarcts, and cognitive performance.
A group of 86 patients (mean age 57.4±10 years, range 40-80 years) were first screened
for hypertension related organ damage and underwent 24-hour ambulatory blood pressure
monitoring, magnetic resonance imaging of the brain, and a comprehensive neurocognitive
assessment. Age and ambulatory blood pressure profile were related to more
periventricular, but not subcortical white matter lesions, and to the presence of lacunar
infarcts on magnetic resonance imaging. After correction for demographical group
differences, no association was found between nighttime dipping of blood pressure on the
one hand and both white matter lesion load and cognitive parameters (verbal memory,
sensorimotor speed, cognitive flexibility) on the other. The presence of lacunar infarcts,
however, predicted lower performance on verbal memory. Furthermore, daytime and 24hour pulse pressure averages were associated with periventricular white matter lesions,
whereas systolic blood pressure and mean arterial pressure for daytime, nighttime and 24hour periods were higher in patients with lacunar infarcts.
In conclusion, notwithstanding the large variability of white matter lesions in this sample
the evidence of a connection between diurnal blood pressure variation and early targetorgan damage in the brain was not convincing. However, the ambulatory blood pressure
profile may be predictive of cerebral lesion type.
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Introduction
Hypertensive individuals are at risk for target-organ damage, including in the
brain. In hypertension, atherosclerotic changes occur in the large and small
cerebral arteries, together with a reduced autoregulation of cerebral blood flow.1,2
Hypertension not only increases the risk of stroke, it has also been associated with
the prevalence of subcortical and periventricular white matter lesions (WMLs), as
observed with magnetic resonance imaging (MRI).3 The presence of WMLs is a
prognostic factor for the development of stroke4,5 and, on a functional level, with
cognitive impairment6, particularly when attentional processes, speed of
information processing7 and frontal lobe function is involved.8 The etiology of
WMLs is still poorly understood, but seems to be related to small-vessel disease,
demyelinisation, and the occurrence of cerebral ischemia.9,10 Apart from
hypertension3, other risk factors for WMLs are age, diabetes, and a history of
stroke or heart disease.11 White matter lesions also appear to be very common in
healthy older individuals.11 In essential hypertension, the presence of WMLs has
been associated with the duration3,12 and severity of this condition13,14, the lack of
blood pressure (BP) control in treated patients15,16, and an exaggerated decline in
nocturnal BP.17,18 However, recent studies on ambulatory BP monitoring (ABPM)
and WMLs did not replicate the latter finding, but rather stressed the severity of
elevated BP19 and a blunted fall in nocturnal heart rate.14 In addition, steady and
pulsatile components of daytime, nighttime and 24-hour BP have gained
increased interest in the prediction of WMLs, lacunar infarcts (LACs) and
stroke.20,21 So far, studies on hypertension and WMLs have been focusing
primarily on older patient groups. Moreover, the description of WMLs in terms of
subtype (subcortical, or periventricular) and quantity has often been rather crude.
This may complicate drawing conclusions from these studies because the etiology
of WML subtypes may actually differ.22 Improved methods to quantify WML
subtypes have become available and have been validated and studied in large
population samples.23 For example, based on a strict WML scoring protocol,
periventricular WMLs were associated with lower psychomotor speed and general
cognitive function in 1,077 individuals from the Rotterdam Scan Study, aged
60 years and older24, while subcortical WMLs were related with depressed
mood.25 In addition, periventricular WMLs were associated with a three-fold
greater reduction in general cognitive functioning (Mini-Mental State
Examination) after a mean follow-up duration of 7.3 years.26
We designed the present study in untreated, asymptomatic, middle-aged to older
essential hypertensive individuals, in order to identify possible relationships
between ambulatory BP, cerebral damage (WMLs or LACs) on magnetic
resonance imaging (MRI), and the cognitive performance in different functional
domains. For this purpose, the diurnal BP profile was derived from ambulatory BP
recordings, the subtype and quantity of WMLs were determined according to a
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well-established protocol24, and a comprehensive battery of cognitive tests was
administered to evaluate the potential consequences of diurnal BP variation on
cognitive function and cerebral WML load.

Methods
Subjects
Participants for this study were recruited from the hypertension outpatient clinic
at the department of internal medicine of the Maastricht University Medical
Centre. A group of 105 patients, aged between 40 and 80 years, and who were
previously diagnosed with essential hypertension, were selected for this study.
Exclusion criteria were clinically documented ischemic or valvular heart disease,
congestive heart failure, cerebrovascular accidents or transient ischemic attacks,
chronic renal failure (serum creatinine >150 μmol/l), secondary hypertension, or
claustrophobia (MRI investigation). In all patients, antihypertensive medication was
discontinued three weeks prior to the clinical assessments. None of the
participants developed adverse events during the drug-free episode. The study
was approved by the local Medical Ethics Committee and all patients gave their
informed consent in writing.

Blood pressure measurement
Non-invasive ABPMs (SpaceLabs 90217; SpaceLabs Inc., Redmond, Washington,
USA) were obtained on weekdays, starting early in the morning. Measurements
were taken at the non-dominant arm, every 15 minutes during the day and every
30 minutes at night. Patients were instructed to adhere to their normal daily
activities and regular sleeping hours. For analysis, daytime episodes were defined
from 0900 hours until 2100 hours, and nighttime episodes from 0100 hour until
0600 hours, according to the guidelines of the European Society of Hypertension
(ESH).27 Blood pressure and heart rate averages, and diurnal BP rhythm were
determined for these episodes. Recordings were not edited.

Magnetic resonance imaging and white matter lesion scoring
Magnetic resonance imaging scans were made on a 1.5 Tesla Philips Intera NT.
The scan protocol included axial proton density (PD), T2-weighted fast spin-echo
(FSE), and T2-weighted fluid-attenuated inversion recovery (FLAIR) sequences. All
scans were analyzed off-line in order to obtain estimates of the total volume of
subcortical WMLs, the extent of periventricular WMLs and the presence of silent
LACs (for an example of WMLs see Figure A.1; for LACs see Figure A.2.1,
Appendix A). The WMLs were scored according to the Rotterdam Scan Study scale
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(Table E.2, Appendix E).24 For this purpose the axial PD, T2-weighted, and FLAIR
image stacks were aligned side-by-side in synchrony, on a computer screen, using
custom software (E.G.; image-processing software package GIANT [General
Imaging and Analysis Tools]; Department of Psychiatry and Neuropsychology,
Maastricht University, Maastricht, The Netherlands) on a Macintosh G3 computer.
This program allowed systematic inspection of the synchronized image stacks and
manual demarcation of regions of interest (ROIs). At each level, subcortical WMLs
were scored using predefined ROI masks, i.e., circles with a diameter of 2, 6, and
12 mm, respectively. Lesions were first identified on the FLAIR image, then
confirmed and traced on both other images at the same axial level. If a lesion was
present on all three images, the mask that matched the ROI best was fitted over
the lesion. After inspection and delineation of all subcortical WMLs in a stack the
program generated an output file containing the number and size of all lesions at
each level of the scan. These data were transferred to a standard spreadsheet to
yield a total subcortical WML volume score for each patient. In this procedure,
ROIs were inflated to spheres with the same diameter, with corresponding
volumes of 4.2, 113 and 905 mm3, respectively. Subcortical WMLs were
processed by one medical investigator (M.v.B.) after satisfactory intra-class
correlations between 0.81 and 0.98 had been reached.28 These were based on the
independent assessments of subsequent series of 10 random stacks by this
investigator and an experienced neuroradiologist (P.H.). Next, the overall
subcortical WML volume was calculated. Periventricular WML severity, ranging
between 0 and 3, was scored separately for frontal and occipital regions (‘caps’)
and the medial periventricular lining (‘bands’), which were then summed to an
overall periventricular WML score (Table E.2, Appendix E).24 Finally, the presence
of other cerebrovascular lesions (LACs) was identified in a separate session by the
neuroradiologist (P.H.).

Cognitive assessment
All participants underwent a 1.5-hour cognitive assessment by an experienced
neuropsychological assistant. Different tests were used to probe several aspects of
cognitive function, including memory, attention, sensorimotor speed and
cognitive processing speed, according to procedures outlined briefly below and
described in more detail elsewhere.29 The same battery of tests has been
employed in the Rotterdam Scan Study.24
The Word Learning Task (WLT) is based on the Auditory Verbal Learning Test30
and evaluates the ability to acquire and retain new verbal information (15
monosyllabic words). The total number of correctly reproduced words in five
repeated learning trials is recorded, in addition to the maximum score in five trials
and the number of correctly reproduced words after 20 minutes. The Concept
Shifting Task (CST) evaluates behavioral planning and evaluation.31 A person’s
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ability to alternate two psychological concepts during task performance is
measured, in this case cancellation of 16 empty circles arranged in a larger circle
(task 0), and circles that contain numbers (A), letters (B), or both (C), in correct
order. Task C is considered the more complex ‘switch’ task. The outcome is the
time required to complete each task. Susceptibility to language interference was
measured in the Stroop Color Word Test (SCWT), consisting of three subtasks: (I)
color word naming, (II) color naming and (III), naming of color words printed in a
different color (‘interference task’). SCWT-III is often used as a test of attentional
capacity, which shows robust effects of chronological age.32

Other assessments
Other variables related to cardiovascular risk were assessed during the first study
visit. Blood samples were drawn in the morning from fasting patients for
assessment of total cholesterol and glucose levels. Hypercholesterolemia was
defined as a total cholesterol level exceeding 6.5 mmol/l and/or the use of lipidlowering drugs. Diabetes mellitus (DM) was considered to be present in case of
fasting plasma glucose levels above 6.9 mmol/l and/or the reported use of oral
anti-diabetic drugs, or insulin. The height and weight of patients as measured and
body mass index (BMI) was calculated. Physical activity was defined as the total
hours spent on physical exercise during one week and actual smoking status
(yes/no) was recorded. Furthermore, we collected post hoc the duration of
hypertension history and antihypertensive medication use from the medical
records of all participants in order to assess possible confounding of these
variables on the results of the study.

Data reduction and statistical analysis
Average levels of systolic BP (SBP), diastolic BP (DBP), mean arterial pressure
(MAP), pulse pressure (PP) and heart rate were computed for daytime, nighttime
and 24-hour episodes, using a custom computer program available at the
Department of Internal Medicine. According to the Verdecchia criterion,
participants were classified as nondippers when the reduction in both their systolic
and diastolic nighttime BP was <10% of the average daytime levels33, while others
were classified as dippers. In addition, dipping quantity was expressed as the
relative decrease in MAP from daytime to nighttime episode (relative dipping).
Three domains of cognitive performance were defined: memory, sensorimotor
speed, and cognitive flexibility.34-36 Compound domain scores were computed for
each individual, based on the Z-transformed raw scores in the total sample. In this
way, a reduction in performance outcome parameters can be achieved while the
robustness of the underlying cognitive construct is improved.37,38 Next, the
average Z-score was obtained from tests included in the compound performance
index. The memory score was derived from the total and delayed-recall scores of
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the WLT, the cognitive flexibility score was calculated as the average of the
C-version of the CST and subtask III of the SCWT, and sensorimotor speed thus
combined scores on the 0, A and B versions of the CST and subtask I of the
SCWT.39 In data presentation, plus or minus signs were inverted to make positive
values reflect a better than average and negative values a worse than average
performance.
First, comparisons were made between both dipper categories, including the
cardiovascular risk factor variables and all variables that were used in the analyses.
Appropriate tests were used to detect group differences (groupwise t tests for
normally distributed continuous variables, Mann-Whitney U tests for variables
with skewed distributions, or χ2 tests for variables with a restricted number of
classes). Using general linear model (GLM) analysis, dipper groups were compared
on cognitive test scores, with control for significant pre-existent group differences
(only educational level; no cardiovascular risk factors were used). Due to the
skewed distribution of WML data, subcortical WML volumes and periventricular
WML scores were broken down into tertile groups12, with cut-off values at 33.5
and 402.1 mm3 for subcortical WML volumes, and 0.5 and 1.5 for periventricular
WML scores. Periventricular WMLs were also analyzed as a dichotomous feature
(present/absent). Next, subcortical WMLs (tertiles), periventricular WMLs (tertiles,
present/absent) and LAC (present/absent) groups were compared using GLM on
cognitive test performance and BP variables (mean daytime, nighttime and
24-hour, and relative dipping of MAP), with control for age as covariate. As some
authors have suggested that the relationship between nocturnal dipping and
organ damage is U-shaped19,40, we also trichotomized post hoc the day/night MAP
difference to test differences in WML load and cognitive outcome in these groups.
Analyses were performed with SPSS 11.5 for Windows (SPSS Inc., Chicago, USA),
using an alpha level of 0.05.

Results
Of 105 persons included in this study, MRI data of nine persons were unavailable
or considered inadequate due to claustrophobia (one), premature withdrawal
from the study (four), or movement artifacts (four). Four patients under 40 were
not included in the analysis. Of the remaining 92 patients, another six patients
were excluded because ABPM data were insufficient (less than 70% successful
readings), leaving 86 patients with complete data for analysis. Table 9.1 presents
the descriptive statistics of the study sample. Mean age of the group was 57 years
(range 40-80) and 60% was male.
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Table 9.1

Descriptive statistics by dipping status.
Dipper status
Nondipper (13)
Dipper (73)

Age, years
Sex, male/female
Education, 1-8
Smoking
Physical activity, hours
BMI, kg/m2
Diabetes mellitus
Hypercholesterolemia
Daytime BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
Night-time BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
24-hour BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
MAP dipping, %
Subcortical WMLs, mm3
Periventricular WMLs, 0-9
Lacunar infarcts, present/absent
Sensorimotor speed, Z-score
Cognitive flexibility, Z-score
Memory, Z-score

All (86)

55.4 ± 8.5
10 / 3
2.5 ± 1.3
31
6.2 ± 5.0
28.5 ± 4.7
15
15

57.7 ± 10.3
42 / 31a
3.9 ± 2.1d
31a
7.8 ± 6.4b
28.9 ± 5.5
14a
23a

57.4 ± 10.0
52 / 34
3.7 ± 2.0
31
7.6 ± 6.2
28.9 ± 5.4
14
22

159
101
121
58
83

± 17
± 15
± 14
± 11
± 16

155 ± 19
97 ± 12
117 ± 13
59 ± 13
80 ± 12

156 ± 18
97 ± 12
117 ± 14
59 ± 12
80 ± 13

157
98
118
59
69

± 21
± 16
± 16
± 14
± 11

132 ± 17e
78 ± 11e
97 ± 13e
54 ± 11
67 ± 11

136 ± 20
81 ± 14
100 ± 15
54 ± 12
67 ± 11

159
100
120
59
78
2.2
1158
1.85
3
-0.34
-0.53
-0.23

± 17
± 14
± 14
± 12
± 14
± 5.7
± 2702
± 2.13
/ 10
± 1.17
± 1.27
± 0.86

148 ± 18c
91 ± 11d
111 ± 13c
57 ± 12
75 ± 11
16.6 ± 5.8e
1029 ± 2235b
1.36 ± 1.70b
14 / 59a
0.06 ± 0.60
0.09 ± 0.80c(NS)
0.04 ± 0.96

150 ± 18
92 ± 12
112 ± 13
58 ± 12
75 ± 11
14.4 ± 7.8
1048 ± 2294
1.43 ± 1.77
17 / 69
0.00 ± 0.91
0.00 ± 0.72
0.00 ± 0.95

Data are presented as mean ± SD or number. BMI indicates body mass index; BP, blood pressure;
SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure; PP, pulse pressure; bpm, beats per
minute; WMLs, white matter lesions; NS, not significant. Univariate group differences were tested
with groupwise t tests, unless indicated otherwise. a χ2 test; b Mann-Whitney U test. c P≤0.05;
d
P≤0.01; e P≤0.001; P values of general linear model (GLM) with control for education as covariate
are given between parentheses.

Nondipping
Thirteen (15%) participants were classified as nondipper. As may be expected,
when dipping status categories were compared, all nighttime and 24-hour BP
levels, with the exception of PP, were higher (P<0.001 and P<0.05, respectively)
and the relative nighttime dipping of the MAP lower (P<0.001) in the nondipper
group. Dippers received higher education (t=3.200, P<0.01), and performed
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better on cognitive flexibility (t=2.338, P<0.05). The latter difference disappeared,
however, when dipper groups were compared with control for educational level
(F(1,84)=1.957, NS). Age, sex, presence of cardiovascular risk factors, average
heart rate, WML scores, presence of LACs, and both other cognitive measures did
not differ between dipper groups.

Blood pressure
Of the patients in the lowest subcortical WML volume tertile, 17 (20%) had none,
or only one small subcortical WML on their MRI scan. Periventricular WMLs and
LACs were present in 56 (65%) and 17 (20%) patients, respectively (Tables 9.2a
and 9.2b).
Table 9.2a Descriptive statistics by subcortical and periventricular white matter lesion tertiles.
Subcortical WML volume, mm3
< 33.5 (30) 33.5 - 402.1 (28)
Age, years

Periventricular WML score (0-9)

≥402.1 (28)
e

0.0 (30)

63.3 ± 9.3e

52.5 ± 9.3

57.1 ± 7.4

62.8 ± 10.5

18 / 12

17 / 11

17 / 11a

17

/ 13

16 / 10

19 / 11a

Education, 1-8

4.3 ± 1.8

3.4 ± 2.2

3.2 ± 2.0

4.1

± 1.9

3.4 ± 2.0

3.5 ± 2.1

40

30

21a

55.4 ± 9.3

>1.5 (30)

Sex, male/female
Smoking

53.1 ± 8.5

0.5-1.5 (26)

30a

38

23

7.2 ± 7.1

6.9 ± 5.8

29.7 ± 5.4

29.8 ± 5.9

28.1 ± 4.8

18a

10

27

7a

14

25a

13

35

20a

157 ± 19

151 ± 19

160 ± 17

150 ± 20

156 ± 14

99 ± 14

96 ± 12

97 ± 12

97 ± 14

98 ± 9

97 ± 13

118 ± 14

115 ± 14

118 ± 13

115 ± 16

117 ± 10

119 ± 14

PP

58 ± 14

55 ± 10

63 ± 12

53 ± 10

58 ± 9

65 ± 14e(NS)

Heart rate, bpm

80 ± 14

83 ± 13

78 ± 11

82 ± 12

81 ± 10

77 ± 15

SBP

135 ± 19

132 ± 22

140 ± 19

130 ± 20

136 ± 19

141 ± 20

DBP

82 ± 15

80 ± 14

82 ± 12

81 ± 15

81 ± 12

82 ± 13

MAP

100 ± 15

98 ± 16

102 ± 14

98 ± 17

100 ± 13

103 ± 15

PP

53 ± 11

52 ± 11

59 ± 13

49 ± 9

55 ± 11

59 ± 14d(NS)

Heart rate, bpm

66 ± 11

71 ± 12

64 ± 8e

68 ± 10

68 ± 9

65 ± 13

SBP

150 ± 18

146 ± 20

155 ± 15

144 ± 20

150 ± 15

DBP

93 ± 13

91 ± 12

93 ± 11

92 ± 14

93 ± 9

92 ± 12

MAP

113 ± 13

110 ± 14

114 ± 12

110 ± 16

112 ± 10

115 ± 13

PP

56 ± 13

55 ± 10

62 ± 12

52 ± 10

58 ± 10

Heart rate, bpm

74 ± 12

79 ± 12

73 ± 9

77 ± 10

76 ± 9

73 ± 13

MAP dipping, %

15.2 ± 7.8

14.5 ± 7.3

13.6 ± 8.3

14.9 ± 6.5

14.9 ± 7.9

13.6 ± 8.9

Sensorimotor speed, Z-score

0.23 ± 0.47

0.00 ± 0.60

Cognitive flexibility, Z-score

0.28 ± 0.70

-0.02 ± 0.72

-0.28 ± 1.17

0.33 ± 0.66 0.04 ± 0.59 -0.37 ± 1.19d(NS)

Memory, Z-score

0.11 ± 0.99

-0.07 ± 0.91

-0.04 ± 0.96

0.29 ± 0.83 -0.16 ± 1.07 -0.14 ± 0.92

Physical activity, hours

7.6 ± 6.9

7 ± 5.3

BMI, kg/m2

29 ± 5.1

27.9 ± 5.6

3

21

27

SBP
DBP
MAP

Diabetes mellitus
Hypercholesterolemia

8.2 ± 6.5b

8.7 ± 5.7b
28.7 ± 5.3

Daytime BP, mmHg:
161 ± 19

Night-time BP, mmHg:

24-hour BP, mmHg:
156 ± 17e(NS)

64 ± 14e(NS)

-0.24 ± 0.95e(NS) 0.17 ± 0.53 0.09 ± 0.53 -0.24 ± 0.95

Data are presented as mean ± SD or number. WML indicates white matter lesion; BMI, body mass index; BP, blood
pressure; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure; PP, pulse pressure; bpm, beats per minute;
WMLs, white matter lesions; NS, not significant. Univariate group differences were tested with general linear model
(GLM), unless indicated otherwise. a χ2 test; b Mann-Whitney U test. c P≤0.05; d P≤0.01; e P≤0.001; P values of GLM
with control for age as covariate are given between parentheses.
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Table 9.2b Descriptive statistics by periventricular white matter lesion status and lacunar infarct
status.
Periventricular WMLs
Absent (30)
Age, years
Sex, male/female
Education, 1-8
Smoking
Physical activity, hours
BMI, kg/m2
Diabetes mellitus
Hypercholesterolemia
Daytime BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
Night-time BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
24-hour BP, mmHg:
SBP
DBP
MAP
PP
Heart rate, bpm
MAP dipping, %
Sensorimotor speed, Z-score
Cognitive flexibility, Z-score
Memory, Z-score

Lacunar infarcts

Present (56)
d

61.9 ± 10.3c
13 / 4a
3.2 ± 2.1
18a
6 ± 4.3b
26.9 ± 3.8
35ad
18a

± 17c(NS)
± 11
± 12
± 13e(c)
± 13

153 ± 18
96 ± 11
116 ± 13
57 ± 12
80 ± 12

166
101
124
64
79

± 18c(c)
± 17
± 16c(c)
± 14c(NS)
± 15

± 19
± 13
± 14
± 12d(NS)
± 11

133 ± 19
80 ± 11
98 ± 13
53 ± 12
68 ± 11

146
86
108
60
65

± 20c(c)
± 20
± 19c(c)
± 11c(NS)
± 11

± 16c(NS)
± 11
± 12
± 12e(c)
± 12
± 8.4
± 0.79
± 0.97c(NS)
± 0.98c(NS)

147 ± 17
91 ± 10
110 ± 12
56 ± 11
75 ± 11
14.8 ± 7.7
0.08 ± 0.68
0.1 ± 0.82
0.14 ± 0.92

59.6 ± 10.1
35 / 21a
3.4 ± 2.1
27a
7.8 ± 5.8b
28.4 ± 5.1
16a
27a

150 ± 20
97 ± 14
115 ± 16
53 ± 10
82 ± 12

159
97
118
62
79

130 ± 20
81 ± 15
98 ± 17
49 ± 9
68 ± 10

138
81
101
57
67
153
93
113
61
74
14.2
-0.09
-0.18
-0.15

Present (17)

56.2 ± 9.7
39 / 30
3.8 ± 2
34
8 ± 6.6
29.4 ± 5.6
9
23

53.1 ± 8.5
17 / 13
4.1 ± 1.9
38
7.2 ± 7.1
29.8 ± 5.9
10
13

44 ± 20
92 ± 14
110 ± 16
52 ± 10
77 ± 10
14.9 ± 6.5
0.17 ± 0.53
0.33 ± 0.66
0.29 ± 0.83

Absent (69)

161
97
119
64
74
13.2
-0.3
-0.43
-0.58

± 17d(d)
± 17
± 16c(d)
± 13c(NS)
± 13
±8
± 0.8
± 1.13c(NS)
± 0.88d(c)

Data are presented as mean ± SD or number. WMLs indicates white matter lesions; BMI, body mass
index; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure; PP, pulse
pressure; bpm, beats per minute; NS, not significant. Univariate group differences were tested with
general linear model (GLM), unless indicated otherwise. a χ2 test; b Mann-Whitney U test. c P≤0.05;
d
P≤0.01; e P≤0.001; P values of GLM with control for age as covariate are given between
parentheses.

Age was associated with higher subcortical WML volume, the presence as well as
the severity of periventricular WMLs and more evidence of LACs on MRI
(F(2,83)=9.090, P<0.001; F(1,84)=9.116, P<0.01; F(2,83)=10.532, P<0.001; and
F(1,84)=4.645, P<0.05, respectively). Higher daytime and 24-hour SBP and
daytime, nighttime and 24-hour PP were related to both the presence and the
severity of periventricular WMLs. Furthermore, daytime, nighttime and 24-hour
averages of SBP, MAP and PP were associated with presence of LACs. After
controlling for age in the analysis, these relationships remained significant for
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daytime and 24-hour PP with respect to the presence of periventricular WMLs,
whereas differences between severity groups (tertiles) disappeared (Tables 9.2a
and 9.2b). Systolic BP and MAP for daytime, nighttime and 24-hour periods
remained significantly associated with LACs (Table 9.2b). Again, evidence of
cerebral damage was unrelated to relative dipping of the MAP at night. Higher
subcortical WML load was related to lower scores on sensorimotor speed,
whereas cognitive flexibility and verbal memory scores decreased with the
presence or the severity of periventricular WMLs and LACs (all at P<0.05).
However, none of these associations remained significant after correction for age
in the model, except for verbal memory. In persons with evidence of LACs this
score remained significantly lower after adjustment for age, when compared with
controls (F(1,84)=6.693, P<0.05).
We performed additional analyses on historical data in both dipper categories
about hypertension duration (8.8 vs. 9.2 years in dippers/nondippers, respectively),
the number of antihypertensive medications taken prior to ABPM (1.9 vs. 1.8) and
duration of past antihypertensive medication usage (4.7 vs. 3.6 years): no
significant differences were apparent in these data. Finally, a post hoc comparison
of WML load and cognitive variables based on tertiles of day/night MAP dipping
did not reveal evidence for a nonlinear relationship between nondipping and
WML load or cognitive function.

Discussion
To the best of our knowledge, this study is the first to investigate the relationship
between ambulatory BP and a combination of both morphological and functional
characteristics of brain structures that are engaged in cognitive performance,
using ABPM, MRI and a comprehensive battery of cognitive tests. We linked the
evidence of early cerebral damage (subcortical and periventricular WMLs, or
presence of LACs) to diurnal blood pressure variation, ambulatory BP profile and
indicators of neurocognitive functioning in previously diagnosed essential
hypertensive individuals. Nondipping during the night was unrelated to both
cognitive variables and imaging parameters, after appropriate control for possible
confounders (i.e., difference in educational level). Age was a strong indicator of
subcortical WMLs, periventricular WMLs, and LAC prevalence on MRI. When age
differences were accounted for, differences in either daytime and 24-hour PP on
the one hand, and daytime, nighttime and 24-hour SBP and MAP on the other,
remained statistically significant between periventricular WML and LAC groups,
respectively. However, the associations between cognitive function and imaging
measures disappeared, except for a significant difference in memory function
between individuals with and without LACs.
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The results of previous studies concerning the prevalence of WMLs in patients
with hypertension are equivocal, which may be related, at least in part, to
differences in patient selection and MRI scoring systems.41 As pointed out by
Sierra and others, most studies have been performed in older individuals, or
populations with a wide age range.14 When these investigators studied a group of
66 never-treated hypertensive patients between 50 and 60 years of age they did
find higher levels of ambulatory BP in a group characterized by WML presence,
compared to non-WML controls, but no between-group differences were
apparent in the nocturnal BP fall. In agreement with the latter findings, both
dipping status and relative MAP dipping were unrelated to cerebral pathology in
the present study. In the Japanese population, nondipping but also extreme
dipping have repeatedly been associated with silent cerebrovascular disease, such
as WMLs and LACs.42 Studies in Caucasian populations though are limited and
their results are not beyond dispute.14,43-45 Most of these were limited in size14,45 or
lesions were described in terms of presence or absence only.14,43 Furthermore,
with respect to the classification of dipping, there is no consensus on what BP
variable to use (SBP, DBP or MAP), which cut-off values are optimal and how data
should be presented (relative dipping or dipping status). Studies, and patient
groups within studies, may also differ with respect to the duration of hypertension
and treatment history of which reliable information can be difficult to obtain.
Hypertension history or the duration of antihypertensive medication did not affect
our results. Still, methodological differences such as described here can
complicate the comparison of our findings with those of aforementioned studies.
On a final note, some authors suggested that repeated ABPM may yield more
accurate assessment of dipper status and thus improve the use of diurnal BP
variation in risk assessment.46,47 Therefore, the consequences of diurnal BP
variations on the brain remain to be elucidated further, at least in Caucasians.
Previously, others reported ABPM to be superior to casual BP measurements in
predicting hypertension-induced cerebrovascular disease.13 In addition,
ambulatory MAP and PP recently gained increased interest in the prediction of
silent and symptomatic stroke.14,20,21 Driven by this line of evidence, we assessed
the effects of the ambulatory BP profile on WMLs and LACs. When age
differences were accounted for, presence of periventricular WMLs was associated
with daytime and 24-hour PP, whereas SBP and MAP for daytime, nighttime and
24-hour periods were highest in patients with LACs. Otherwise, ambulatory BP
profile did not predict severity of both periventricular and subcortical WMLs.
Intriguingly, these findings suggest that the steady (MAP) and pulsatile (PP)
components of BP predispose to different forms of small-vessel disease related
white matter abnormalities. Others have hypothesized that small penetrating
cerebral arteries are particularly vulnerable to the adverse effects of a steady BP
overload (MAP), causing small LACs.20,21 According to this hypothesis and in line
with our findings, some authors recently suggested that daytime, nighttime and
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24-hour MAP were major determinants for the formation of silent cerebral
infarctions, mostly LACs.20 The blood supply of the periventricular white matter is
dependent on endarteries which lack appropriate anastomoses.48 This arterial
watershed zone is highly vulnerable to ischemia during hypotensive periods,
especially in hypertensive patients with impaired cerebral autoregulation.49 Since a
high PP reflects an increased arterial stiffness50, we speculate that the penetrating
cerebral arteries of hypertensive patients with high PP are less potent in their
response to hypotension, increasing the risk of developing periventricular WMLs.
Recent findings of Sierra et al. are compatible with this notion. They reported
higher values of PP, including office, daytime, nighttime and 24-hour averages,
among hypertensive patients with periventricular WMLs, compared to those
without.14 The present results, however, remain to be confirmed in a well-defined,
larger population. On multivariate analysis, the ambulatory BP profile remained
significantly associated with the presence, but not with the severity of
periventricular WMLs. To our knowledge, there is no consensus with respect to
lesion definition. It is likely that differences in lesion definition may account for
this inconsistency, because when continuous data are dichotomized the remaining
variance becomes less informative.
The absence of an association between nondipping and cognitive performance
does not comply with earlier observations that we made in a study on 115,
community dwelling, largely normotensive individuals of approximately the same
age range (29-81 years).51 In that study, nondippers were characterized by lower
scores on both memory and sensorimotor speed measures. This inconsistency
could indicate that the diurnal BP rhythm of our patients depends for some part
on hypertension induced cerebral abnormalities, i.e., reverse causality, which we
assume to be not, or less, present in community residents.52 However, it remains
elusive why we failed to replicate earlier findings. Our results also disagree with a
recent study in patients with a blunted decline in nighttime BP who showed
poorer cognitive performance.53 However, patients in this study had long-standing
hypertension (17.3±4.9 years, range 10-26), cognitive performance was assessed
using the standard Mini-Mental State Examination, and only 26 patients were
included.
White matter lesion extent was unrelated to cognitive performance parameters,
which is in contrast to the findings of the Rotterdam study where periventricular
WML load was associated with lower information processing speed and general
cognitive functioning.24 Results, however, are in line with a smaller population
study in 123 older (64-74) individuals that failed to find a linear association
between WML load (measured according to a comparable protocol) and cognitive
performance measures12, and with recent work by Sierra et al. who reported no
differences in memory between hypertensive patients with and without
periventricular WMLs.54 On the other hand, the present study confirmed recent
findings from the Rotterdam study where silent brain infarcts (202 out of 217
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were LACs) were associated with a greater decline in memory performance, in
particular when these were located in the thalamus.55
In conclusion, there was no relationship between diurnal BP rhythm and evidence
of structural or functional cerebral damage in this population of hypertensive
individuals. Our study was relatively small, but given the substantial variability in
WMLs in this hypertensive population (over 62% having overt white matter
changes) we cautiously conclude that an association between WMLs and
cognition will in no case be very robust. Still, our data suggest that the
ambulatory BP profile may predict lesion type in early asymptomatic cerebral
abnormalities.
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Summary
Detection of preclinical hypertension-related cardio-renal damage has been recommended
in the identification of patients at risk of cardiovascular complications. The inclusion of
eventual silent cerebrovascular disease as an additional marker of hypertensive organ
involvement might refine risk stratification.
In 192 hypertensive patients (98 males) without a history of cardio- and cerebrovascular
disease, a mean age of 51.6±12.3 years, and untreated office blood pressure levels of
170±23/104±12 mmHg, we obtained detailed information on preclinical cardiac (left
ventricular hypertrophy), renal (microalbuminuria and/or impaired kidney function) and
cerebrovascular damage (white matter hyperintensities, infarcts and/or microbleeds), and
estimated the associated cardiovascular risk based on the presence of common
cardiovascular risk factors.
Hypertensive organ damage involved the heart in 41 (21%), the kidneys in 50 (26%), and
the brain in 84 (44%) participants. When considering only patients with demonstrable
cardiac and/or renal damage (n=72), 42 subjects (58%) had also silent cerebrovascular
disease. Of the remaining 120 participants without cardio-renal damage 42 (35%) had
brain damage. In other words, half of all patients with silent cerebrovascular disease were
classified as having no organ (i.e., cardio-renal) involvement. The cardiovascular risk score
of patients without cardio-renal but with brain damage was significantly higher than that
of participants without any organ involvement (37±11 vs. 27±11; P<0.001), and similar to
the risk score of those with cardio-renal damage (38±14; P>0.05).
In conclusion, these data suggest that silent cerebrovascular disease should be recognized
as an additional, independent and prognostically relevant marker of preclinical hypertensive
organ damage.
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Introduction
The (timely) detection of silent hypertension-related organ damage will become
increasingly important in the identification of patients who are at risk of
cardiovascular complications. Currently, hypertension guidelines mainly recognize
the heart and kidneys as the crucial target-organs affected by high blood pressure
(BP).1,2 However, one may question whether the detection of preclinical cardiac
and renal damage, manifested as left ventricular hypertrophy (LVH) and
microalbuminuria or impaired renal function, sufficiently covers the risk associated
with hypertension, or leaves a significant number of high-risk patients unnoticed,
e.g., because silent damage to other organs such as the brain remains
undetected.
Silent cerebrovascular disease (SCD), which can be identified on brain magnetic
resonance imaging (MRI) as white matter hyperintensities (WMHs), silent brain
infarcts (SBIs) and brain microbleeds (BMBs), is a frequent observation in
hypertensive patients3-5 and can be used as an intermediate endpoint for stroke6,7.
Accordingly, we assessed whether the detection of SCD as a marker of
hypertensive brain damage, in addition to cardiac and renal risk markers, refines
the identification of subjects at increased risk of cardiovascular complications. To
this end, we obtained detailed information on hypertension-related, preclinical
damage of the heart, kidneys and brain, and estimated the associated
cardiovascular risk8 in a cohort of hypertensive patients without manifest cardioand cerebrovascular disease.

Methods
Participants
Between July 2004 and September 2006, all patients referred to our outpatient
department for evaluation of their hypertension were asked to participate in the
present study. The routine work-up included a standard 12-lead
electrocardiography, echocardiography, a timed urine collection over a 24-hour
period and routine laboratory investigations. Only patients who were currently off
antihypertensive medication as part of the routine investigations, were eligible for
inclusion, and had to consent to an MRI of the brain. In addition, participants had
to fulfill the following criteria: (1) men or women aged 18-90 years; (2) no
indication from history-taking, physical examination or routine laboratory tests of
secondary hypertension; (3) no evidence of chronic renal failure (serum creatinine
concentration >150 μmol/l on >2 occasions); (4) no diabetes, i.e., the current use
of oral antidiabetic drugs or insulin; (5) no clinically documented ischemic or
valvular heart disease or electrocardiographic evidence of atrial fibrillation; (6) no
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history of transient ischemic attacks and ischemic or hemorrhagic stroke; (7) no
diagnosis of obstructive sleep apnea syndrome. All participants gave written
informed consent and the Medical Ethics Committee of the Maastricht University
Medical Centre approved the study. Altogether, 218 patients consented to
participate in the present study. Details on screening, eligibility and inclusion in
the study have been described elsewhere (Figure B.1, Appendix B).3

Risk factors
Conventional office BP was measured at the hospital by sphygmomanometry
(Korotkoff phases I and V). After at least five minutes of rest, three consecutive
measurements were taken at the non-dominant arm, with the participant seated,
and always by the same trained investigator (L.H.). Blood pressures are reported as
the mean of the second and third measurements. Heart rate was obtained by
palpation of the radial artery. Hypertension was defined as an untreated office
BP ≥140 mmHg systolic and/or ≥90 mmHg diastolic, and graded as mild
(140-159 mmHg systolic and/or 90-99 mmHg diastolic), moderate (160-179
and/or 100-109) or severe (≥180 and/or ≥110) according to current guidelines.2
Height and weight were measured without shoes and wearing light indoor
clothing to determine body mass index (BMI, kg/m2).
Venous blood samples, routinely drawn after an overnight fast, were analyzed for
serum creatinine, serum total cholesterol and high-density lipoprotein (HDL)
cholesterol levels, and plasma glucose levels using standard laboratory procedures.
Hypercholesterolemia was considered to be present in subjects who either used
lipid-lowering drugs or had untreated total cholesterol levels >6.5 mmol/l.2
Information on lifestyle habits, past and current morbidity (including current
treatment), and hypertension history (including the self-reported age of diagnosis,
previous use of antihypertensive medication, and duration of treatment), were
obtained by interview and verified by inspection of recently started medical
records. The duration of hypertension was estimated as the time (in months)
passed since the self-reported age of diagnosis until inclusion in the study.
Smoking was classified as never, past or current.

Silent cerebrovascular disease
Brain MRI was performed on a 1.5-T clinical MR-system (Intera, Philips Medical
Systems, Best, The Netherlands) using a standard quadrature head coil. The
standardized imaging protocol consisted of T2-weighted fast spin echo (repetition
time [TR] 4820 ms; echo time [TE] 100 ms; echo train length [ETL] 12; flip angle
90°; field of view [FOV] 230 mm; acquisition matrix 512X512), fluid-attenuated
inversion recovery (FLAIR) (TR 8000 ms; TE 120 ms; inversion time 2000 ms;
ETL 23 ;FOV 230 mm; acquisition matrix 256X256 [reconstructed to 512X512])
and T2*-weighted gradient echo (TR 736 ms; TE 23 ms; flip angle 15°;
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FOV 230 mm; acquisition matrix 256X256) sequences in the axial plane,
producing 24 slices with a thickness of 5 mm and a 0.5 mm interslice gap.
White matter hyperintensities (for an example see Figure A.1, Appendix A) were
identified on T2-weighted and FLAIR images and classified according to Fazekas et
al. into hyperintensities of the deep, subcortical white matter (DWMH) and
periventricular hyperintensities (PVH) (Table E.1, Appendix E)9 We considered
WMHs to be advanced in case of DWMH grades 2 or 3 (i.e., beginning confluence
of foci or large confluent areas) and/or PVH grade 3 (i.e., irregular hyperintensities
extending into the deep white matter). Histopathological data indicate that these
advanced lesions reflect ischemic brain damage.10
Silent brain infarcts were identified as sharply demarcated hyperintense lesions
(diameter ≥3 mm) on T2-weighted images with corresponding foci of FLAIR low
signal intensity, and assessed throughout the brain, i.e., brainstem, cerebellum,
basal ganglia, thalamus, deep and subcortical white matter, and the cortex.11 We
distinguished SBIs from (equally sized) enlarged perivascular spaces using the
FLAIR images, infarcts being characterized by a central cavitation of low signal
intensity with a surrounding higher-intensity rim of gliotic tissue. See Figure A.2
(Appendix A) for examples of SBIs.
Brain microbleeds were defined as punctate (diameter <5 mm), homogeneous
foci of low signal intensity on T2*-weighted GE images12 and assessed throughout
the brain, i.e., brainstem, cerebellum, basal ganglia, corona radiata and corticosubcortical gray and white matter.3 Symmetric hypointensities in the globi pallidi,
likely to represent calcification or iron deposition, and sulcal flow voids from
cortical vessels were disregarded.12 Figure A.3 (Appendix A) depicts some
examples of BMBs.
We considered SCD to be present in case of advanced WMHs, SBIs, BMBs, or any
combinations, on the assumption that these lesions reflect generalized cerebral
microvascular damage related to high BP.10,13,14 Nevertheless, we also performed
analyses for each lesion type separately.
Two experienced vascular neurologists (R.v.O. and J.L.) rated all scans,
independently and blinded to the participants’ age, sex and clinical status. The
inter-rater reliability, expressed as Cohen’s Kappa, was 0.76 for advanced WMHs,
0.38 for SBIs and 0.68 for BMBs, signifying substantial agreement for WMHs and
BMBs, but poor agreement for SBIs.15 However, in case of disagreement between
the 2 raters, lesions were always ascertained by consensus.

Cardiac damage
We considered cardiac damage to be present in case of LVH assessed by means of
echocardiography.
Left ventricular (LV) mass, assessed by two-dimensional M-mode and Doppler
echocardiography (Sonos 5500, Hewlett-Packard, Andover, MA), was estimated
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by a team of four cardiologists (as part of the routine investigations) according to
Devereux’s formula (Penn convention)16 and indexed to body surface area. The LV
dimensions and wall thicknesses were measured according to current
recommendations.17 Echocardiographic LVH was defined as an LV mass index
(LVMI) >115 g/m2 for men and >95 g/m2 for women.17 Re-analysis of 30 randomly
selected echocardiograms by a fifth cardiologist, not involved in the routine
assessments and blinded to the participants’ clinical status, indicated good
reproducibility of the assessments of LVMI. The intra- and inter-rater intraclass
correlation coefficients18 were 0.90 and 0.87, respectively.

Renal damage
Hypertension-related renal damage was considered to be present in case of
microalbuminuria and/or impaired renal function.2
The urinary albumin excretion (UAE) was measured in a timed 24-hour urine
collection by means of nephelometry (BN ProSpec® System, Dade Behring Inc.),
with a detection limit of 2.2 mg/l. In our laboratory, intra- and inter-assay
coefficients of variation are <7.0%. Microalbuminuria was defined as a UAE >30
and <300 mg/24h.2 Reproducibility of the UAE measurements, i.e., test-retest
reliability, was assessed in a random sample of 30 patients with duplicate urine
collections (48-hours collection period). The test-retest intraclass correlation
coefficient was 0.93.18
Renal function was considered to be impaired in case of an increased fasting
serum creatinine level (≥107 μmol/l for women; ≥115 μmol/l for men) and/or an
estimated creatinine clearance (Cockroft-Gault equation) <60 ml/min, as proposed
in current hypertension guidelines.2 Reproducibility analysis of serum creatinine
concentrations in a random sample of 30 patients with duplicate blood samples
(median [interquartile range] time interval between assessments 23 [13-28] days)
yielded a test-retest intraclass correlation coefficient of 0.91.18

Cardiovascular risk
To quantify the cardiovascular risk associated with cardiac, renal or silent brain
damage, we calculated each participant’s sex-specific risk of death from
cardiovascular disease (including stroke) according to Pocock et al.8 The risk score
has been modeled on a large cohort of hypertensive patients from the INdividual
Data ANalysis of Antihypertensive intervention trials (INDANA) database.
Component risk factors included in the present study were age, cigarette
smoking, untreated SBP, total cholesterol concentration, height, creatinine
concentration, and echocardiographic LVH. Because silent brain lesions have been
shown to increase the risk of future stroke6,7,19, we also included SCD in the risk
score, yielding an extra three points when present (similar to the score of LVH).
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Statistical analysis
To detect group differences between unpaired data we applied the independent
samples t-test for normally distributed variables and the Pearson χ2 statistic or
Fisher’s exact test for categorical variables. Regression analysis was used to
evaluate independency of associations, where appropriate.
Normally distributed variables are presented as mean ± standard deviation (SD),
variables with skewed distributions as median with interquartile range (IQR), and
categorical variables as frequencies. A two-tailed probability value <0.05 was
considered statistically significant. Probability values were corrected for multiple
comparisons according to Hochberg’s procedure, where appropriate. Analyses
were performed using the statistical software package SPSS (version 11.0.4 for
Macintosh, SPSS Inc.).

Results
Study population
Of the 218 participants who were investigated, 192 (88%) had complete data on
hypertension-related damage of the heart, kidneys and brain. Patients with
missing data were significantly older (58.8±13.2 vs. 51.6±12.3 years; P=0.006)
than those with complete data, but did not differ regarding sex (46% male vs.
51%; P=0.640), BP levels (170±31/102±13 vs. 170±23/104±12; P=0.928/0.404)
and other characteristics (data not shown). The characteristics of the 192
participants are summarized in Table 10.1. At the time of inclusion in the study
the median duration of hypertension was 44 (IQR 14-130) months during which
159 (83%) patients had been on antihypertensive treatment for a median
duration of 24 (IQR 6-60) months. Based on the untreated office pressures we
diagnosed 183 (95%) patients with hypertension. Thirty-eight (20%) patients
were classified as mild, 63 (33%) as moderate and 82 (43%) as severe
hypertensive. Nine (5%) participants had normal BP levels, even though the
referring diagnosis was hypertension.
Furthermore, 62 (32%) participants had hypercholesterolemia of whom 22 (11%)
used lipid lowering medication. Twelve (6%) subjects received antithrombotic
treatment.
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Table 10.1 Characteristics of the study population.
Characteristics
All (192)
Sex, male/female
98 / 94
Age, years
51.6 ± 12.3
Age range, years
20 - 83
Height, cm
169.7 ± 9.5
BMI, kg/m2
28.1 ± 5.0
Office BP, mmHg:
SBP
170 ± 23
DBP
104 ± 12
Heart rate, bpm
75 ± 12
Current smoker
36 (20)
Glucose, mmol/l
5.4 ± 0.7
Creatinine, μmol/l
82 (70 - 95)
Total cholesterol, mmol/l
5.9 (5.1 - 6.5)
Data are presented as mean ± SD, number (%), or median (interquartile range). BMI indicates body
mass index; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; bpm, beats per minute.

Prevalence of hypertension-related organ damage
The median time intervals between brain MRI and echocardiography and
laboratory investigations were 27 (IQR 11-69) and 14 (IQR 8-22) days, respectively.
The frequencies of hypertensive organ damage of the heart, the kidneys and the
brain are presented in Table 10.2.
Table 10.2 Frequencies of silent damage of the heart, kidneys and brain (n=192).
Silent organ damage

n

Frequencya

Heart (LVH)

41

21 (16 - 27)

Kidneys
Microalbuminuria
CrCl <60 ml/min
Increased SCrC

50
37
14
13

26 (20 - 32)
19 (14 - 25)
7 (4 - 11)
7 (3 - 10)

Brain
Advanced WMHs
SBIs
BMBs

84
39
56
29

44 (37 - 51)
20 (15 - 26)
29 (23 - 36)
15 (10 - 20)

n indicates number of patients; LVH, echocardiographic left ventricular hypertrophy; CrCl, creatinine
clearance; SCrC, serum creatinine concentration; WMHs, white matter hyperintensities; SBIs, silent
brain infarcts; BMBs, brain microbleeds. a Percentage (95% confidence interval).

Silent brain damage relative to cardiac and renal damage
A total of 114 (59%) participants had evidence of hypertension-related damage
to the heart, kidneys and/or brain. Figure 10.1 depicts the distribution and overlap
of organ involvement (for details see legends to the figure). When we only
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considered the 72 patients with demonstrable cardiac and/or renal damage 42
subjects (58%) had also SCD (Figure 10.1A). Of the remaining 120 participants
without cardio-renal damage 42 (35%) had SCD, which is half of all patients with
SCD and 22% of all participants evaluated for organ involvement. Using the same
approach, we observed similar patterns for advanced WMHs, SBIs and BMBs
separately (Figures 10.1B, 10.1C and 10.1D, respectively). Alternatively, we
observed weak associations between SCD and both LVMI and UAE when analyzed
as continuous variables (Table 10.3).
B

A

Heart

8
8

Kidneys
14

Heart

6

11
14

Kidneys
22

13
16

6

17

9
18

42

WMHs

Brain

D

C
Heart

11
16

Kidneys
21

Heart

8
6

5
10

32

SBIs

Kidneys
24

14
16

6

7
11

BMBs

Figure 10.1 Distribution and overlap of hypertension-related organ damage to the heart, kidneys and
brain (panel A), specified for advanced white matter hyperintensities (WMHs) (panel B),
specified for silent brain infarcts (SBIs) (panel C), and specified for brain microbleeds
(BMBs) (panel D).
For panel A: When considering only patients with demonstrable cardiac and/or renal
damage (n=72), as recommended by current guidelines2, 42 (58%) subjects had also
silent cerebrovascular disease (SCD). However, another 42 patients with SCD were
classified as having no organ involvement. This is: (1) 35% of all participants without
cardio-renal damage (n=120); (2) 50% of all patients with SCD (n=84); (3) 37% of all
patients with hypertensive organ damage of the heart, kidneys and/or brain (n=114); (4)
22% of all patients evaluated for the presence of hypertensive organ damage (n=192).
Similar figures are observed for WMHs, SBIs and BMBs (as can be extracted from the
panels B to D).
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Table 10.3 Associations of left ventricular mass index and urinary albumin excretion with silent
ischemic brain damage (n=192).
LVMI (g/m2)
Brain lesion type
Advanced WMHs
SBIs
BMBs
SCD

1.02
1.02
1.03
1.03

Log-UAE (mg/24h)
Adjusteda

Unadjusted
b

(1.00 - 1.03)
(1.00 - 1.03)b
(1.00 - 1.04)c
(1.01 - 1.04) c

1.01
1.01
1.02
1.02

(0.99 - 1.03)
(1.00 - 1.03)
(1.00 - 1.04)b
(1.01 - 1.04) c

Adjusteda

Unadjusted
2.78
1.76
1.43
1.72

(1.27 - 6.06)
(0.88 - 3.57)
(0.60 - 3.43)
(0.88 - 3.37)

b

3.86
1.71
1.24
1.86

(1.44 - 10.34) c
(0.81 - 3.61)
(0.46 - 3.32)
(0.88 - 3.92)

Data are presented as odds ratios (95% confidence interval). LVMI indicates left ventricular mass
index; Log-UAE, log-transformed urinary albumin excretion; WMHs, white matter hyperintensities;
SBIs, silent brain infarcts; BMBs, brain microbleeds; SCD, silent cerebrovascular disease. a Adjusted for
age and sex. b P < 0.05; c P < 0.01.

Cardiovascular risk associated with hypertension-related organ
damage
Patients with evidence of hypertensive organ damage (heart, kidneys and/or brain)
had a significantly higher cardiovascular risk score than those without organ
damage (38±13 vs. 27±11, P<0.001; Table 10.4). More specifically, the risk score
of the patients without cardio-renal damage but with SCD (37±11) was
significantly higher than that of participants without any organ involvement
(P<0.001), and similar to the score of those with cardio-renal damage (38±14;
P>0.05). We repeated these analyses after excluding markers of cardiac, renal and
brain damage (i.e., echocardiographic LVH, creatinine concentration and SCD)
from the risk score and found again that in contrast to participants without organ
damage the risk scores of both patients with only SCD and cardio-renal
involvement were significantly higher (26±11 vs. 32±11 [P<0.05] and 33±13
[P<0.01], respectively).
Participants without cardio-renal but with brain damage differed from those with
cardio-renal damage only in BP levels (165±19/101±12 versus 183±23/107±12,
P<0.05) but not in other risk factors (Table 10.4). Neither were there differences
in the duration of hypertension, previous use of cardiovascular (including
antihypertensive) treatment, or presence of hypercholesterolemia.
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Table 10.4 Differences in cardiovascular risk and risk factors between participants with hypertensionrelated cardio-renal damage and those with silent cerebrovascular disease (n=192).
Organ damage (114)
Characteristics

No organ damage (78)
a

Cardiovascular risk score
Sex, male/female
Age, years
Height, cm
BMI, kg/m2
Office BP, mmHg:
SBP
DBP
Heart rate, bpm
Current smoker
Glucose, mmol/l
Creatinine, μmol/l
Total cholesterol, mmol/l

27 ± 11
44/34
47.1 ± 10.4
171.2 ± 8.3
27.8 ± 4.1
160 ± 18
102 ± 12
74 ± 12
15 (19)
5.3 ± 0.6
81 (70 - 91)
5.8 (5.1 - 6.3)

All

Cardio-renal (72) SCD only (42)
d

38 ± 13
54/60
54.7 ± 12.6d
168.7 ± 10.1
28.2 ± 5.5
176 ± 24d
105 ± 12
75 ± 12
21 (18)
5.4 ± 0.7
82 (71 - 99)
5.9 (5.2 - 6.5)

38 ± 14d
31/41
54.4 ± 13.7c
167.8 ± 10.0
27.8 ± 5.2

37 ± 11d
23/19
55.1 ± 10.4c
170.2 ± 10.2
28.9 ± 6.0

183 ± 23d
107 ± 12b
75 ± 11
15 (21)
5.4 ± 0.8
81 (69 - 103)
5.8 (5.2 - 6.6)

165 ± 19f
101 ± 12e
77 ± 13
6 (14)
5.5 ± 0.5
84 (73 - 94)
6.0 (5.2 - 6.5)

Data are presented as mean ± SD, number (%), or median (interquartile range). SCD indicates silent
cerebrovascular disease; BMI, body mass index; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP;
bpm, beats per minute. a According to Pocock et al8. P< b 0.05, c 0.01 or d 0.001 vs. "No organ
damage". P< e 0.05, f 0.001 vs. "Cardio-renal damage". P values are corrected for multiple
comparisons according to Hochberg's procedure.

Discussion
This study suggests that the addition of SCD as a marker of hypertensive targetorgan damage refines the identification of patients at increased risk of cardio- and
cerebrovascular complications.
To the best of our knowledge, no previous study has assessed the additional value
of SCD in the stratification of hypertension-related cardiovascular risk beyond
currently recommended markers of preclinical hypertensive cardiac and renal
damage.
Although almost 60% of our patients with demonstrable cardiac and/or renal
damage had also brain damage, which is similar to the frequencies observed in
two other European hypertensive cohorts investigating the relation between LVH
and asymptomatic cerebral damage4,5, half of the patients with SCD were
classified as having no organ involvement. This is an important observation
because these “undetected” patients had a significantly higher risk to die from
cardiovascular complications within the next five years than subjects without any
organ involvement. Hence, it is possible that patients with “undetected” SCD are
unrightfully considered to be low(er)-risk patients when applying current
hypertension guidelines,2 and, consequently, receive suboptimal treatment.
These data, supported by the weak associations between SCD and both LVMI and
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UAE, also illustrate that the absence of damage in one or more organs does not
exclude the involvement of other organs. The reason for this is unclear but
probably involves many factors, among others, age, type and severity of risk
factors, coexistence of unfavorable factors, and vascular characteristics of the
involved organs.
Other observations also support a role for SCD in stratifying cardiovascular risk.
Firstly, the risk score of patients without cardio-renal but with “undetected” brain
damage was similar to that of those participants with cardio-renal involvement.
However, patients with cardio-renal damage had more advanced hypertensive
disease, both in terms of number of organs involved and level of BP. In other
words, for the same level of elevated BP it seems that the risk of SCD is higher
than that of preclinical cardiac and/or renal damage. Secondly, the frequencies of
WMHs, SBIs and BMBs in our cohort were two to three times higher than those
reported in the general population.20-22 Thirdly, the frequency of SCD was almost
twice as high as that of preclinical cardiac and renal damage. Although the
applied criteria to define organ damage could have influenced the observed
frequencies, all have been widely accepted and intended to identify substantial
damage. Fourthly, WMHs, SBIs and BMBs are all precursors of (recurrent) stroke6,7,
emphasizing the importance of detecting silent manifestations of cerebrovascular
disease.
Our data suggest that current cardiovascular risk stratification in hypertensive
patients is inadequate. Yet, our finding that the inclusion of SCD refines the
identification of patients at risk of cardiovascular complications in excess to
markers of cardio-renal damage needs confirmation in long-term follow-up
studies. These studies should also evaluate the additional value of other markers
of hypertensive organ damage, such as arterial stiffening and preclinical
atherosclerosis. Furthermore, it is possible that patients in whom cardio-renal
damage has been ruled out are treated less intensively as would be in the
presence of SCD. In our study 35% of these patients free of organ damage had
actually silent brain damage. Data of the Perindopril Protection Against Recurrent
Stroke Study (PROGRESS) suggest that active BP lowering stops or delays the
progression of WMHs and SBIs in patients with cerebrovascular disease.23,24 On
the other hand, other investigators have questioned the safety of BP reduction in
patients with (silent) cerebrovascular disease, i.e., an increased risk of further
ischemic damage as a result of treatment-induced cerebral hypoperfusion.25 Yet,
whether such a J-curved phenomenon exists, is still a matter of debate. Therefore,
clinical trials in hypertensive patients should evaluate the effects and safety of
antihypertensive (and other cardiovascular) treatment on the development and/or
progression of SCD.
The present study has limitations. The cross-sectional design limits us in drawing
conclusions on the real prognostic relevance of hypertensive organ damage in
general and that of SCD in particular. As a substitute of prognosis, we estimated
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the cardiovascular risk, being aware of the methodological limitations involved in
the use of cardiovascular risk scales.26 We applied the risk score of Pocock et al.
because this scale has been modeled on a large number of (un)treated
hypertensive patients with a wide age range, including both European and North
American populations.8 Another potential limitation is that the screening for
hypertensive cardiac and renal damage was performed as part of the routine
investigations, which might have introduced some bias as a result of
heterogeneous and missing data. Missing of data was associated with older age,
but because the frequencies of both cardio-renal and silent brain damage increase
with advancing age, it is not likely that this will have influenced our results.
Furthermore, our study is carried out in a selected group of hypertensive patients
referred to a university hospital that lacks a local, preferably community-based,
control population. This limits us in drawing conclusions about the frequencies of
preclinical cardiac, renal and brain damage, and in generalizing the findings to
other populations without further ado. Notwithstanding, the frequencies of
WMHs, SBIs and BMBs were in between those reported in the general population
and stroke patients20-22, suggestive of being related to the hypertension. Finally,
tests for the detection of microalbuminuria, renal impairment and LVH are more
widely available than MRI, which might defer the use of WMHs, SBIs and BMBs as
additional markers of hypertensive organ damage, even though the present
findings indicate their potential prognostic relevance.
Strengths of our study are that, unlike earlier studies, the present report includes
WMHs, SBIs as well as BMBs, covering all relevant hypertension-related silent
cerebrovascular damage, and that we related this SCD to both preclinical cardiac
and renal damage. Moreover, we did not include subjects with manifest vascular
disease, thereby reducing the possibility that our observations resulted from
reverse causality.
In conclusion, this study indicates that SCD, in addition to and in the same way as
preclinical cardio-renal damage, should be involved in the risk stratification of
hypertensive patients, as SCD seems to be a prognostically important marker of
hypertensive organ damage.
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Summary
The general aim of the work described in this thesis was to assess whether silent
cerebrovascular disease should be considered as an additional marker of target-organ
damage in patients with hypertension.
The different studies focused on (1) the relationship between ambulatory blood pressure
profiles and white matter hyperintensities, silent brain infarcts and brain microbleeds on
brain magnetic resonance imaging, with a special focus on abnormal nocturnal blood
pressure patterns, (2) the influence of genetic variants of pathways modulating vascular
function and morphology on the susceptibility of the brain to develop (silent)
cerebrovascular damage (for instance via high blood pressure), (3) the link between arterial
stiffness, a summary measure for vascular damage caused by coexisting risk factors
(including high blood pressure and genetic factors), and cerebral small-vessel disease, and,
finally, (4) the clinical relevance of silent cerebrovascular disease in terms of cognitive
performance, and in terms of the additional value of searching for white matter
hyperintensities, silent brain infarcts and brain microbleeds besides recognized markers of
hypertensive cardiac and/or renal damage in stratifying cardiovascular risk of hypertensive
patients.
In this chapter we will put our findings into perspectives against relevant issues related to
the topics mentioned above. The chapter closes with suggestions for future research and
the main conclusions of this thesis.
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Introduction
Hypertension is an important, worldwide public-health challenge because of its
high frequency and concomitant risks of cardiovascular, renal and cerebrovascular
disease, and death.1 Globally, hypertension affects 25-30% of the adult
population, and even up to 60-70% of those beyond the seventh decade of life.2
Notably, the incidence of hypertension is still increasing.1 On the other hand,
hypertension is one of the best modifiable risk factors for cardio- and
cerebrovascular disease. Keeping this in mind, the timely detection of silent organ
damage is important in the identification of hypertensive patients who are at risk
of cardiovascular complications. Current guidelines for the management of
arterial hypertension limit the search for preclinical hypertensive organ damage to
the heart and kidneys.3 The question now is whether this sufficiently covers the
risk associated with hypertension, or leaves a significant number of high-risk
patients unnoticed because silent damage to other organs remains undetected. In
this thesis we focused on the brain as a potential target-organ in hypertension.
Whether silent cerebrovascular disease should be considered as an additional risk
marker of hypertension-related target-organ damage in the risk stratification of
hypertensive patients depends on (1) how frequently silent cerebrovascular
damage, i.e., white matter hyperintensities (WMHs), silent brain infarcts (SBIs),
and brain microbleeds (BMBs), occurs in hypertensive patients, (2) the strength of
the association with blood pressure (BP), (3) the degree in which such damage
leads to concomitant disease and/or increases the risk of major cardio- and
cerebrovascular complications, and (4) whether treatment is able to prevent the
development of new or the progression of existing damage. In the following
sections we will discuss these issues.

Frequency of silent cerebrovascular disease in hypertensive
patients
Silent cerebrovascular disease is not an infrequent finding in patients with
hypertension. We found advanced WMHs to be present in 20%, SBIs in 29% and
BMBs in about 15% of our participants (Chapter 10), these frequencies being
approximately three times higher than those reported in the general population.4-6
Considering the high frequency of microbleeds in our hypertensive population
and the robust associations with BP (Chapter 5), we propose that BMBs should be
recognized, in addition to WMHs and SBIs, as a marker of hypertensive brain
damage. When we considered WMHs, SBIs and BMBs together, 44% of the
participants had evidence of silent cerebrovascular disease, showing that silent
cerebrovascular disease is a common condition in hypertensive patients.
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Moreover, this frequency was also almost twice as high as that observed for
preclinical cardiac and renal damage (Table 10.2). Notably, we collected a mixed
population of hypertensive patients (i.e., with a wide range of BP levels), four
percent having normal BP levels (albeit that the referring diagnosis was
hypertension), 20% being classified as mild, 33% as moderate, and 43% as
severe hypertensives.
Importantly, the frequencies of WMHs, SBIs and BMBs are substantially higher
than the five percent prevalence of symptomatic stroke estimated in a
collaborative study of population-based cohorts across Europe.7 In line with this,
calculations, based on the prevalence and annual risk of symptomatic stroke in
subjects with SBIs, indicate that more than half of all ischemic strokes annually
may be preceded by SBIs.8 As another example, exploratory analyses of SBI
incidence in the United States suggested that, in 1998, over 10 million Americans
developed new SBIs compared to only 700,000 new ischemic strokes9, further
emphasizing that stroke is just the “tip-of-the-iceberg”.

Blood pressure and silent cerebrovascular disease
We observed robust associations of daytime and nighttime BP levels with WMHs,
lacunar infarcts (LACs) as well as BMBs (Chapters 3, 4 and 5). This is in agreement
with the relatively few but positive studies on high ambulatory BP levels in
patients displaying severe WMHs or SBIs on brain magnetic resonance imaging
(MRI).10-19 Only three, rather small, studies were carried out in hypertensive
populations16,18,19, and no study thus far investigated the relationship between
BMBs and ambulatory BP levels.
An important observation of our study, which extends previously published data,
is that the relationships between the volume of WMHs and ambulatory BP levels,
whether daytime, nighttime or 24-hour, are continuous, without evidence of
distinct thresholds, and continue down to BP levels well within the normotensive
range (Chapter 3). This dose-effect of BP on the WMH volume (WMHV), though
cross-sectional, is supportive of a causal relationship between increasing BP levels
and the development of silent cerebrovascular disease. The few studies that
investigated progression of WMHs and SBIs over time (using both baseline and
follow-up MRI scanning), observed higher office BP levels in patients in whom
WMHs progressed and new SBIs developed (follow-up ranging between two and
five years).20-24 A small Japanese study in hypertensive patients reported the
opposite, recording lower diastolic BP in those patients who developed SBIs
during follow-up.25 Goldstein and colleagues were the first, and so far the only
investigators, who assessed longitudinally the BP-WMH relationship using ABPM.
They found in a group of 155 healthy elderly individuals who were followed up
for five years that small increases in the awake but not asleep systolic BP were
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associated with a greater volume of WMHs.26 The latter, however, is not in line
with cross-sectional evidence of a close association between nocturnal BP and the
presence of WMHs.16,17 Hence, there is a need for adequately powered, long-term
follow-up studies, investigating the relationships between ambulatory BP,
abnormal BP profiles, and the progression of WMHs, SBIs and BMBs.
In view of the possibility that lowering BP might prevent (silent) cerebrovascular
disease, it could be relevant to further distinguish between subtypes of lesions.
For instance, we observed a distinction between periventricular and deep WMHs
(Chapter 3) and between LACs and TIs (Chapter 4) in terms of ambulatory BP
levels. The volume of periventricular WMHs increased steeply with higher BP
levels, whereas the deep WMHV did so only modestly. Similarly, LACs were
associated with BP whereas TIs failed to do so. These observations are suggestive
of a differential effect of high BP on the brain (micro)circulation. Hypertension
leads to microvascular arteriolosclerosis (i.e., thickening of the vessel wall with
luminal narrowing), lengthening and tortuosity of microvessels, and impaired
cerebrovascular autoregulation.27 This increases the risk of cerebral hypoperfusion
and vessel occlusion. Particularly vulnerable to the adverse effects of high BP are
the periventricular white matter and the deep brain regions (i.e., basal ganglia,
internal capsule, thalamus) because these regions are vascularized by long endarteries with a relatively low perfusion pressure that lack appropriate anastomoses
and supply blood to arterial watershed zones.28 Conversely, TIs mostly occur in the
vascular territory of larger brain vessels, in which mechanisms other than (or
besides) high BP may play a more prominent role, e.g. atherothrombosis and
cardio-embolism.29 Likewise, deep WMHs have been found to differ from those in
the periventricular region regarding vascular risk factors, progression rate and
clinical consequences.30 Accordingly, it is possible that BP-lowering therapy will
benefit most in terms of reducing the development of new or the progression of
existing periventricular WMHs and LACs, whereas deep WMHs and TIs may
require additional or different preventive measures.
In our studies on the relationship between BP and cerebral damage we focused
specifically on the nocturnal BP, because there is data to suggest that this is a
strong predictor of cardiovascular complications, over and above the daytime BP.31
In addition to a high daytime BP, we observed robust and independent
associations between high nocturnal BP levels and the extent of WMHs and the
presence of LACs and BMBs (Chapters 3, 4 and 5), which corroborates previous
findings.10-19 This underscores the additional importance of the nocturnal BP level,
and, hence, a high 24-hour BP load. Yet, whether the nocturnal BP is more
important in the development of silent cerebrovascular damage than the daytime
pressure remains to be determined in longitudinal studies.
The associations are less consistent in terms of nocturnal BP dipping. Initially,
subjects were divided into those who showed a normal decline of the nocturnal
BP of 10% or more relative to the daytime BP (i.e., dippers), and those who failed
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to do so (i.e., nondippers). Nondipping has been associated with increased
frequencies of WMHs and SBIs.11,14,17,32,33 However, others failed to find such
associations10,16, or reported the opposite, i.e., more severe WMHs and more
silent infarcts in the presence of extreme nocturnal BP dips beyond 20%.18,34,35
The associations of extreme dipping with WMHs and SBIs have been observed
only in Japanese populations and could not be replicated in Caucasian cohorts,
including ours. Moreover, the use of abnormal nocturnal BP dipping as a predictor
of hypertensive organ damage and cardiovascular risk is not beyond dispute. With
respect to the classification of dipping, there is no general consensus on what BP
variable to use (i.e., SBP, DBP, MAP or a combination of such indices), how the
awake and asleep periods should be defined, which cut-off values are optimal,
and how data should be presented (i.e., relative BP dip or dipping status). We
showed (Chapter 2) that, irrespective of the classification used (i.e., different
definitions of awake-asleep and different BP indices), both the relative dip and the
dipping status were poorly reproducible phenomena, which influenced also the
relationship between nondipping and measures of cardio-renal damage. This may
explain for some part the inconsistent results mentioned above. From all these
data, we conclude that the relationship between BP and silent cerebrovascular
disease is best described by the awake, asleep and 24-hour BP averages rather
than abnormal patterns in the nocturnal BP decline.
The relationship between BP and silent cerebrovascular disease is likely to be
influenced by coexisting risk factors. The findings of Chapter 6 and Chapter 7
suggest that genetic variants of pathways involved in vascular function and
morphology increase the susceptibility of the brain (micro)circulation to the
adverse effects of high BP. Knowledge of genetic and also other risk factors that
enhance the effects of high BP may be of importance in the timely identification
of patients that need (early or intensive) BP-lowering treatment.

Clinical significance of silent cerebrovascular disease
The search for preclinical cerebrovascular damage is justified only when its
detection contributes significantly to the management of patients at risk of
cerebro- and cardiovascular complications.
We found that hypertensive patients with periventricular WMHs or LACs
performed below average on neurocognitive testing, but the associations were
not very robust, even though we used specific tests in three functional domains,
i.e., verbal memory, sensorimotor speed and cognitive flexibility (Chapter 9). Apart
from the small study sample, and the use of a semi-quantitative WMH rating
scale, the weak relations can also be explained by the relatively mild degree of
brain damage detected in our participants. Data from large population-based
studies showed that minimal damage is almost invariably present in otherwise
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healthy elderly.6 In other words, mild degrees of brain damage are a normal
finding in the ageing brain. However, evidence is accumulating that moderate-tosevere damage, and that occurring early in life (e.g., that associated with
hypertension), may not be so benign. Cross-sectional studies have shown strong
correlations between advanced silent cerebral small-vessel disease and cognitive
impairment (particularly in terms of speed of mental processing, attention, and
executive functions), impaired mobility and balance, disturbances of gait, urinary
incontinence, mood disturbances and depressive symptoms, and decreased
activity of daily living functionality, all being responsible for substantial disability
later in life.36,37 Accordingly, it has been suggested that most of the cognitive and
functional consequences of high BP are mediated by the development of silent
cerebrovascular damage.36 The data in Chapter 9 support this by showing modest
but significant associations between ambulatory BP and cerebral damage, and, in
turn, between cerebral damage and cognitive performance.
Perhaps the most important result of last decade’s research into WMHs, SBIs, and
recently also BMBs is the demonstration that these lesions are markers of poor
prognosis. Data from the Rotterdam Scan Study, a prospective, population-based
study in over 1,000 elderly residents of Rotterdam, The Netherlands, have
evidently shown that severe WMHs and SBIs increase the risk of future stroke
three- to five-fold, more than double the risk of dementia, and increase
significantly the risk of (cardiovascular) death38-40 Moreover, subjects with a
symptomatic stroke and MRI-evidence of silent cerebrovascular damage run an
increased risk of infarct growth and stroke recurrence, have a poorer clinical
outcome, and a high risk of bleeding associated with anticoagulation or
thrombolysis.4,37 Importantly, this risk of concomitant disease and stroke is of the
same extent as the risk of cardiovascular complications associated with left
ventricular hypertrophy.41 Nevertheless, silent cerebrovascular disease remains an
underestimated and, in our opinion, underappreciated marker of hypertensive
target-organ damage. It is, however, unknown whether the detection of silent
cerebrovascular damage adds to the prediction of cardiovascular risk already
provided by cardio-renal assessments. Therefore, we assessed whether the
inclusion of silent cerebrovascular disease, i.e., advanced WMHs, SBIs, BMBs or
any combinations of these lesions as an additional marker of hypertensive organ
damage might refine the risk stratification of our hypertensive patients, besides
the recommended cardio-renal assessments (Chapter 10). Half of all participants
with silent cerebrovascular disease were classified as having no (i.e., cardio and/or
renal) damage. However, and importantly, this group had a significantly higher
cardiovascular risk than participants without any organ involvement (i.e., heart,
kidneys and brain), and a similar risk as those with demonstrable cardio-renal
damage. When adhering, for instance, to the current guidelines for the
management of arterial hypertension of the European Society of Hypertension,
this could lead to an underestimation of the cardiovascular risk in patients
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classified as having no organ (cardio-renal) damage but with “undetected” silent
brain damage, and hence a different (and potentially suboptimal) treatment
strategy.3 Even though our study is cross-sectional, this shows that a substantial
number of patients with an increased risk of cardiovascular complications is
“missed” when limiting the search for preclinical hypertensive organ damage to
the heart and kidneys only.

Treatment and prevention of silent cerebrovascular disease
A crucial issue is whether treatment of high BP is able to prevent silent and,
ultimately, symptomatic cerebrovascular disease with its high disability and
mortality rates. Our findings of a continuous relationship between higher BP levels
and greater WMHVs (Chapter 3) suggest that BP may be a suitable target to
reduce the burden of WMHs and other silent ischemic brain damage. Because of
the irreversible character it is not to be expected that lowering BP will lead to
regression of silent cerebrovascular damage. It seems, however, highly relevant to
prevent the progression of small, clinically insignificant lesions into severe damage
as this harbors the highest risk of developing into concomitant disease and
cerebrovascular complications.37
It has been shown that patients with successfully treated hypertension had a
lower risk of WMHs than subjects with untreated, irregularly treated, or treated
but poorly controlled hypertension.42,43 These data support the hypothesis that
lowering BP can reduce the burden of silent cerebrovascular disease. Accordingly,
data from the MRI and CT substudies of the Perindopril Protection Against
Recurrent Stroke Study (PROGRESS), a randomized, placebo-controlled trial of BPlowering in patients with a history of stroke or transient ischemic attack, suggest
that an active BP-lowering regimen stops or delays the progression of WMHs and
SBIs.44,45 Similar findings were obtained in an MRI study, which included 92
hypertensive patients from another randomized, placebo controlled trail on BPlowering, i.e., the Study on COgnition and Prognosis in the Elderly (SCOPE), and
41 untreated normotensive controls. This study observed a significant linear trend
for progression of WMHs, with the placebo group having the highest change in
WMHV, followed by the active treatment group and then normotensive
participants.46 Besides these promising results, no other data on the effects of
antihypertensive treatment on the development and progression of silent
cerebrovascular disease are currently available and, to the best of our knowledge,
neither will be in the near future.
A recent systematic review on pooled data from randomized, controlled trials,
measuring the effects of BP reduction on cognitive performance, reported that
modest reductions in BP were associated with improvement on screening tests for
global cortical function and memory.47 Contrary to this beneficial effect of
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antihypertensive treatment, the same review demonstrated that subcortical
executive function and learning capacity, i.e., cognitive domains mainly affected
by WMHs and LACs48, continued to deteriorate despite or, as the authors
hypothesized, because of the BP reduction. This finding parallels the results of
studies showing a similar negative effect of lowering BP on the occurrence of
WMHs.49,50 Accordingly, the safety of indiscriminate BP reduction has been
questioned, particularly in hypertensive patients with (silent) cerebrovascular
disease.51 The main hypothesis explaining these observations is that hypertension
impairs cerebrovascular autoregulation, resulting in transient falls in cerebral
blood flow during episodes of lower BP. Brain perfusion may be compromised to
such an extent that ischemia occurs.50 This hypoperfusion-hypothesis offers
ground for another intriguing theory, that higher BP levels, and by extension the
nondipping pattern, are necessary to maintain brain perfusion in subjects with
hypertensive brain damage, a phenomenon that is also seen after symptomatic
stroke. Until the hypothesis of this J-shaped relation, i.e., a greater lesion burden
with both high and (too) low BPs, will be rejected, overaggressive treatment may
not be recommended. This treatment paradox further supports the use of silent
cerebrovascular disease as a marker of hypertensive target-organ damage that
may also be important in the decision of which therapeutic approach to follow.
Ultimately, (silent) cerebrovascular disease is a heterogeneous entity that involves
many risk factors. Even though hypertension is the best modifiable risk factor, this
implies a multifactorial and multidisciplinary approach aimed at treating all
reversible risk factors in order to prevent the development of new lesions and/or
the progression of silent into overt cerebrovascular disease.52

Implications for future research
The data from this thesis integrated with those from the literature support the
view that silent cerebrovascular disease is not an incidental finding in hypertensive
patients, but harbors a high risk of concomitant disease and future cardio- and
cerebrovascular complications. Nevertheless, adequately powered, long-term
follow-up studies are needed to further detail the relations between ambulatory
BP (including abnormal BP profiles) and WMHs, SBIs and BMBs. Currently, we are
carrying out a two-year follow-up (including repeat ABPM and brain MRI) in the
participants described in the chapters 3, 4, 5, 8 and 10. The first results are to be
expected in 2009. These data will shed more light on the cause-effect
relationships between BP levels (including the J-curved phenomenon), the effect
of antihypertensive therapy, and the development of new and/or progression of
existing silent ischemic brain damage. Furthermore, in close cooperation with
other groups (departments of Neurology and Clinical Immunology) we have
initiated several substudies in which we will assess the role of endothelial
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dysfunction, vascular inflammation and endothelial progenitor cells in cerebral
small-vessel disease, to gain a better inside in the complex mechanisms underlying
WMHs, SBIs and BMBs.
The impact of hypertension on an individual’s health status warrants the search
for new markers to identify high-risk patients in a preclinical phase when damage
to target-organs is preventable or still reversible. In the case of hypertensive
patients, identification of new, disease-specific blood-borne markers and other
markers of hypertensive organ damage, e.g. retinal microvascular abnormalities
and preclinical atherosclerosis, is essential for improvement of risk stratification.
Identification of genetic factors that predispose to brain damage (for instance via
gene-environment interactions as shown in the Chapters 6 and 7) is also
meaningful as these could help in selecting out patients at particularly high risk of
cardiovascular complications and who may need careful follow-up and/or (early,
preventive) treatment. Prospective studies should also evaluate the value and costutility of implementing new risk markers against those currently available.
There is clearly a need for intervention trials in hypertensive patients with and
without silent cerebrovascular damage and who have not had a stroke yet. These
trials should assess the effects and safety of antihypertensive (and ultimately also
other cardiovascular) treatment on the development and/or progression of WMHs,
SBIs and BMBs. For instance, for WMHs it has been estimated that 195 subjects
with confluent lesions (which are most likely to show progression) would be
required per treatment arm to demonstrate a 20% reduction in the rate of
disease progression over a three-year period.53
Preferably, future studies, and perhaps also existing ones, should (re)determine
the volume of WMHs rather than arbitrarily categorize hyperintensities, in
particular when investigating lesion progression. Visual rating scales display ceiling
effects, have poor discrimination of absolute lesion volumes, and are less sensitive
to detect (small) differences between clinical groups.54 Furthermore, new and
improving MRI techniques such as diffusion weighted imaging and higher field
strengths will allow the detection of very subtle changes in otherwise normal
appearing brain tissue (e.g., altered fluid dynamics) and the visualization of
anatomical structures with greater detail than possible so far with conventional
neuroimaging.55,56
With these challenges ahead, there is still a large field of research to be explored.
This may eventually lead to new insights in the pathophysiology, changes in the
diagnostic approach, and more effective pharmacological treatment strategies in
the prevention of WMHs, SBIs and BMBs, and their consequences in hypertensive
patients.
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General discussion

Main conclusions
I.

The ambulatory BP profile is well reproducible for daytime, nighttime and
24-hour BP averages, but poorly reproducible regarding day-night BP
differences (nocturnal BP dipping) (Chapter 2 and Appendix C).

II.

Ambulatory BP levels, whether daytime, nighttime or 24-hour, are
independently related to a greater volume of periventricular and, to a lesser
extent, deep WMHs. Importantly, the relationships are continuous, without
evidence of distinct thresholds, and continue down to BP levels within the
normotensive range (Chapter 3).

III.

High BP may differentially affect the risk of periventricular and deep WMHs
and of LACs and TIs. It is possible that BP-lowering therapy will benefit most
in terms of reducing the development of new or the progression of existing
periventricular WMHs and LACs, whereas deep WMHs and TIs may require
additional or different preventive measures (Chapters 3 and 4).

IV.

Brain microbleeds are a frequent observation in hypertensive patients and
are closely related to ambulatory BP levels during the day and in particular
during the night. Microbleeds should be recognized as an additional marker
of hypertension-related cerebrovascular damage (besides WMHs and LACs)
(Chapter 5).

V.

Genetic factors may increase the susceptibility of the brain to the adverse
effects of cardiovascular risk factors, especially high BP, predisposing to
silent and symptomatic cerebrovascular disease (Chapters 6 and 7).

VI.

Arterial stiffness can be regarded as a summary measure for generalized
vascular damage integrating and mediating the adverse effects of coexisting
vascular risk factors (including high BP and genetic factors) on the cerebral
(micro)circulation (Chapter 8).

VII.

Hypertension-related silent cerebral damage is associated with both higher
ambulatory BP levels and reduced neurocognitive functioning, although the
associations with cognition are not very robust (Chapter 9).

VIII.

Silent cerebrovascular disease, next to and in the same way as preclinical
cardio-renal damage, is an independent and prognostically important risk
marker that refines risk stratification of hypertensive patients (Chapter 10).
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Appendix A
Magnetic resonance imaging of white matter hyperintensities, silent
brain infarcts and brain microbleeds

A.1.1

A.1.2

Figure A.1 Example of severe white matter hyperintensities on T2-weighted (panel A.1.1) and
corresponding fluid-attenuated inversion recovery (FLAIR) (panel A.1.2) magnetic
resonance imaging sequences. Hyperintensities extend from the regions surrounding the
lateral ventricles (periventricular regions) into the deep, subcortical white matter.
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A.2.1

A.2.2
Figure A.2 Examples of silent brain infarcts on T2-weighted (left image) and corresponding fluidattenuated inversion recovery (FLAIR; right image) magnetic resonance imaging
sequences. Panel A.2.1 indicates a silent lacunar infarct in the basal ganglia (white arrow
heads); note the hyperintense rim surrounding the lacune characteristic for infarction
(gliotic tissue). Panel A.2.2 shows a silent territorial infarct involving both the cortex and
the subcortical white matter (white arrow heads).
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A.3.1

A.3.2

Figure A.3 Examples of brain microbleeds on T2*-weighted gradient echo magnetic resonance
imaging sequence. The punctate signal loss (hemosiderin-laden macrophages) is
characteristic of microbleeds. Panel A.3.1 indicates a single microbleed (black arrow
head) in the basal ganglia. Panel A.3.2 indicates five microbleeds in the cerebellum.
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Appendix B
Selection and inclusion of participants (chapters 3, 4, 5, 8, and 10)

Screened
n = 744
- Antihypertensive medication continued, n = 264
- Chronic renal insufficiency or (indication of) renovascular hypertension, n = 15
- Diabetes, n = 17
- Clinically documented ischemic or valvular heart disease, n = 9
- Atrial fibrillation, n = 17
- Transient ischemic attack or stroke, n = 30
- Obstructive sleep apnea syndrome, n = 3
Eligible for inclusion
n = 389
- No consent to second ABPM, n = 168
Second ABPM and MRI
n = 221
- Claustrophobia on MRI, n = 3
Included in study
n = 218

Figure B.1
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Appendix C
Reproducibility of ambulatory blood pressure components using the
narrow diary time method

Methods
The participant’s awake (daytime) and asleep (nighttime) periods were determined
by excluding a 2-hour transition period around the reported rising and retiring
times, i.e., the so-called narrow diary time method. The reproducibility of the
24-hour, awake and asleep blood pressure (BP) levels, and the relative nocturnal
BP dip, was determined according to Bland and Altman by calculating coefficients
of repeatability, defined as twice the standard deviation (SD) of the differences
between the duplicate recordings.1 To enable comparisons between the different
BP components, the repeatability coefficients were expressed as a percentage of
the nearly maximal variation, calculated as four times the SD of the average of the
two recordings.2 High percentages of nearly maximal variation indicate
considerable variation between the repeated recordings, reflecting lower
reproducibility. To determine the reproducibility of the nocturnal hypertension
status and the nondipping pattern we investigated the number of participants
who confirmed their initial classification on the second ambulatory BP monitoring
(ABPM). Kappa statistics were applied to evaluate the consistency of these
classifications. According to Landis and Koch, kappa values below 0.40 signify
poor, 0.40 to 0.59 moderate, 0.60 to 0.79 substantial, and values above 0.80
outstanding reproducibility.3 Differences between related BP data were assessed
using the paired-samples t-test or McNemar’s test whenever appropriate.

Results
Differences in mean 24-hour, awake and asleep BP levels, and the relative
nocturnal BP dip between the first and second ABPM were small (all <0.5 mmHg)
and not statistically significant (Table C.1, P>0.05). The repeatability coefficient
(expressed as a percentage of the nearly maximal variation) of the relative
nocturnal BP dip was higher than that of the 24-hour, awake as well as asleep BPs
(Table C.1), indicating lower reproducibility.
One-hundred-and-fifty-four (72.3%) participants confirmed their initial nocturnal
hypertension status on the second ABPM, 24 (11.3%) were normotensive on both
sessions and 35 (16.4 %) showed a variable nocturnal normotension/hypertension
pattern (Figure C.1). The nocturnal hypertension status was moderately
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reproducible (Table C.1, Cohen’s kappa 0.48). Fifteen (7.0%) subjects showed a
nondipping pattern on both sessions, 169 (79.4%) confirmed their initial dipping
status and 29 (13.6%) showed a variable dipping/nondipping pattern (Figure C.2).
The dipping status was also moderately reproducible (Table C.1, Cohen’s kappa
0.43). Differences in proportions of nocturnal hypertensives as well as nondippers
between the first and second ABPM were non-significant (Table C.1, P>0.05).
Table C.1

Reproducibility of ambulatory blood pressure components.

BP component
24-hour BP, mmHg:
SBP
MAP
DBP
Awake BP, mmHg:
SBP
MAP
DBP
Asleep BP, mmHg
SBP
MAP
DBP
Relative nocturnal BP (MAP) dip, %
Nocturnal hypertension:
Yes
No
Nocturnal nondipping:
Yes
No

First

Ambulatory BPa
Second
Combined

Reproducibilityb

150.3 ±18.5 150.3 ±18.3 150.3 ±17.9
112.3 ±13.2 112.3 ±13.2 112.3 ±12.9
93.3 ±11.8 93.2 ±11.9 93.3 ±11.6

16.4 (22.9)
11.8 (22.9)
10.4 (22.4)

155.6 ±18.7 156.0 ±18.8 155.8 ±18.6
116.8 ±13.4 117.0 ±13.5 116.9 ±13.0
97.4 ±12.1 97.4 ±12.2 97.4 ±11.9

18.3 (24.6)
13.1 (25.2)
11.4 (23.9)

131.3 ±20.1 131.1 ±18.7 131.2 ±18.8
96.4 ±14.5 96.5 ±13.5 96.4 ±13.6
78.9 ±12.8 79.2 ±11.9 79.0 ±11.9
17.5 ±8.0
17.4 ±7.3
17.5 ±7.1

19.0 (25.3)
14.4 (26.5)
13.2 (27.7)
11.6 (40.8)

168 (78.9)
45 (21.1)

175 (82.2)
38 (17.8)

154 (72.3)c
59 (27.7)

0.48

34 (16.0)
179 (84.0)

25 (11.7)
188 (88.3)

15 (7.0)d
198 (93.0)

0.43

Data are presented as mean ± SD or number (%). BP indicates blood pressure; SBP, systolic BP, MAP,
mean arterial pressure; DBP, diastolic BP. a Ambulatory BP levels of the first and second monitoring
session, and on the basis of both ABPMs (combined). Differences in continuous as well as categorical
ambulatory BP components between the first and second monitoring session were all non-significant
(P>0.05, paired samples t-test and McNemar's test, respectively). b Reproducibility of ambulatory BP
components expressed as the Bland-Altman coefficient of repeatability (% of nearly maximal
variation) for continuous data, and Cohen's kappa for categorical data. c Nocturnal hypertension
present on both ABPMs. d Nondipping pattern present on both ABPMs.
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Figure C.1 Reproducibility of the nocturnal hypertension status. HH indicates hypertensive on both
ABPMs (72.3%); HN, hypertensive on the first, normotensive on the second ABPM
(6.5%); NH, normotensive on the first, hypertensive on the second ABPM (9.9%); NN,
normotensive on both ABPMs (11.3%).
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Figure C.2 Reproducibility of the nocturnal dipping pattern. NN indicates nondipper on both ABPMs
(7.0%); ND, nondipper on the first, dipper on the second ABPM (8.9%); DN, dipper on
the first, nondipper on the second ABPM (4.7%); DD, dipper on both ABPMs (79.4%).

Conclusions
In summary, the reproducibility of the mean 24-hour, awake and asleep BPs was
acceptable (concordance ranging between 22.4 and 27.7% of nearly maximal
variation)4 and higher than that of the relative nocturnal BP dip (40.8%). The
nocturnal hypertension status as well as the dipping pattern were moderately
reproducible (Cohen’s kappa 0.48 and 0.43, respectively).3 Therefore, and
because an increasing number of BP readings improves the reliability of
ambulatory BP components5, all analyses will be performed on the basis of both
ABPMs. That is, we calculate the mean for continuous BP data and classify
participants as nocturnal hypertensive or nondipper when they confirm their initial
status on the second ABPM; otherwise subjects will be labelled as normotensive or
dipper, respectively.
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Appendix D
Quantification of white matter hyperintensity volumes

Magnetic resonance imaging
Brain MRI was performed on a 1.5-T clinical MR-system (Intera, Philips Medical
Systems, Best, The Netherlands) using a standard quadrature head coil. The
standardized imaging protocol consisted of T2-weighted fast spin echo (repetition
time [TR] 4820 ms; echo time [TE] 100 ms; echo train length [ETL] 12; flip angle
90°; field of view [FOV] 230 mm; acquisition matrix 512X512) and fluidattenuated inversion recovery (FLAIR) (TR 8000 ms; TE 120 ms; inversion time
2000 ms; ETL 23; FOV 230 mm; acquisition matrix 256X256 [reconstructed to
512X512]) sequences in the axial plane, producing 24 slices with a thickness of 5
mm and a 0.5 mm interslice gap.

Quantification of white matter hyperintensities
All imaging data were transferred to a Macintosh workstation and analyzed for
white matter hyperintensity and brain volumes, using the in-house developed
(E.G.) image-processing software package GIANT (General Imaging and Analysis
Tools; Department of Psychiatry and Neuropsychology, Maastricht University,
Maastricht, The Netherlands).
Images were preprocessed by standardization of the MRI intensity scale for both
FLAIR and T2-weighted scan data.1 For deriving the parameters (training) we used
a random selection of 16 data sets. The result of this nonlinear intensity
transformation is a consistent correspondence between intensity and tissue
meaning for all our MRI data. The next step was to derive the parameters
describing the region of white matter hyperintensities (WMHs) in a twodimensional feature space (scatter plot) in which one axis was defined by the T2
intensity and the other axis by the FLAIR intensity. For this training step, the
WMHs were manually segmented by one of us (L.H.) in 10 other randomly
selected data sets. In the scatter plot the WMHs showed up as a cluster with high
signal intensities for both T2 and FLAIR.
The actual quantification of WMHs was performed semi-automatically. The axial
FLAIR and T2 image stacks were displayed and aligned side by side in synchrony
on the computer monitor, and the contrast and brightness were automatically
optimized. This allowed visual inspection of the scan data and easy identification
of WMHs. In each slice, a WMH had to be indicated manually by clicking in its
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region. This position served as a seed point for a region growing operation based
on the parameters derived in the above training step. The volume of this WMH
was calculated as the segmented area times the slice thickness including the
interslice gap.
White matter hyperintensities connected to the lateral ventricles were defined as
periventricular (PWMHs), otherwise, they were considered to be deep (DWMHs).
We calculated the total volume of WMHs (TWMHV) by summing the volumes of
the periventricular (PWMHV) and deep (DWMHV) WMHs.
Figure D.1 shows an example of the semi-automatic detection of periventricular
and deep WMHs using GIANT.
The brain volume (BV), defined as the total volume of the white and grey matter,
was derived fully automatically by means of skullstripping followed by tissue
classification. Skullstripping was performed by a custom tool using both T2 and
FLAIR data. The method is based on a series of mathematical morphology
operations and active contours.2,3 Tissue classification involved thresholding by
means of a probability function derived from the image histograms of the
skullstripped data.

D.1.1

D.1.2

Figure D.1 T2-weighted (panel D.1.1) and corresponding fluid-attenuated inversion recovery (FLAIR)
(panel D.1.2) magnetic resonance imaging sequences showing advanced hyperintensities
in the periventricular and deep white matter. Panel D.1.2 shows the results of the semiautomatic detection of periventricular (turquoise) and deep (red) WMHs.
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Reliability
A single trained observer (L.H.), blinded to the participants’ age, sex and clinical
status, performed all quantitative WMH-assessments, after reaching satisfactory
agreement with an experienced neuroradiologist (P.H.). Reliability analyses, carried
out on a random sample of 20 scans, yielded very good inter- and intra-observer
agreement (Table D.1).4 Furthermore, twenty randomly selected patients were
scanned and rescanned with repositioning to evaluate the scan-rescan effects on
the WMHV- and BV-measurements. The scan-rescan volumes showed very good
agreement (Table D.1).
Table D.1

Reliability of white matter hyperintensity and brain volume quantification (n=20)
Agreement (ICC)

Parameter
WMHV
Total
Periventricular
Deep
BV

Inter-observer

Intra-observer

Scan-rescan

0.97
0.97
0.96
n.a.

0.99
0.99
0.99
n.a.

0.99
0.99
0.99
0.99

ICC indicates intraclass correlation coefficient; WMHV, white matter hyperintensitie volume; BV, brain
volume; n.a., not applicable (full automatic assessment).

In addition to the volumetric measurements (concurrent validity) two experienced
vascular neurologists (R.v.O. and J.L.) classified, independently and blinded to the
participants’ age, sex and clinical status, WMHs semi-quantitatively (visually)
according to Fazekas et al. into hyperintensities of the deep and subcortical white
matter (DWMHs) and periventricular hyperintensities (PVHs) (for details on this
rating scale see Table E.1, Appendix E).5 The inter-rater reliability, expressed as
Cohen’s kappa6, was 0.53 for PVHs, 0.67 for deep DWMHs and 0.63 for the
overall WMH score (0 to 3 categories). In case of disagreement, lesions were
always ascertained by consensus.
The scatterplots of Figure D.2 show the relationships between the Fazekas scores
and WMHVs specified for periventricular, deep and total WMHs.7 Higher visual
scores correlated with increasing volumes (Spearman’s ρ 0.80, 0.85 and 0.83,
respectively), and, in line with earlier observations7, scatter increased with higher
Fazekas scores.
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Figure D2 Scatter plots for the Fazekas scores with corresponding white matter hyperintensity
volumes. PVH indicates periventricular hyperintensity; DWMH, deep white matter
hyperintensity; TWMH, total white matter hyperintensity. Fazekas WMH scores are as
shown in Table E.1 (Appendix E); TWMH = combination of PVH and DWMH. Spearman’s
ρ, quantifying the relationship between Fazekas scores and WMHVs, was 0.80, 0.86 and
0.83 for periventricular (D.2.1), deep (D.2.2) and total (D.2.3) WMHs, respectively.
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Appendix E
Semi-quantitative white matter hyperintensity rating scales
Table E.1

Fazekas scale for rating white matter hyperintensities1.

WMHs

Rating

Characteristic

PVH:

0
1
2
3

Absence
"Caps" or pencil-thin lining
Smooth "halo"
Irregular PVH extending into the deep white matter

DWMH:

0
1
2
3

Absence
Punctate foci
Beginning confluence of foci
Large confluent areas

WMHs indicates white matter hyperintensites; PVH, periventricular hyperintensity; DWMH, deep
white matter hyperintensity.

Table E.2
WMLs

Rotterdam Scan Study scale for rating white matter hyperintensities2.

Rating

Characteristic

PWML: 0
1
2
3

None
Pencil thin lining
Smooth halo
Large confluent
Periventricular WMLs are scored semiquantitatively en for three separate regions:
(1) Frontal caps: adjacent to frontal horns.
(2) Bands: adjacent to the wall of the lateral ventricles.
(3) Occipital caps: adjacent to the occipital horns.
The total periventricular WML score was calculated by adding the region-specific
scores (range 0-9).
SWML: Diameter Subcortical WMLs were categorized, according to their maximum diameter (as
appearing on the hard copy):
(1) Small: 1-3 mm.
(2) Medium: 3-10 mm.
(3) Large: >10 mm.
Number Number of subcortical WMLs are rated per size category for the frontal, parietal,
occipital and temporal lobes. Distinction between lobes is according to anatomical
landmarks.
Volume Total subcortical WML volume is approximated (ml) by assuming subcortical WMLs
sperical with diameters of 2 (lesion 1-3 mm), 6 (3-10 mm) or 12 mm (>10 mm).
WMLs indicates white matter lesions; PWML, periventricular white matter lesion; SWML, subcortical
(or deep) white matter lesion.
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Hypertension is an important, worldwide public-health challenge because of its
high frequency and concomitant risks of cardiovascular, renal and cerebrovascular
disease, and death. Globally, hypertension affects 25-30% of the adult
population, and even up to 60-70% of those beyond the seventh decade of life.
Moreover, the incidence of hypertension is still increasing. According to the World
Health Organization (WHO), hypertension is estimated to cause over seven million
premature deaths annually. Lowering blood pressure (BP) leads to a substantial
reduction of the risk of fatal- and nonfatal cardio- and cerebrovascular
complications. If, and to what extent, high BP should be lowered, depends on the
degree of target-organ damage in vital organs like the heart and kidneys. In
particular the presence of preclinical or silent damage (damage occurring without
clinical symptoms) appears important. According to current guidelines for the
management of arterial hypertension it is sufficient to determine the presence of
cardiac (left ventricular hypertrophy [LVH]) and renal damage (microalbuminuria
and impaired kidney function). It is, however, unclear whether the search for
silent damage of other organs may improve the risk stratification of hypertensive
patients who are most at risk of cardio- and cerebrovascular disease. In this thesis,
we investigated whether white matter hyperintensities (WMHs), silent brain
infarcts (SBIs) and brain microbleeds (BMBs) can be regarded as manifestations of
hypertensive target-organ damage of the brain, and whether this damage is
clinically relevant and of additional value in stratifying a patient’s risk of cardioand cerebrovascular disease.

Blood pressure and silent cerebrovascular disease
Although it is well established that hypertension, besides age, is the most
important and best modifiable risk factor for silent cerebrovascular disease, data
on the relationship of WMHs and SBIs with BP levels per se are limited and lacking
for BMBs.
We determined the BP levels and circadian BP profiles by ambulatory BP
monitoring (ABPM) since ambulatory BP correlates closely with hypertensive organ
damage and is superior to BP measured in the office in predicting cardiovascular
risk. Despite this, the use of ABPM is not undisputed because of observations
questioning the reproducibility of the derived BP profiles, the use of different
methods to define daytime and nighttime periods, and because the assessment of
BP profiles on the basis of a single ABPM is less reliable. Therefore, in Chapter 2
we studied the reproducibility and clinical relevance of nocturnal BP dipping in
detail. To this end, we analyzed duplicate ambulatory BP recordings of a group of
150 untreated hypertensive patients to determine how different definitions of
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awake (daytime) and asleep (nighttime) periods and the use of different BP indices
(systolic, diastolic, mean arterial pressure [MAP], or combinations of such indices)
affected the extent of the nocturnal BP dip, the frequency of dippers and
nondippers, and their respective reproducibility. Furthermore, we assessed the
association of nondipping with left ventricular (LV) mass index (LVMI) and urinary
albumin excretion (UAE) as markers of hypertensive cardio-renal damage. We
found that the extent of the nocturnal BP dip and the distribution of dippers and
nondippers varied significantly according to the definition of awake-asleep and/or
the BP index used. Yet, and irrespective of the classification applied, both the
relative nocturnal BP dip and the nondipper status were poorly reproducible.
Accordingly, the strength of association between nondipping and LVMI or UAE
differed according to the definition of awake-asleep and/or the BP index applied.
On the basis of these data, and on the results of the reproducibility analyses of
the daytime, nighttime and 24-hour BP averages (Appendix C), we decided to
analyze all BP data (Chapters 3 to 6) using duplicate ABPMs. That is, we calculated
the mean for continuous BP data and classified participants as nondipper when
they confirmed their initial status on the second ABPM. Awake and asleep periods
were determined according to the narrow diary time approach, excluding a
2-hour transition period around the participant’s reported rising and retiring
times.
In the chapters 3, 4 and 5 we addressed the relationships between untreated
ambulatory BP profiles and the extent of WMHs, and the presence of SBIs and
BMBs in a cohort of 218 newly referred hypertensive patients without a history of
cardio- or cerebrovascular disease. In Chapter 3 we report on the association
between ambulatory BP profiles and WMHs. Because previous studies adopted
rather crude visual rating scales to categorize WMHs, we quantified their volume
semi-automatically using in-house developed software, which yielded excellent
inter- and intra-observer agreement. Furthermore, we distinguished between
hyperintensities of the periventricular and deep white matter because others
suggested different causes, different consequences and different progression
rates between the two. Doing so, we demonstrated that higher 24-hour, awake,
and asleep BP levels were independently related to a greater volume of
periventricular and, to a lesser extent, deep WMHs. In other words, while the
periventricular WMH volume (WMHV) increased steeply with higher BP levels, the
volume of deep WMHs did so only modestly. Importantly, the relationships were
continuous, without evidence of distinct thresholds, and continued down to BP
levels well within the normotensive range. In Chapter 4 we addressed the
associations between ambulatory BP and subtypes of SBIs. A better understanding
of the relation between BP and subtypes of SBIs may be important in view of the
potential benefits of lowering BP in the prevention of silent and, eventually,
symptomatic cerebrovascular disease. Therefore, we aimed to further detail the
BP-SBI relationship by relating ambulatory BP to lacunar infarcts (LACs) and
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territorial infarcts (TIs) in subtype-specific analyses. It was found that higher
ambulatory BP levels, whether daytime, nighttime or 24-hour, were independently
and significantly associated with the presence of LACs. In agreement with this, we
observed hypertensive cardio-renal damage, i.e., damage resulting from
longstanding high BP levels, to be related to LACs as well. No associations,
however, were found between TIs and either BP or hypertensive organ damage.
These data suggest that hypertension differentially affects the risk of silent LACs
and TIs. In Chapter 5 we assessed the relation between BP measured by ABPM
and the presence of BMBs. Microbleeds are emerging as a new marker of
hypertension-related cerebrovascular damage, but data on their relation with BP
levels per se are lacking. The results showed that BMBs occurred in 16% of our
hypertensive patients, which is about three times higher than the frequency
reported in the general population. As with WMHs and LACs, higher daytime,
nighttime and 24-hour BP levels were independently associated with the presence
of microbleeds. More specifically, every standard deviation increase in BP was
associated with a 1.8- to 1.9-fold higher likelihood of BMBs. The associations
were somewhat stronger for the nocturnal BP compared to the BP during the day,
and participants who were diagnosed with nocturnal hypertension had a five- to
six-fold higher likelihood of displaying BMBs on MRI than those with normal
nocturnal BP. We propose that BMBs, besides WMHs and LACs, should be
regarded as a new marker of hypertensive brain damage. Taken together, the
results described in the chapters 3, 4 and 5 suggest that hypertensive patients
with a high daytime and especially high nighttime BP, i.e., a high 24-hour BP load,
are more likely to develop silent WMHs, LACs and BMBs.
In addition to the absolute nocturnal BP level per se, we also studied whether
reduced nocturnal BP dipping, in general considered to be a determinant of
hypertension-related organ damage, is associated with greater WMHV, more SBIs,
and more microbleeds (Chapters 3, 4 and 5). Therefore, we analyzed the
nocturnal BP dip as a continuous rather than categorical (i.e., dippers vs.
nondippers) variable, but failed to observe significant relationships between
nocturnal BP dipping and any of the investigated brain lesions.

Genetics and hypertensive cerebrovascular disease
Genetic factors may increase the risk of (silent) cerebrovascular disease by
predisposing to conventional risk factors or by modulating the effects of
coexisting risk factors. Half of the risk of stroke cannot be explained by
conventional risk factors, and genetic predisposition could well account for some
of the unexplained risk. In Chapter 6 we conducted a genetic association study
linking polymorphisms of the renin-angiotensin system (RAS) and the endothelial
nitric oxide (NO) synthase (NOS3) with WMHs. White matter hyperintensities can
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be regarded as an intermediate phenotype for stroke. The RAS and NOS3
pathways are involved in vascular function and morphology and may increase the
susceptibility of the cerebral (micro)circulation to the adverse effects of high BP.
We included only hypertensive patients, yielding a relatively homogeneous
population that we expected to be enriched for genes contributing to
hypertension and an increased risk of WMHs. We found the angiotensin II type 1
receptor (AGTR1) A1166C of the RAS and the NOS3 G894T polymorphisms to be
independently related to WMHs, but only for those in the deep, subcortical area.
Other genetic variants of the RAS, i.e., those of angiotensinogen (M235T) and the
angiotensin-converting enzyme (insertion/deletion), were not associated with
WMHs.
In Chapter 7 we tested the AGTR1 A1166C and the NOS3 G894T polymorphisms for
associations with incident stroke. In a large, population-based case-cohort study in
over 1,500 women – representing a population of more 15,000 women – 74
strokes developed over a median follow-up period of 4.3 years. Stroke risk
increased in the presence of the AGTR1 CC genotype, yet, only at a higher age or
with an elevated systolic BP. The NOS3 G894T polymorphism was not related to the
risk of stroke. These data support the notion that genetic factors may, for some
part, explain the differences in susceptibility of the brain to coexisting risk factors
such as high BP, and illustrate the importance of gene-environment interactions.
We hypothesize that genetic factors may help to identify those individuals who
are at greatest risk of stroke and who may need careful follow-up or (early)
treatment of coexisting risk factors.

Arterial stiffness and silent cerebrovascular disease
The arterial system gradually stiffens because of the shared effects of ageing, high
BP, genetic factors, and other (vascular) risk factors. Arterial stiffness, and
especially a stiffened aorta, has been associated with an excess risk of stroke,
supposedly via cerebral small-vessel disease. To explore whether aortic stiffness is
associated with cerebral small-vessel disease, we assessed in Chapter 8 the
relationship of aortic pulse wave velocity (PWV) and pulse pressure (PP), both
established markers of arterial stiffness, with WMHs, LACs and BMBs. In 167
stroke-free hypertensive patients we found that both aortic PWV and PP were
univariately associated with all three types of cerebral small-vessel disease.
However, only aortic PWV, being a direct measure of aortic stiffness, remained
positively associated with the extent of WMHs and the presence of silent LACs,
independent of age, MAP and other risk factors. Higher PWV levels were also
associated with older age, male sex, longstanding hypertension, higher BP levels,
and higher creatinine, cholesterol and glucose levels, supporting the concept that
arterial stiffness can be regarded as a summary measure for generalized vascular
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damage integrating the adverse effects of coexisting vascular risk factors on the
vasculature. This vascular damage likely increases the risk of silent and
symptomatic cerebrovascular disease.

Clinical relevance of detecting hypertension-related silent
cerebrovascular disease
The search for preclinical cerebrovascular disease is only worthwhile when its
detection will modify diagnostic and preventive strategies. For instance, timely
detection of WMHs, LACs and/or BMBs in asymptomatic patients could help in
identifying those individuals who are most at risk of developing stroke and who
may need careful follow-up and/or treatment of risk factors.
In Chapter 9 we first evaluated the effects of WMHs and LACs on cognitive
performance in a group of 86 previously diagnosed, middle-aged to older,
essential hypertensive patients who were under regular control of their treated
hypertension at our outpatient department. For this purpose, we performed an
off-treatment ABPM, detected WMHs (periventricular and deep) and LACs, and
assessed cognitive performance in three functional domains, i.e., verbal memory,
sensorimotor speed and cognitive flexibility. In line with the findings of chapter 3,
periventricular WMHs were related to higher levels of BP, whereas deep WMHs
were not associated with BP. In general, cognitive functioning decreased with
increasing severity of both periventricular and deep WMHs, but, when adjusted
for age, the associations did not reach statistical significance anymore. Patients
with LACs, on the other hand, had both higher BP levels and performed slightly
but significantly below average on verbal memory, even in age adjusted analyses.
Finally, in Chapter 10 we addressed the question whether the detection of silent
cerebrovascular disease (i.e., advanced WMHs, SBIs and/or BMBs) as an additional
marker of hypertensive brain damage could improve or refine the risk stratification
of hypertensive patients, besides the use of preclinical cardiac (i.e.,
echocardiographic LVH) and renal risk markers (i.e., microalbuminuria and/or
impaired kidney function) as recommended by current hypertension guidelines. In
192 hypertensive patients without a history of cardio- or cerebrovascular disease
we found that hypertensive organ damage involved the heart in 21%, the kidneys
in 26%, and the brain in 44% of the participants. When considering only patients
with demonstrable cardiac and/or renal damage as recommended by current
hypertension guidelines (n=72), 42 subjects (58%) had also silent cerebrovascular
disease. Of the remaining 120 participants without cardio-renal damage 42 (35%)
had brain damage. Thus, half of all patients with silent cerebrovascular disease
were classified as having no organ (i.e., cardio-renal) involvement. We calculated
each group’s risk of dying from cardiovascular disease (including stroke) within
the next five years and found that the risk score of patients without cardio-renal
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but with brain damage was significantly higher than that of participants without
any organ involvement (heart, kidneys and brain), but similar to the risk score of
those with demonstrable cardio-renal damage. We conclude that silent
cerebrovascular disease, next to and in the same way as preclinical cardio-renal
damage, should be recognized as an independent and prognostically important
risk marker that needs attention in the risk stratification of hypertensive patients.
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Hypertensie (verhoogde bloeddruk) is een belangrijk gezondheidsprobleem dat
wereldwijd voorkomt en gepaard gaat met een verhoogd risico op hart- en
vaatziekten. Ongeveer eenderde van de volwassen bevolking, en zelfs 60 tot 70%
van de mensen ouder dan 70 jaar, heeft enige mate van hypertensie. Door de
vergrijzing van de bevolking zal de incidentie en prevalentie van hypertensie de
komende decennia sterk stijgen. Volgens schattingen van de Wereld
Gezondheidsorganisatie (WHO) sterven jaarlijks wereldwijd meer dan zeven
miljoen mensen aan de gevolgen van hoge bloeddruk. Behandeling van
hypertensie leidt tot een aanzienlijke daling van het risico op het krijgen of fataal
worden van hart- en vaatziekten. Of, en in welke mate, de verhoogde bloeddruk
dient te worden verlaagd, hangt onder andere af van de hoeveelheid schade die
door de hypertensie is ontstaan aan belangrijke organen als het hart en de nieren.
Dit wordt ook wel eindorgaanschade genoemd. Met name het opsporen van
zogenaamde preklinische of stille schade (beschadiging zonder dat symptomen
optreden) is hierbij van belang. Volgens de huidige richtlijnen voor de behandeling
van hypertensie is het voldoende om de aanwezigheid van cardiale (linker
ventrikel hypertrofie, LVH) en renale schade (micro-albuminurie en gestoorde
nierfunctie) te bepalen. Vooralsnog is onduidelijk of het onderzoeken van andere
organen op eindorgaanschade bijdraagt aan het inschatten van het
cardiovasculaire risico van hypertensiepatiënten. In dit proefschrift onderzochten
wij in welke mate witte stof afwijkingen, stille infarcten en microbloedingen in de
hersenen (voor voorbeelden zie Appendix A) een uiting zijn van door hypertensie
veroorzaakte eindorgaanschade (cerebrovasculaire schade), en of deze
eindorgaanschade van de hersenen klinisch relevant is, en bijdraagt aan een
nauwkeuriger inschatting van het risico op hart- en vaatziekten.

Bloeddruk en stille cerebrovasculaire aandoeningen
Hypertensie is de belangrijkste behandelbare risicofactor voor het ontstaan van
stille cerebrovasculaire aandoeningen zoals witte stof afwijkingen (afwijkingen
door chronisch zuurstoftekort [=ischemie] in de witte stof van de hersenen), stille
herseninfarcten en microbloedingen die zichtbaar gemaakt kunnen worden met
behulp van magnetische resonantie beeldvorming (magnetic resonance imaging,
MRI) van de hersenen. Er is echter weinig bekend over de relatie tussen deze stille
MRI-afwijkingen en de hoogte van de bloeddruk.
In de studies beschreven in dit proefschrift hebben wij de bloeddruk gemeten met
behulp van ambulante 24-uurs bloeddrukmetingen. Naast de hoogte van de
bloeddruk overdag geven deze metingen ook een indruk van de bloeddruk tijdens
de nacht, en over het dag-nacht beloop (ook wel dipping genoemd). Eerder
onderzoek toonde aan dat ambulant gemeten bloeddrukken beter correleren met
eindorgaanschade van het hart en de nieren en beter het risico op een toekomstig
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hart- of herseninfarct voorspellen dan de bloeddruk gemeten in de spreekkamer.
Ondanks deze voordelen bestaat er ook scepsis over het gebruik van ambulante
bloeddrukmeting. Zo zou een eenmalige 24-uurs bloeddrukmeting een matig
betrouwbare indruk geven van de 24-uurs bloeddrukken en met name van het
dag-nacht beloop van de bloeddruk. Enerzijds komt dit door het gebruik van veel
verschillende definities voor de dag- en nachtwaarde van de bloeddruk, anderzijds
doordat het dag-nacht beloop slecht reproduceerbaar is gebleken.
In Hoofdstuk 2 van dit proefschrift onderzochten wij de reproduceerbaarheid en
de klinische relevantie van het dag-nacht beloop van de bloeddruk. In 150 tijdelijk
onbehandelde hypertensiepatiënten verrichtten wij tweemaal een ambulante 24uurs bloeddrukmeting en bestudeerden vervolgens hoe de mate van nachtelijke
bloeddrukdaling, de prevalentie van nondipping (dit is het niet of onvoldoende
dalen van de bloeddruk tijdens de nacht als een maat voor een gestoord dagnacht beloop), en de reproduceerbaarheid van deze parameters wordt beïnvloed
door het toepassen van enerzijds verschillende definities van de dag (wakker) en
nacht (slapen), en anderzijds het gebruik van verschillende bloeddrukmaten
(systolische, diastolische of gemiddelde bloeddruk, of een combinatie van deze
bloeddrukmaten). Omdat nondipping lijkt samen te gaan met een verhoogd risico
op hart- en vaatziekten onderzochten wij tevens of door het gebruik van
verschillende dipping definities de relatie tussen nondipping en aan hypertensie
gerelateerde eindorgaanschade beïnvloed wordt. Wij vonden dat zowel de mate
waarmee de bloeddruk ’s nachts daalt als de prevalentie van nondipping sterk
varieert afhankelijk van de gekozen definitie. Onafhankelijk van de gebruikte
definitie, bleek dat zowel de nachtelijke bloeddrukdaling als nondipping slecht
reproduceerbare parameters zijn. Tevens bleek dat het gebruik van verschillende
definities van invloed is op de relatie van nondipping met zowel linker ventrikel
massa index (LVMI) als micro-albuminurie als maten voor respectievelijk cardiale
en renale beschadiging door hoge bloeddruk. Naar aanleiding van deze
bevindingen, en op basis van de resultaten van studies naar de
reproduceerbaarheid van de gemiddelde dag, nacht en 24-uurs bloeddrukken
(Appendix C), hebben wij besloten om de bloeddrukgegevens in de hoofdstukken
3 tot en met 6 te berekenen gebruik makend van twee 24-uurs ambulante
bloeddrukmetingen. De dag, nacht en 24-uurs bloeddrukken worden hierbij
berekend als het gemiddelde van beide metingen, en patiënten worden
beschouwd als nondipper alleen dan wanneer het nondipping patroon aanwezig
is op beide metingen. Dag en nacht wordt bepaald aan de hand van de door de
deelnemers aangegeven tijdstippen waarop men ‘s avonds ging slapen, en
waarop men ‘s ochtends wakker werd en opstond uit bed, met exclusie van een 2
uur durende transitie periode rondom deze tijdstippen.
In de hoofdstukken 3, 4 en 5 beschrijven wij de relatie tussen bloeddruk gemeten
met 24-uurs ambulante bloeddrukmetingen en de mate van witte stof
afwijkingen, de aanwezigheid van stille herseninfarcten, en de aanwezigheid van
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microbloedingen in 218 tijdelijk onbehandelde hypertensiepatiënten. Niemand
van de deelnemers had een voorgeschiedenis met symptomatisch hart- en
vaatlijden. In Hoofdstuk 3 bestudeerden wij de relatie tussen de ambulante
bloeddruk (en daarvan afgeleide bloeddrukprofielen) en de ernst van witte stof
afwijkingen. In het verleden hebben studies vooral gebruik gemaakt van
zogenaamde visuele scoringsmethoden die de mate van witte stof afwijkingen
indelen in categorieën (Appendix E) maar niet het volume kwantificeren. In
tegenstelling tot deze eerdere studies hebben wij, met behulp van aan de
Universiteit Maastricht ontwikkelde software, op een betrouwbare manier (met
zeer goede intra- en inter-observator overeenkomst) het volume van witte stof
afwijkingen bepaald. Bovendien hebben wij onderscheid gemaakt tussen enerzijds
witte stof afwijkingen rondom de laterale ventrikels (zogenaamde periventriculaire
witte stof afwijkingen) en anderzijds afwijkingen diep in de hersenen
(zogenaamde diepe of subcorticale witte stof afwijkingen). Op deze wijze vonden
wij dat hoe hoger de bloeddruk (zowel overdag, tijdens de nacht, als over de
gehele 24 uur) des te groter het volume van periventriculaire en, in mindere mate,
diepe witte stof afwijkingen. De relaties waren onafhankelijk van leeftijd, geslacht
en andere invloedrijke factoren, continu en zonder duidelijke drempelwaarden, en
zelfs aanwezig bij bloeddrukwaarden die wij momenteel als normaal beschouwen.
In Hoofdstuk 4 onderzochten wij of de mate waarmee ambulant gemeten
bloeddruk samenhangt met stille herseninfarcten afhangt van het type infarct. Zo
vonden wij significant hogere bloeddrukken (dag, nacht en 24-uurs) in patiënten
met kleine, diep in de hersenen gelegen, zogenaamde lacunaire herseninfarcten.
De relatie was onafhankelijk van andere risicofactoren. Patiënten met een stil
territoriaal infarct (meer oppervlakkig gelegen infarcering), daarentegen, hadden
vergelijkbare bloeddrukken als deelnemers bij wie geen stille herseninfarcten
werden gevonden. Cardio-renale eindorgaanschade (een aanwijzing voor langer
bestaande hypertensie) bleek ook meer voor te komen bij de patiënten met
lacunaire herseninfarcten ten opzichte van de deelnemers zonder
stille
herseninfarcten, terwijl dit niet het geval was voor patiënten met territoriale
infarcten. Deze bevindingen suggereren dat de invloed van hypertensie met name
bepalend is voor het risico van stille lacunaire herseninfarcten en minder of niet
voor dat van territoriale infarcten. Dit is klinisch relevant wanneer men middels
het verlagen van de verhoogde bloeddruk het optreden van stille en toekomstige
symptomatische herseninfarcten wil voorkomen. Hoofdstuk 5 beschrijft de relaties
tussen ambulante bloeddrukken en microbloedingen. Deze microbloedingen
blijken vaker voor te komen bij personen met hypertensie, maar tot op heden is
geen onderzoek verricht naar de relatie tussen deze bloedinkjes en bloeddruk. In
ruim 16% van de 218 hypertensiepatiënten die deelnamen aan onze studie
vonden wij één of meerdere microbloedingen. Dit is drie keer zo vaak als de
prevalentie waarmee microbloedingen voorkomen in de algemene bevolking. Net
als witte stof afwijkingen en lacunaire herseninfarcten bleken ook
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microbloedingen onafhankelijk te zijn geassocieerd met hogere bloedrukken
overdag, en daarnaast in het bijzonder met hogere bloeddrukken tijdens de
nacht. Voor elke standaard deviatie die de bloeddruk toenam, steeg de kans op
het vinden van een microbloeding met 80 tot 90%. Patiënten met hypertensie
tijdens de nacht hadden een vijf tot zes keer hogere kans op microbloedingen dan
patiënten bij wie de bloeddruk ’s nachts normaal was. De bevindingen suggereren
dat microbloedingen, naast witte stof afwijkingen en stille lacunaire
herseninfarcten, een vorm van aan hypertensie gerelateerde stille hersenschade
zijn.
Wij vonden geen relatie tussen nondipping en de mate of aanwezigheid van witte
stof afwijkingen, stille herseninfarcten en microbloedingen (Hoofdstukken 3, 4 en
5).
Samenvattend concluderen wij uit de resultaten van de hoofdstukken 3, 4 en 5
dat hypertensiepatiënten met een hoge bloeddruk overdag, en met name die
patiënten met een hoge bloeddruk tijdens de nacht (dus diegenen met een
continu verhoogde bloeddruk over de hele 24 uur) een verhoogd risico lopen op
het ontwikkelen van stille ischemische hersenschade in de vorm van witte stof
afwijkingen, lacunaire herseninfarcten en microbloedingen.

Genetische aspecten van aan hypertensie gerelateerde
cerebrovasculaire aandoeningen
Traditionele risicofactoren, zoals veroudering, verhoogde bloeddruk en roken,
bepalen voor ongeveer de helft het risico dat iemand loopt op het krijgen van
(stille) cerebrovasculaire aandoeningen. Het onverklaarde risico wordt mogelijk
(deels) bepaald door erfelijke aanleg. Hierbij spelen interacties met traditionele
risicofactoren een belangrijke rol, bijvoorbeeld door de effecten van bepaalde
factoren (zoals hoge bloeddruk) te versterken, of door de gevoeligheid van de
circulatie (van onder andere hart, nieren en hersenen) voor bepaalde
risicofactoren te vergroten. Hoofdstuk 6 toont de resultaten van een genetische
associatie studie naar de relatie van genpolymorfismen van het renineangiotensine systeem (RAS) en het endotheel stikstof oxide synthase (NOS3) met
witte stof afwijkingen. De RAS en NOS3 systemen spelen een belangrijke rol bij
het in stand houden van de integriteit en functie van de vaatwand van
bloedvaten. Afwijkingen in de genen verantwoordelijk voor deze systemen
kunnen mogelijk de gevoeligheid van de vaatwand voor de negatieve effecten van
bijvoorbeeld hypertensie vergroten. In deze studie, waaraan alleen
hypertensiepatiënten deelnamen en waardoor genafwijkingen die bijdragen aan
hypertensiegerelateerde witte stof afwijkingen waarschijnlijk vaker voorkomen,
vonden wij dat zowel het A1166C polymorfisme van de angiotensine II type 1
receptor (AGTR1) van het RAS als het NOS3 G894T polymorfisme onafhankelijk
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samenhangen met de aanwezigheid van witte stof afwijkingen in de diepe, maar
niet de periventriculaire witte stof. Andere genetische varianten van het RAS,
zoals het angiotensinogeen M235T en het angiotensine-converterend enzym
insertie/deletie polymorfisme, waren niet geassocieerd met witte stof afwijkingen.
Vervolgens onderzochten wij in Hoofdstuk 7 opnieuw de AGTR1 A1166C en NOS3
G894T polymorfismen, maar nu in relatie tot het symptomatisch herseninfarct.
Gebruik makend van een zogenaamde case-cohort opzet telden wij in ruim 1.500
vrouwen uit de algemene bevolking (deze groep vertegenwoordigd een groter
cohort van meer dan 15.000 vrouwen) 74 nieuwe herseninfarcten over een
periode van 4,3 jaar (mediane follow-up duur). De kans op een herseninfarct was
groter voor deelneemsters met het AGTR1 CC genotype, echter, alleen in
vrouwen met een hogere leeftijd of met een verhoogde systolische bloeddruk. De
bevindingen uit de hoofdstukken 6 en 7 tonen aan dat genetische factoren een
rol spelen bij het ontstaan van herseninfarcten door het moduleren van de
effecten van of de gevoeligheid voor traditionele risicofactoren zoals veroudering
en verhoogde bloeddruk, en illustreren daarmee het belang van gen-omgeving
interacties bij cerebrovasculaire aandoeningen. Het opsporen van afwijkende
genetische varianten zou op deze manier een belangrijke rol kunnen spelen bij het
tijdig identificeren van die (hypertensie)patiënten die het grootste risico lopen op
het krijgen van een herseninfarct, en bij wie intensieve controle en/of behandeling
van aanwezige risicofactoren nodig is.

Vaatstijfheid en stille cerebrovasculaire aandoeningen
De gevolgen van veroudering, hoge bloeddruk, genetische factoren en andere
(vasculaire) risicofactoren op de circulatie, uiten zich in een geleidelijke verstijving
van de bloedvatwand, met name van slagaders (arteriën). Personen met een
toegenomen arteriële stijfheid, en in het bijzonder van de aorta, hebben een sterk
verhoogde kans om een herseninfarct door te maken. Omdat door verstijving van
bloedvaten de hemodynamiek in het bloedvatstelsel verandert, wordt mogelijk
ook de microcirculatie van de hersenen beschadigd. Deze microvasculaire schade
uit zich in witte stof afwijkingen, lacunaire herseninfarcten en mogelijk ook
microbloedingen. In Hoofdstuk 8 hebben wij de relatie tussen aortaverstijving en
cerebrale microvasculaire schade verder uitgezocht. In 167 hypertensiepatiënten
vonden wij dat zowel een toegenomen pulse wave velocity (PWV) en als ook een
verhoogde polsdruk, beiden een maat voor arteriële verstijving, univariaat
geassocieerd waren met alle typen cerebrale microvasculaire schade. Echter,
alleen de associaties van PWV met het volume van witte stof afwijkingen en de
aanwezigheid van lacunaire herseninfarcten bleven significant na correctie voor
leeftijd, gemiddelde bloeddruk en andere vasculaire risicofactoren in multivariate
analyses. Toegenomen PWV correleerde tevens met leeftijd, mannelijk geslacht,
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langer bestaande hypertensie, hogere bloeddrukwaarden, en verhoogde
kreatinine, cholesterol en glucose waarden, wat aangeeft dat vaatverstijving een
multifactorieel bepaald proces is. Deze vorm van vasculaire beschadiging
integreert daarmee de negatieve effecten van al deze factoren en verhoogt op
deze wijze waarschijnlijk het risico op stille en uiteindelijk symptomatische
cerebrovasculaire aandoeningen.

Klinische relevantie van aan hypertensie gerelateerde stille
cerebrovasculaire aandoeningen
Diagnostiek naar stille cerebrovasculaire aandoeningen in de klinische praktijk is
alleen relevant wanneer dit leidt tot een verbetering van de risico-inschatting en
een aanpassing in de wijze waarop patiënten worden behandeld en preventieve
maatregelen worden getroffen. Het tijdig vaststellen van witte stof afwijkingen,
lacunaire herseninfarcten en/of microbloedingen, bijvoorbeeld, kan bijdragen aan
de identificatie van die patiënten die het grootste risico lopen op het ontwikkelen
van een herseninfarct, en bij wie intensieve controle en behandeling van
risicofactoren nodig is. Om de effecten van aan hypertensie gerelateerde witte
stof afwijkingen en stille lacunaire herseninfarcten op het cognitief functioneren
te onderzoeken, verrichtten wij 24-uurs ambulante bloeddrukmetingen (na
tijdelijk staken van de bloeddrukverlagende medicatie), MRI-onderzoek van de
hersenen, en gedetailleerd neuropsychologisch onderzoek (geheugenfunctie,
aandacht, en snelheid waarmee praktische problemen worden opgelost) in 86
hypertensiepatiënten van middelbare en oudere leeftijd, die allen voor de
behandeling van hun hypertensie op onze polikliniek onder controle waren. De
resultaten van deze studie zijn beschreven in Hoofdstuk 9, en laten zien dat het
cognitief functioneren af nam naarmate de ernst van zowel periventriculaire als
diepe witte stof afwijkingen toenam. Echter, de relaties bleken niet statistisch
significant na correctie voor leeftijd in de analyses. Patiënten met lacunaire
herseninfarcten daarentegen, presteerden significant minder goed op het gebied
van verbaal geheugen, hetgeen onafhankelijk was van leeftijd. Daarnaast bleken
zowel periventriculaire witte stof afwijkingen en lacunaire herseninfarcten
geassocieerd te zijn met hogere ambulante bloeddrukken. Deze bevindingen
suggereren dat de cognitieve gevolgen van verhoogde bloeddruk het resultaat zijn
van aan deze hypertensie gerelateerde stille cerebrovasculaire schade.
Vervolgens onderzochten wij, zoals beschreven in Hoofdstuk 10, of diagnostiek
naar witte stof afwijkingen, stille herseninfarcten en/of microbloedingen bijdraagt
aan een nauwkeuriger inschatting van het risico op hart- en vaatziekten in onze
groep hypertensiepatiënten, als aanvulling op de aanbevolen onderzoeken naar
door hypertensie veroorzaakte preklinische eindorgaanschade van het hart en de
nieren. Wij vonden cardiale schade (dit wil zeggen LVH) bij 21%, renale schade
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(micro-albuminurie en/of gestoorde nierfunctie) bij 26%, en cerebrovasculaire
schade bij 44% van de deelnemende patiënten. Wanneer wij, volgens de
aanbevelingen van de huidige Europese richtlijnen voor de behandeling van
hypertensie, alleen schade van hart en nieren beschouwden als aan hypertensie
gerelateerde eindorgaanschade, bleek dat 42 van de 72 hypertensiepatiënten met
cardiorenale eindorgaanschade (58%) ook stille cerebrovasculaire schade hadden.
Van de 120 overige patiënten zonder stille cardiorenale beschadiging, hadden 42
(35%) personen alsnog cerebrovasculaire eindorgaanschade. Met andere
woorden, de helft van alle patiënten met witte stof afwijkingen, stille
herseninfarcten en/of microbloedingen werden volgens de huidige richtlijnen
behandeld als zijnde vrij van eindorgaanschade. Dat dit mogelijk onterecht is,
toonden wij aan door voor elke groep het risico op overlijden ten gevolge van
hart- en vaatziekten (inclusief herseninfarcten) te berekenen. Wij vonden dat de
risicoscore van patiënten zonder cardiorenale maar met cerebrovasculaire schade
significant hoger was dan dat van de deelnemers zonder enige vorm van
eindorgaanschade (hart, nieren en hersenen), maar gelijk aan de risicoscore van
de patiënten met eindorgaanschade van het hart en de nieren. Op basis van deze
bevindingen concluderen wij dat diagnostiek naar stille cerebrovasculaire
aandoeningen in de vorm van witte stof afwijkingen, stille herseninfarcten en
microbloedingen, als aanvulling op de reeds aanbevolen onderzoeken naar
cardiorenale eindorgaanschade, kan bijdragen aan een betere inschatting van de
kans op hart- en vaatziekten bij patiënten met hypertensie.
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Dankwoord
Met het schrijven van dit dankwoord passeerden alle leuke momenten, frustraties,
en hoogte- en dieptepunten van de afgelopen vijf jaar de revue. Ik kijk met heel
veel plezier terug!
Ook al is het dankwoord niet het meest wetenschappelijke hoofdstuk van het
proefschrift, doch zeker het meest (kritisch) gelezen. Daarvoor hoef ik geen
wetenschappelijk bewijs te leveren. Desalniettemin is dit een heel belangrijk
hoofdstuk. Namelijk, zonder de hulp van diegenen die ik hier zo meteen wil
bedanken waren de eerdere hoofdstukken en dus dit boekje nooit tot stand
gekomen.
Allereerst wil ik alle patiënten bedanken die belangeloos hun medewerking
hebben verleend aan alle onderzoeken.
Dr. Wilko Spiering. Beste Wilko, hoe kan ik anders beginnen dan jou als eerste te
bedanken? Bij jou (je was toen nog zelf promovendus) ben ik ergens in 1999 als
tweedejaars student Geneeskunde aan dit “experiment” begonnen. Jouw
enthousiasme, uitzonderlijke begeleiding en wetenschappelijke kennis hebben
ook mij enthousiast voor het onderzoek gemaakt. Bij het opstarten van mijn eigen
onderzoek heb ik veel profijt gehad van alles wat ik van jou geleerd heb. Met jou
als lid van de corona eindigt hier vanmiddag bij de verdediging deze periode. Ik
vind het een eer om jou erbij te hebben!
Prof. dr. Peter de Leeuw, promotor. Beste Peter, veelal keek u van de zijlijn toe,
maar zoals het een goed coach beaamt, aanwijzingen gevend op de momenten
dat het nodig was. Bedankt voor uw vertrouwen in me. Mede daardoor heb ik de
diverse aspecten van het doen van wetenschappelijk onderzoek in de breedste zin
van het woord ervaren. Deze ervaring zal me later zeker nog van pas komen.
Prof. dr. Jan Lodder, promotor. Beste Jan, jouw enthousiasme voor het onderzoek
werkte aanstekelijk. Jouw ervaring en kennis over “cerebral small-vessel disease”
is enorm. De snelheid waarmee je reageert mijn e-mails en verzoeken om
manuscripten na te kijken is ongeëvenaard. Daarnaast wist je ook altijd een en
ander te relativeren, of zoals jezelf zei toen een artikel weer eens werd
afgewezen: “Léon, dan blijf je tenminste een aardige jongen”. Ik weet zeker dat
menigeen zich zo’n actieve promotor als jij bent alleen maar kan wensen. Bedankt
daarvoor!
Dr. Bram Kroon, co-promotor. Beste Bram, als directe begeleider heb je me de
ruimte gegeven om mijn eigen ideeën in mijn onderzoek te implementeren. Des
te verder het onderzoek vorderde, des te meer betrokken en enthousiast je werd.
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Zeker het afgelopen jaar, waarin jij ook nog veel taken van Peter hebt
overgenomen, heb ik heel prettig met je samengewerkt. Het bewijs ligt voor ons.
Dr. Robert van Oostenbrugge, co-promotor. Beste Robert, in het begin moest ik
wennen aan jouw directe benaderingswijze, maar dit is juist een fijne manier om
met elkaar samen te werken. Net als met Jan heb ik menig uurtje met jou achter
het computerscherm doorgebracht om “witte vlekjes”, “gaatjes” en “zwarte
puntjes” te scoren. Het was jouw idee om de echo-gradient scan mee te nemen
met als resultaat hoofdstuk 5, en wie weet in de follow-up nog wel meer.
Bedankt!
Dr. Ed Gronenschild. Beste Ed, zonder jouw computerprogramma GIANT hadden
we nooit de volumes van de witte stof afwijkingen kunnen bepalen. Jouw
perfectionisme is onovertroffen. Bedankt voor je laagdrempeligheid om het
computerprogramma steeds weer aan te passen aan mijn wensen. Ik hoop dat we
in de toekomst nog vaker samen mogen werken.
Dr. Martin van Boxtel. Beste Martin, de hoofdstukken 6 en 9 in dit proefschrift zijn
tot stand gekomen door jou. Bedankt dat ik gebruik mocht maken van jouw
database en expertise. Ik heb er vertrouwen in dat ons recente project wederom
tot een mooi resultaat zal leiden.
Dr. Michiel Bots, Julius Center for Health Sciences and Primary Care, Utrecht.
Beste Michiel, bedankt dat ik gebruik mocht maken van de Utrechtse ProspectEPIC database met als resultaat hoofdstuk 7. Op die ene ochtend dat we hier in
Maastricht op een hotelkamer de eerste berekeningen uitvoerden, ging de wereld
van SPSS een heel stuk verder voor mij open. Bedankt daarvoor. Ook Dr. Yvonne
van der Schouw en Prof. dr. Rick Grobbee wil ik bedanken voor de fijne
samenwerking.
Verder wil ik de neuroradiologen Dr. Paul Hofman en Linda Postema-Jacobi
bedanken voor de vele scans die zij klinisch beoordeeld hebben. Hier mogen ook
Henk Schoenmakers en zijn team van de MRI niet ontbreken: Axel, Dorke, Eslina,
Esther, Ettiene, Evelien, Janine, Kim, Liesbeth, Marietherese, Milenka, Roland,
Shalah, Sjef, Sonja en Thea. Bedankt voor jullie hulp bij het scannen van alle
patiënten. Rutger Haest dank ik voor het herbeoordelen van de echocardiografie
data, wat mede leidde tot de publicatie van Chapter 2.
Het includeren van de patiënten had ik natuurlijk nooit alleen gekund. Beste Kim
Bartels, Claudia Beyrus, Jeroen Hendriks, Heidi Jongen, Christel van de Nat en
Suuske Vasbinder, duizendmaal dank voor het screenen van de meer dan 700
patiënten die in aanmerking kwamen voor deelname aan het onderzoek. De
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destijds vasculaire arts-assistenten Esther Boumans, Guy Mostard, Sarah-Joan
Pinto, Wilko Spiering en Thomas Wierema, en natuurlijk ook de internisten Roger
Rennenberg, Bram Kroon en Peter de Leeuw, ook jullie bedankt dat jullie de
patiënten uiteindelijk bereid vonden om deel te nemen aan de studie.
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Léon Henskens werd geboren op 8 april 1977 in Heerlen en groeide op in
Bocholtz in Zuid-Limburg. In 1996 behaalde hij het VWO diploma aan het
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Institute Maastricht (CARIM), Universiteit Maastricht, onder leiding van dr. A.A.
Kroon en prof. dr. P.W. de Leeuw, in nauwe samenwerking met dr. R.J. van
Oostenbrugge en prof. dr. J. Lodder (afdeling Neurologie). In 2007 ontving hij een
Research Project Grant van de Novartis Foundation for Cardiovascular Excelence
voor het project “Cerebral microbleeds: a marker of hypertensive cerebral targetorgan damage?”.
Na zijn promotie zal hij starten met de opleiding tot neuroloog. Hij woont samen
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