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The prevalence of arterial disease is rising due to the increasing mean age of the
general population, better treatment of diseases, and thus longer survival.1 Patients
with manifest arterial disease have a higher risk of developing new symptoms, and
have higher mortality rates than healthy subjects.2,3

In this thesis, we focus on patients with manifest arterial disease. Four main
manifestations of arterial disease are included in the definition “manifest arterial
disease” throughout this thesis: cerebrovascular disease, i.e. transient ischemic attack
or stroke, cardiovascular disease, i.e. angina pectoris or myocardial infarction,
peripheral arterial disease, i.e. intermittent claudication or rest pain, and abdominal
aortic aneurysms > 3 cm.

Most previous research focuses on the relation between cardiovascular risk factors
and manifest arterial disease. However, brain damage due to arterial disease often
arises before overt symptoms occur. This damage can be visualized or measured
through markers of cerebral arterial disease. Examples of these early markers of
brain damage are white matter lesions, silent brain infarcts, decreased perfusion of
the brain, and cognitive dysfunction. They are not the risk factor itself, causing arterial
disease, but intermediates in the relation between risk factors and the disease.

In literature often population-based studies are described. Silent brain infarcts
and white matter lesions are markers of cerebral arterial disease.4 Decreased perfusion
of the brain is also a marker of cerebral arterial disease and of cognitive dysfunction.5,6

Cognitive function is affected in vascular compromised patients.7,8 A decline in cognitive
function can be seen as an early manifestation of vascular brain damage in the
general population, as lower cognitive test scores predict incident myocardial infarction,
stroke, vascular dementia and cardiovascular death.9,10

A vascular compromised population is expected to be more affected and thus to
also have more pronounced signs of brain damage than the general population.
However, it is not clear whether risk factors of brain damage in the general population
also affect the brain in a vascular compromised population. The Second Manifestations
of ARTerial disease (SMART) study is an ideal setting to analyse this issue.11 In this
unique prospective cohort study patients with risk factors for arterial disease, or with
manifest arterial disease, aged 18-79, newly referred to the University Medical Center
Utrecht, are included. Patients are screened for risk factors and vessel damage at
inclusion and follow-up is assessed. Almost 6000 patients have been screened between
1996 and 2005. This thesis is based on the patients with manifest arterial disease
included from May 2001 to December 2005. Magnetic Resonance investigation of
the brain was done in all these patients. Since January 2003, patients also underwent
an extensive cognitive test.
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All the chapters in this thesis are focusing on the relation between risk factors and
markers of cerebral arterial disease in this vascular compromised patient group.

Many vascular risk factors are known to increase the risk of cognitive impairment in
a general population. Whether these risk factors also influence cognitive function in a
vascular compromised population, in whom cognitive function is likely to be decreased
already, is not known.

Homocysteine was found to be a risk factor for cognitive dysfunction and cognitive
decline in a number of population-based studies.12 It may affect cognition by increasing
the risk of arterial disease,13 or by a direct negative effect on the brain.14 In chapter 2
we investigate whether homocysteine also increases the risk of cognitive impairment
in patients in whom manifest arterial disease is already present.

A clustering of risk factors associated with central obesity, often called the
metabolic syndrome, is found to effectuate arterial damage and cognitive dysfunction
more than the individual risk factors in population-based studies.15,16 In chapter 3
the importance of the metabolic syndrome for cognitive function is investigated once
arterial disease has manifested itself.

Vascular growth factors may have a beneficial effect on cognitive function through
better vascularisation or increased cerebral blood flow in the brain. Although this has
not been investigated properly yet, even therapeutic administration of growth factors
is already discussed in literature.17 A first study is presented in which we investigate
the relation between several growth factors and cognitive function, and the possible
mediating effect of arterial flow volume to the brain and cerebral collaterals (chapter 4).

In the general population, silent brain infarcts predict cognitive dysfunction.18 In
this respect, they can be seen as a risk factor for cognitive dysfunction, because the
lesions themselves are thought to be the cause. The question is whether patients with
arterial disease with silent brain infarcts, symptomatic brain infarcts or none of these
two, have different scores on cognitive function. This study is presented in chapter 5.

Several methods exist to assess the perfusion of the brain. Instead of measuring
regional cerebral blood flow, the blood supply through the large vessels to the brain
can be measured with phase contrast magnetic resonance angiography.19 The total
volume flow rate (tVFR) through both internal carotid arteries (ICAs) and the basilar
artery (BA) can thus be measured. This measure was never used in a large patient
group with manifest arterial disease. In chapter 6 the relation between several patient
characteristics and the arterial flow to the brain is assessed. Furthermore, the blood
volumes are compared with values obtained from a population-based study.
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The circle of Willis is an important vessel structure, enabling collateral flow in case of
increasing need, for example due to obstruction of an ICA. Although the morphology
of the circle of Willis is determined in the fetal period, the anterior and posterior
communicating arteries can be recruited later in life, when the situation occurs that
they are needed. Patients with ICA obstruction thus more often have a complete
circle of Willis than healthy patients.20

A fetal type posterior (FTP) variant of the circle of Willis also develops at fetal
age. In this situation, the posterior cerebral artery is derived from the ICA, instead of
from the BA. Thus, both the anterior, middle, and posterior cerebral arteries rise
from the ICA, and the BA mainly feeds the cerebellum. It is likely that patients with
an FTP are more at risk of developing manifestations of cerebrovascular disease,
when there is no connection with the BA. Also, leptomeningeal arteries can not
develop from the vertebrobasilar to the carotid system, because the tentorium
separates these systems. In chapter 7 the literature on prevalence, definition and
relation of FTPs with stroke is reviewed and viewpoints are given. In chapter 8 the
white matter lesion volume in patients with and without a bilateral FTP is assessed.
This is a preliminary report, which will be extended by adding data from unilateral
FTP patients.

In the general discussion (chapter 9) the findings within this compromised patient
group are put in a larger perspective and ideas are given for future studies.
A summary of the results presented in this thesis is given in chapter 10.
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Abstract

Objective

Increased plasma homocysteine levels (tHcy) are associated with decreased cognitive
function. Besides a pathway through arterial disease, a direct neurotoxic effect of
plasma homocysteine has been suggested. We assessed the relation between tHcy
and cognitive function in patients with manifest arterial disease.

Methods

345 consecutively patients with cerebrovascular disease, cardiovascular disease,
peripheral arterial disease or abdominal aortic aneurysm, included in the Second
Manifestations or ARTerial disease (SMART) study, underwent a neuropsychological
examination. Risk factors and vascular damage were measured in detail. The cognitive
domains assessed were memory, executive function, attention, and visuoperception
and construction. Each raw score was transformed into standardized z-scores and a
sum score for global cognitive function was made. Linear regression was used, with
adjustment for age, sex, educational level, extent of atherosclerosis, and localisation
of vascular disease.

Results

Elevated levels of tHcy were related to lower global cognitive function (β = -0.065,
95% CI  -0.116; -0.013), and more specifically lower performance on memory
(β = -0.078, 95% CI -0.155; -0.002), attention (β = -0.079, 95% CI -0.163; -0.005),
and visuoperception and construction (β = -0.125, 95% CI -0.236; -0.014) per SD
increase in tHcy (SD=6.4 µmol/liter), after adjustment for confounders and possible
intermediate variables such as intima media thickness and site of manifestation of
arterial disease. Silent cerebral infarcts did not influence this relationship.

Conclusion

A relation was found between tHcy levels and cognitive function that was independent
of extent and localisation of arterial disease. The results suggest that vascular
mechanisms are not responsible for the relationship between homocysteine and
cognitive function.
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INTRODUCTION

Total plasma homocysteine (tHcy) is an independent risk factor for cognitive decline.1,2

Also in the older old, elevated homocysteine levels are associated with cognitive
impairment.3 Elevated tHcy levels increase the risk of arterial disease4-6 and stroke,7

possibly by a toxic effect on endothelial cells. Since arterial disease is associated with
a decrease in cognitive function,8 a relation between tHcy level and cognitive function
may partly be explained by the development of arterial disease.5

Another mechanism that could explain the effect of homocysteine on cognitive
function is its possible direct neurotoxic effect. A high level of tHcy is responsible for
overstimulation of the glutamate binding-site of NMDA receptors, which in turn is
associated with injury to neurons.9 THcy also promotes oxidant damage to neurons.10

The fact that spectroscopic changes were found at levels of tHcy comparable to
those in the present study implies that a neurotoxic effect is already to be expected at
these levels.11

The effect of tHcy on cognitive function is of major clinical significance in high-
risk patients, namely patients with arterial disease. Assuming that tHcy not only
affects cognitive function by inducing arterial disease, we also expected the association
between tHcy level and cognitive function to be present within this patient group.
Our aim was to determine the relation between tHcy and cognitive function in patients
with manifest arterial disease.

METHODS

Subjects

Subjects were participants of the Second Manifestation of ARTerial (SMART) disease
study . This is an ongoing prospective cohort study at the University Medical Center
Utrecht. Detailed information about the inclusion criteria and baseline measurements
has been published previously.12 Patients, aged 18-79, newly referred with (risk factors
for) arterial disease, are included. At enrolment an extensive questionnaire is filled in
and baseline examinations are performed. Blood and urine are examined. Common
carotid intima media thickness (IMT) is measured as a marker of the extent of
atherosclerosis. Magnetic resonance angiography of the brain and a neuropsychological
examination are performed in patients with manifest arterial disease.

In total, 356 patients participated in the current study; 11 patients were excluded
because the neuropsychological test was incomplete.
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Manifest arterial disease was defined as coronary artery disease, cerebrovascular
disease, peripheral arterial disease, or abdominal aortic aneurysm (AAA).
Cerebrovascular disease was defined as previous stroke, or transient ischemic attack
(TIA) or stroke at inclusion. Patients with more than one localisation of clinical
manifestation of atherosclerosis were classified into more than one category. In 223
patients, without signs of (previous) TIA or stroke, and with complete MRA
examinations, the presence of silent cerebral infarcts was assessed. The brain was
searched for focal lesions of at least 3 mm in diameter, discriminated as hyperintensities
on T2-weighted images and low signal on fluid-attenuated inversion recovery (FLAIR)
images. A detailed description of this assessment has been published previously.13

The study was approved by the ethics committee of our institution and written informed
consent was obtained from all participants.

Total plasma homocysteine

The blood sample at inclusion was drawn after overnight fasting of at least 8 hours.
The method of Shipchandler and Moore was used to analyze homocysteine levels.14

Educational level and intelligence

Educational level was defined in 7 categories, graded from primary school to academic
degree, according to the Dutch educational system. Premorbid intellectual functioning
was assessed with the National Adult Reading Test (NART),15 Dutch version. This
test is widely used for estimating intelligence in neuropsychological research.16

Cognitive function

We selected a set of standardized neuropsychological tests, sensitive to mild
impairments, covering four cognitive domains:
1.  Memory: Rey Auditory Verbal Learning Task (immediate and delayed recall) for

verbal memory. Visual memory was assessed with the Rey-Osterrieth Complex
Figure delayed recall test.17

2. Executive function: assessed by the Brixton Spatial Anticipation Test18 and the
Verbal Fluency Test 19 (words with letter N, during 1 minute).

3. Attention: consisting of the accuracy and the timing score of the Visual Elevator
Test (subtest of the Test of Everyday Attention). This test was based on a procedure
to measure sustained attention, cognitive flexibility and speed.20

4. Visuoperception and construction: assessed by Rey-Osterrieth Complex Figure
copy test.17

A sum score for global cognitive function was derived from the mean of the domain
scores.
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Statistical analyses

The raw scores on the neuropsychological tasks were made comparable by
transforming them into standardized z-scores (individual score minus the average
score divided by the standard deviation (SD) of that score). We performed linear
regression analyses (SPSS 12.0.1; SPSS, Chicago, Ill) with these z-scores as the
outcome. The tHcy level was entered into the model as a linear variable (linear
regression). Adjustment took place for confounders: sex, age, educational level,
intelligence, and for possible intermediate variables: site of manifestation of the arterial
disease and IMT. We adjusted the model for the presence of silent cerebral infarcts,
as a measure of small vessel disease, in the subgroup of patients without (previous)
TIA or stroke. Other possible confounders, such as alcohol consumption, smoking,
BMI, creatinine clearance and blood pressure were also entered into the model.

Interaction was examined between the presence of cerebrovascular disease and
tHcy, and between age and tHcy. The latter was done since in a previous study the
relation between tHcy and cognitive function was confined to subjects above 65
years old.21 The method used was by including interaction terms in the model.

Table 1. Clinical Characteristics of Participants, Stratified by tHcy Group, Expressed as
n (valid %) or Mean ± SD

Low tHcy (≤ 15µmol/l) High tHcy (>15µmol/l)
(n=226) (n=119)

Age 57.6 ± 9.0 61.4 ± 9.5
Sex (male) 181 (80) 100 (84)
Educational level 3.4 ± 1.8 3.0 ± 1.8
Intelligence (NART) * 77.0 ± 17.2 73.5 ± 19.3
Cerebrovascular disease† 51 (23) 34 (29)
Coronary artery disease† 147 (65) 75 (63)
Peripheral arterial disease† 38 (17) 26 (22)
Abdominal aortic aneurysm† 18 (8) 18 (15)
IMT‡ (mm) 0.9 ± 0.3 1.1 ± 0.4
Systolic blood pressure (mmHg) 140.9 ± 20.2 146.8 ± 22.8
Diastolic blood pressure(mmHg) 82.6 ± 11.1 84.3 ± 12.4
Creatinine clearance(ml/min) 85.0 ± 17.7 73.0 ± 21.5

* NART = National adult reading test
† Combination of inclusion diagnosis and history
‡ IMT = Intima Media Thickness
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RESULTS

Since January 2003 we included 345 consecutive patients in the study, aged 29-79
years (mean ± SD: 59 ± 9).The mean plasma homocysteine level was 14.6 µmol/l
with a SD of 6.4. The baseline characteristics are shown in table 1. Patients with
high tHcy tended to be older, to have a lower educational level and NART score,
higher blood pressures, and lower creatinine clearance. Table 2 shows the raw
neuropsychological test scores and the z-score for global cognitive function for the
high and low tHcy groups.

Linear regression analysis with adjustment for age, sex, educational level and
intelligence showed that plasma homocysteine was related to worse performance on
memory, attention, visuoperception and construction, and global cognitive function
(table 3).  Additional adjustment for possible intermediates, IMT, and localisation of
arterial disease, only marginally attenuated these relations, which remained statistically
significant.

Table 2. Raw Scores for Neuropsychological Tests and Standardized z-score for Global
Cognitive Function (Mean ± SD)

Tasks Test Low tHcy High tHcy
(n=226) (n=119)

Memory
- RAVLT* highest 9.5 ± 2.5 9.3 ± 2.7

mean 7.1 ± 1.9 6.8 ± 2.2
delayed 6.8 ± 2.9 6.8 ± 4.0

- Rey-O CF† delayed 20.3 ± 6.5 17.8 ± 7.3
Executive function
- Brixton SAT‡ 18.7 ± 6.2 21.1 ± 7.0
- Verbal Fluency 10.7 ± 4.2 9.7 ± 4.7
Attention
- Visual Elevator Test accuracy 8.1 ± 2.0 7.7 ± 2.7

timing score 5.2 ± 2.2 6.0 ± 3.6
Visuoperception and construction
- Rey-O CF‡ copy 34.7 ± 2.7 33.6 ± 5.1
Global cognitive function
- Standardized z-score 0.1 ± 0.5 -0.2 ± 0.8

* RAVLT = Rey Auditory Verbal Learning Task
† Rey-O CF = Rey-Osterrieth Complex Figure
‡ Brixton SAT = Brixton Spatial Anticipation Test
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Of the 223 patients without cerebrovascular disease, 29 had one or more silent
cerebral infarct. Adjustment for the silent infarcts did not essentially alter the relations
(for global cognition: β = -0.074 (95% CI -0.148; 0.000) after adjustment for age,
sex, educational level, and intelligence; β = -0.072 (95% CI -0.147; 0.003) after
additional adjustment for silent infarcts).

The effect of adjustment for alcohol consumption, smoking, BMI, creatinine
clearance and blood pressure was negligible (results not shown). Interaction between
tHcy and cerebrovascular disease was not present (p=0.54), suggesting that the
association between tHcy and cognitive function did not differ between patients with
or without cerebrovascular disease. No statistical interaction was found for age under
or above 65 years (p=0.23) either.

Table 3. Unadjusted and Adjusted Difference in Z-scores of the Cognitive Domains per
SD Increase in tHcy

Cognitive domain Unadjusted ß Adjusted† ß Adjusted‡ ß
(95% CI*) (95% CI*) (95% CI*)

Memory -0.167 -0.086 -0.078
(-0.250; -0.084) (-0.162; -0.010) (-0.155; -0.002)

Executive function -0.092 -0.005 0.018
(-0.176; -0.008) (-0.080; 0.070) (-0.055; 0.091)

Attention -0.189 -0.094 -0.079
(-0.285; -0.093) (-0.178; -0.011) (-0.163; 0.005)

Visuoperception and construction -0.197 -0.136 -0.125
(-0.307; -0.087) (-0.246; -0.026) (-0.236; -0.014)

Global cognitive function -0.164 -0.079 -0.065
(-0.230; -0.098) (-0.132; -0.027) (-0.116; -0.013)

* CI = confidence interval
† Adjusted for age, sex, educational level and intelligence
‡ Adjusted for age, sex, educational level, intelligence, IMT and site of manifestation
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DISCUSSION

We found an independent relation between higher tHcy level and lower cognitive
function in patients with manifest arterial disease. Adjustment for indicators of
atherosclerosis, localisation of arterial disease and silent cerebral infarcts as possible
intermediate variables slightly decreased the relation, pointing out that arterial disease
and atherosclerosis partly explain the association between tHcy and cognitive function.
However, since the association remained statistically significant, this indicates that
other mechanisms play a role in the relation, among which possibly a direct neurotoxic
effect of tHcy.

Previous cross-sectional studies show a relation between tHcy levels and decreased
cognitive performance in elderly persons.3,22,23 This is supported by the findings of
longitudinal studies.1,2 However, other studies showed no relation between tHcy and
cognitive function or decline.24,25 Several studies reported that the observed relation
was independent of structural brain changes on MRI, related to arterial disease,
indicating a possible role for a neurotoxic effect of tHcy.1,23 With regard to the cognitive
domains affected by tHcy, consistent findings were described for visuospatial
function,26 verbal recall, and constructional praxis.27 To our knowledge, our article is
the first describing these relations in a patient group with manifest arterial disease.
We believe the domain of our study also includes the older old. As a relation between
homocysteine levels and cognitive function has been found in patients aged 85 years
and older,3 it is probable that this relation being not fully explained by arterial disease
also applies to an older population.

A tailored neuropsychological test battery was used, consisting of tests that are
sensitive to mild impairments and cover a broad variety of vulnerable cognitive
domains.28 All domains except executive function were affected by tHcy, even in this
relatively young population. Differences in cognitive function were small and probably
of no clinical significance yet, but these impairments are likely to represent the
prodromes of dementia in at least a part of the study population.29 Thus, we expect
that the effect of homocysteine on cognitive function will become more pronounced
when these patients grow older. Furthermore, the effect on cognitive function of one
SD (6.4 µmol/liter) increase in tHcy was comparable with the effect of being
approximately 5 years older.

It is possible, as a consequence of our study being cross-sectional, that the elevated
tHcy levels only indicate an insufficient dietary intake of folate and vitamin B-12
among patients with impaired cognitive function. The participating patients did not
show highly abnormal test scores and thus were not likely to have an insufficient



Homocysteine Level and Cognitive Function in Patients with Arterial Disease

17

dietary intake due to cognitive impairment. A poorer diet could also have been caused
by lower socioeconomic status (SES). Although we have adjusted our results for
educational level, regrettably, we did not have information on SES or the dietary
intake of the patients. Residual confounding by dietary intake of folate and vitamin
B-12 could thus be present. However, there is not much evidence yet for a relation
between folate or vitamin B-12 and cognitive function.30

We adjusted for IMT and localisation of disease, which are indicators of
macrovascular disease. However, tHcy is hypothesized to preferentially affect the
small penetrating blood vessels in the brain, which would manifest itself as white
matter lesions or silent cerebral infarcts. To examine whether small vessel disease
was an intermediate in the relation between tHcy and cognition, we adjusted for
silent cerebral infarcts in patients without clinical cerebrovascular disease, which did
not affect the results. Furthermore, as IMT is highly related to the presence of white
matter lesions,31 it can be regarded as a marker of small vessel disease as well.
Therefore, our results suggest that small or large vessel disease is not the only
mechanism by which tHcy affects cognitive function. Another plausible mechanism
is a direct neurotoxic effect of homocysteine on the brain.

In conclusion, in patients with manifest arterial disease elevated levels of tHcy
were related to a lower performance in cognitive function, even after adjustment for
possible intermediate variables such as IMT, site of manifestation of arterial disease,
and silent cerebral infarcts. Thus, the relationship between homocysteine and cognitive
function can not exclusively be explained by vascular mechanisms.
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Abstract

Objective

The metabolic syndrome is related to cognitive dysfunction in the general population.
We assessed the influence of the metabolic syndrome and type 2 diabetes mellitus on
cognitive function in a patient group with manifest arterial disease.

Methods

In 744 consecutive patients participating in the Second Manifestations of ARTerial
disease (SMART) study with manifestations of cerebrovascular, cardiovascular,
peripheral arterial disease or abdominal aortic aneurysm (mean age ± SD, 59 ± 10
years), a screening for cardiovascular risk factors was done. All patients performed
an extensive neuropsychological test; the results were standardized into z-scores. The
definition of the Adult Treatment Panel III was used to define the metabolic syndrome,
comprising abdominal obesity, hypertriglyceridemia, low high-density lipoprotein,
hypertension, and hyperglycemia. We assessed the relation between the presence of
the metabolic syndrome and four cognitive domains. Also, cognitive function was
compared in patients with the metabolic syndrome, type 2 diabetes, or manifest
arterial disease without either of these metabolic diseases.

Results

Patients with the metabolic syndrome (at least three components present) had slightly
lower scores on visuoperception and construction (β (95% CI): -0.16 (-0.30; -0.01))
than those without, but global cognitive function did not differ (β (95% CI): 0.00
(-0.08; 0.08)). Adjustment for markers of macro- and microvascular disease, and of
metabolic disease, did not attenuate the results. Cognition in patients with type 2
diabetes mellitus was similar to cognition in patients with the metabolic syndrome.

Conclusion

Within a patient group with manifest arterial disease, global cognitive function was
not diminished among patients with the metabolic syndrome or with type 2 diabetes
mellitus compared with patients without these metabolic diseases. This suggests that
most of the relation between the metabolic syndrome and cognitive function in the
general population is attributable to arterial disease.
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INTRODUCTION

Symptomatic arterial disease is related to cognitive impairment and cognitive decline.
1,2

Also, the presence of hypertension or diabetes mellitus is related to lower cognitive
function.

3-5

A clustering of common risk factors for arterial disease associated with central
obesity, namely hypertriglyceridemia, low high-density lipoprotein (HDL) level,
hypertension, and hyperglycemia, is often referred to as the metabolic syndrome.6,7 It
is thought that insulin resistance is the underlying etiologic factor in the metabolic
syndrome. Several definitions exist, including the definition of the Adult Treatment
Panel III, requiring at least three of five risk factors to be present.8 Presence of the
metabolic syndrome increases the risk of developing type 2 diabetes mellitus two- to
fourfold.9,10 The combination of risk factors also increases the risk of vascular events
in patients without11 and with previous clinical manifestations of atherosclerosis12

more than could be expected based on the summation of individual risk factors
alone. The question then rises whether cognitive function is also more affected in
subjects with the metabolic syndrome than in subjects without. Previous studies showed
that the metabolic syndrome,13 insulin resistance,14 and impaired glucose tolerance4,15

are related to cognitive impairment. This has been studied in large population-based
studies, in which patients with the metabolic syndrome were compared with healthy
subjects. Besides a probable indirect effect through arterial disease, a direct effect of
insulin on the brain has been suggested.16

Thus, arterial disease increases the risk of cognitive dysfunction, and the clustering
of risk factors in the metabolic syndrome increases the risk of arterial disease and
cognitive dysfunction. The goal of our study was to assess whether, in patients with
clinically manifest arterial disease, patients with the metabolic syndrome also have
more cognitive dysfunction than patients without this clustering of risk factors, and
to compare this with cognitive function in type 2 diabetes patients.

METHODS

Subjects

This study was part of the Second Manifestations of ARTerial disease (SMART)
study. Patients aged 18-79 years, newly referred to the University Medical Center
Utrecht with risk factors for arterial disease or with symptomatic arterial disease,
were included in the SMART study. A detailed description of the study was published
previously.17 The patients with symptomatic arterial disease, i.e. stroke or TIA, peripheral
arterial disease, coronary artery disease, or abdominal aortic aneurysm, participating
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between January 2003 and July 2005, were included in the current study. An extensive
screening was performed, including a questionnaire about patient history, medication
use, and family history; height, weight, waist circumference and blood pressure
measurement; blood and urine tests; assessment of common carotid artery intima
media thickness (IMT) as a marker of the extent of atherosclerosis; and ankle brachial
index measurement (ABI).

Fasting blood levels of lipids, glucose, high-sensitive C-reactive protein (hs-CRP),
insulin, and creatinine clearance (Cockroft) were assessed. Urine levels of microalbumin
and creatinine were measured. Microproteinuria was calculated as the ratio of albumin
to creatinine.

HOMA-IR was calculated as a measure of insulin resistance in patients without
diabetes mellitus, using the following formula: (fasting serum glucose x fasting serum
insulin)/22.5.18

Definitions

The metabolic syndrome was defined according to the Adult Treatment Panel III
(ATPIII) criteria.8 Three or more of the following metabolic abnormalities were required:
abdominal obesity (waist circumference >102 cm in men and >88 cm in women),
high blood pressure (≥ 130 mmHg systolic or ≥ 85 mmHg diastolic), hypertriglyceridemia
(serum triglycerides ≥ 1.70 mmol/l ), low HDL cholesterol (serum HDL cholesterol
<1.04 mmol/l in men and <1.29 mmol/l in women), and high fasting glucose (fasting
serum glucose ≥ 6.1 mmol/l). When waist circumference was missing, we used the
body mass index (BMI) as a measure of obesity, with a cutoff point of 30 kg/m2.19

Patients on glucose-lowering agents were regarded as having high fasting glucose,
and patients on antihypertensive medication as having high blood pressure.

Type 2 diabetes mellitus was defined as a fasting glucose ≥ 7.0 mmol/l at inclusion,
use of glucose-lowering medication and/or self-reported type 2 diabetes.

Cognitive function

Educational level was defined in 7 categories, graded from primary school to academic
degree, according to the Dutch educational system. Premorbid intellectual functioning
was assessed with the National Adult Reading Test (NART),20 Dutch version. This
test is widely used for estimating intelligence in neuropsychological research.21

We selected a set of standardized neuropsychological tests, sensitive to mild
impairments. The tests cover the four following cognitive domains:
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1. Memory: Rey Auditory Verbal Learning Task (immediate and delayed recall) for
verbal memory; Rey-Osterrieth Complex Figure delayed recall test for visual
memory.22

2. Attention: accuracy and timing score of the Visual Elevator Test (subtest of the
Test of Everyday Attention), based on a procedure to measure sustained attention,
cognitive flexibility and speed.23

3. Executive function: Brixton Spatial Anticipation Test24 and Verbal Fluency Test.25

4. Visuoperception and construction: Rey-Osterrieth Complex Figure copy test.22

Statistical analyses

The raw scores of the cognitive tests were transformed into standardized z-scores
(individual score minus the average score divided by the standard deviation (SD) of
that score). The timed score of the Visual Elevator Test was inverted, so that at all
times higher scores indicated better performance. Domain scores were calculated as
the average z-score of the tests per domain. A sum score for global cognitive function
was derived from the mean of the domain scores.

We performed multivariate linear regression analyses with these z-scores as the
outcome. The presence of the metabolic syndrome was entered into the model as a
binary variable. We adjusted for the following possible confounders: age, sex,
educational level and intelligence. To analyse possible interaction between
inflammation and the metabolic syndrome, an interaction term with hs-CRP and the
metabolic syndrome was added to the model, followed by stratified analysis in case
of a p-value ≥ 0.10 for the interaction term.

Second, with linear regression analysis the number of present components of the
metabolic syndrome was analysed as a determinant of cognitive function, adjusted
for age, sex, educational level and intelligence.

Third, we analysed whether markers of arterial disease were an intermediate in
the relation between the metabolic syndrome and cognitive function. Therefore, the
model was additionally adjusted for site of manifestation of the arterial disease, ABI
and IMT as measures of macrovascular disease; and for microproteinuria and
creatinine clearance as measures of microvascular disease.

Similarly, we analysed whether insulin resistance was underlying the relation
between the metabolic syndrome and cognitive function. In patients without diabetes
mellitus, additional adjustment was made for insulin and insulin resistance (HOMA-
IR). Both insulin and HOMA-IR were logtransformed to obtain normally distributed
variables.
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Furthermore, we compared the different cognitive domains in three patient groups,
all with manifest arterial disease: (1) patients without the metabolic syndrome and
type 2 diabetes mellitus; (2) patients with the metabolic syndrome without type 2
diabetes mellitus; and (3) patients with type 2 diabetes mellitus irrespective of the
metabolic syndrome status. These groups were considered to have increasing levels

Table 1. Baseline characteristics of the study population

No metabolic Metabolic Diabetes
syndrome syndrome  Mellitus

No diabetes
Mellitus
n = 455 n = 139 n = 150

Age 58.0 ± 10.2 57.6 ± 8.9 61.1 ± 9.3
Sex (male) 345 (76) 104 (75) 122 (81)
Educational level 3.6 ± 1.9 3.1 ± 1.7 3.3 ± 1.9
NART* 79.4 ± 16.3 74.5 ± 17.9 76.7 ± 19.0
Smoking status
- Never 88 (20) 23 (17) 26 (18)
- Past 265 (60) 77 (56) 92 (63)
- Current 92 (21) 38 (28) 27 (19)
Cardiovascular disease 257 (57) 91 (66) 94 (63)
Cerebrovascular disease 100 (22) 25 (18) 32 (21)
Peripheral arterial disease 92 (20) 31 (22) 42 (28)
Abdominal aortic aneurysm 28 (6) 18 (13) 20 (13)
Creatinine clearance
(Cockroft) (ml/min) 77.3 ± 18.7 82.8 ± 21.6 81.1 ± 22.6
IMT

† 
(mm) 0.93 ± 0.26 0.96 ± 0.29 1.01 ± 0.29

ABI
‡

1.12 ± 0.18 1.07 ± 0.22 1.06 ± 0.23
Microproteinuria 6.0 ± 11.6 6.7 ± 18.8 11.3 ± 14.5
Obesity 67 (15) 88 (64) 74 (49)
Hypertriglyceridemia 71 (20) 102 (76) 63 (53)
Low HDL 36 (10) 81 (60) 43 (37)
Hypertension 357 (82) 131 (96) 133 (92)
Hyperglycemia 43 (12) 74 (56) 150 (100)
hs-CRP (mg/l) 2.7 ± 4.2 4.8 ± 6.8 4.6 ± 5.6
Insulin (mIU/l) 8.4 ± 4.0 14.3 ± 7.1 18.2 ± 19.3
HOMA-IR 2.1 ± 1.0 3.8 ± 1.9 6.9 ± 7.3

Data are numbers (percentage) or mean ± standard deviation
*
 National Adult Reading Test

†
 Intima Media Thickness

‡
 Ankle Brachial Index
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of metabolic disease. With ANCOVA the difference between z-scores was assessed,
with adjustment for age, sex, educational level and intelligence.

RESULTS

In total, 744 patients were included in this study (mean age ± SD: 59 ± 10 years).
Table 1 shows the main characteristics of the patients. The criteria for the metabolic
syndrome were positive in 239 patients (32%), of whom 100 had already reached the
stage of type 2 diabetes mellitus. The other 50 patients with type 2 diabetes did not
satisfy with the criteria for the metabolic syndrome. In table 2, the scores on the
individual cognitive tests and the z-score of global cognitive function are shown,
according to the presence of metabolic syndrome or type 2 diabetes mellitus, after
adjustment for age, sex, educational level and intelligence.

Table 2. Scores of cognitive  tests and z-scores of global cognitive function according to
the presence of the metabolic syndrome or diabetes mellitus (mean ± standard error),
adjusted for age, sex, educational level and intelligence

No metabolic Metabolic Diabetes
syndrome syndrome  Mellitus

No diabetes
Mellitus
n = 455 n = 139 n = 150

Memory
- RAVLT highest 9.7 ± 0.1 9.8 ± 0.2 9.9 ± 0.2

mean 7.4 ± 0.1 7.3 ± 0.2 7.4 ± 0.2
delayed 7.2 ± 0.1 7.2 ± 0.3 7.2 ± 0.3

- Rey-O CF
†

delayed 19.5 ± 0.3 18.9 ± 0.5 19.3 ± 0.5

Attention
- Visual Elevator Test accuracy 8.0 ± 0.1 8.4 ± 0.2 7.8 ± 0.2

timing score 5.2 ± 0.1 5.2 ± 0.2 5.7 ± 0.2

Executive function
- Brixton SAT

‡
18.9 ± 0.3 18.6 ± 0.5 18.9 ± 0.5

- Verbal Fluency 10.2 ± 0.2 10.4 ± 0.3 10.5 ± 0.3

Visuoperception and construction
- Rey-O CF

†
copy 34.6 ± 0.2 34.0 ± 0.3 34.0 ± 0.3

Global cognitive function
z-score 0.01 ± 0.02 -0.01 ± 0.04 -0.05 ± 0.04

*
RAVLT = Rey Auditory Verbal Learning Task

†
Rey-O-CF = Rey-Osterrieth Complex Figure

‡
Brixton SAT = Brixton Spatial Anticipation Test (number of errors)
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Number of individual risk factors of the metabolic syndrome
and cognitive function

Of the patients with the metabolic syndrome, men had less risk factors than women
(men: three out of five risk factors: 62%; four: 29%; five: 9%; women: three: 44%;
four: 39%; five: 18%). Figure 1 shows the relation between the number of component
risk factors of the metabolic syndrome and z-scores of global cognitive function,
adjusted for age, sex, educational level and intelligence. In patients with up to four
risk factors the mean score of cognitive function was not decreased, while the 26
patients with five risk factors had lower scores than the total average of the patient
group (β (95% CI): -0.21 (-0.41; -0.01)).

The metabolic syndrome and cognitive function

The relation between the metabolic syndrome and cognitive function is shown in
table 3. After adjustment for age, sex, educational level and intelligence, patients
with the metabolic syndrome had lower scores on visuoperception and construction
than patients without. Attention appeared to be better in patients with the metabolic
syndrome. The relation between the metabolic syndrome and cognitive function did
not depend on the level of hs-CRP (p for interaction term = 0.68 for global cognitive
function).
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FIGURE 1. Mean z-score of global cognitive function according to number of component risk factors
of the metabolic syndrome, adjusted for age, sex, educational level and intelligence.
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Influence of vascular disease on the relation between the
metabolic syndrome and cognitive function

After additional adjustment for markers of macrovascular (IMT, ABI, and site of
manifestation of the disease) and additional adjustment for microvascular disease
(proteinuria, creatinine clearance), the metabolic syndrome was still related to lower
scores on visuoperception and construction (β (95% CI) = -0.19 (-0.35; -0.03) and
-0.20 (-0.50; 0.10), respectively).

Influence of insulin resistance on the relation between the
metabolic syndrome and cognitive function

Both insulin and insulin resistance in patients without type 2 diabetes mellitus
strengthened the relation between the metabolic syndrome and visuoperception and
construction more than the markers of arterial disease did (β (95% CI) = -0.30
(-0.60; 0.01) with additional adjustment for insulin, and -0.29 (-0.60; 0.02) for insulin
resistance, compared with -0.16 (-0.30; -0.01) without additional adjustment).

Furthermore, we have compared the mean z-scores of patients with symptomatic
arterial disease without the metabolic syndrome and type 2 diabetes mellitus, with
patients with the metabolic syndrome or with type 2 diabetes mellitus. Table 4 shows
that patients with diabetes mellitus had approximately the same decreased scores on
visuoperception and construction as patients with the metabolic syndrome. While
patients with the metabolic syndrome had higher scores on attention, patients with
diabetes mellitus had lower scores than patients without diabetes mellitus or the
metabolic syndrome, although this was not statistically significant.

Table 3. Regression coefficients for the relation between the metabolic  syndrome and
cognitive function

Cognitive domain Unadjusted β Adjusted
†
 β

Memory -0.15 (-0.04; 0.10) -0.05 (-0.16; 0.06)
Attention -0.02 (-0.16; 0.11) 0.11 (-0.01; 0.23)
Executive function -0.03 (-0.15; 0.09) 0.08 (-0.03; 0.19)
Visuoperception and construction -0.25 (-0.40; -0.10) -0.16 (-0.30; -0.01)
Global cognitive function -0.11 (-0.21; -0.01) 0.00 (-0.08; 0.08)

* 
β (95% confidence interval), denoting the difference in cognitive z-score between patients with and
without the metabolic syndrome

†
Adjusted for age, sex, educational level and intelligence
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Table 4. Mean Z-scores for cognitive domains in patients with the metabolic syndrome
and in patients with diabetes mellitus, compared with patients without both; adjusted for
age, sex, educational level and intelligence (mean or difference and 95% CI*)

No metabolic Metabolic Diabetes
syndrome syndrome[B]  Mellitus [C]

No diabetes
Mellitus [A]

n = 455 n = 139 n = 150

Cognitive domain (A) (B-A) (C-A)

Memory 0.01 (-0.05; 0.08) -0.05 (-0.18; 0.08) 0.00 (-0.13; 0.13)
Attention 0.00 (-0.07; 0.07) 0.11 (-0.04; 0.26) -0.12 (-0.26; 0.03)
Executive function -0.01 (-0.07; 0.05) 0.03 (-0.10; 0.17) 0.04 (-0.09; 0.16)
Visuoperception and construction 0.06 (-0.03; 0.15) -0.18 (-0.36; 0.00) -0.15 (-0.33; 0.03)
Global cognitive function 0.01 (-0.04; 0.05) -0.02 (-0.12; 0.08) -0.05 (-0.15; 0.04)

* CI = confidence interval

DISCUSSION

In this study we only found a difference in global cognitive function between patients
with manifest arterial disease with all five components of the metabolic syndrome
and those with less than five components. The relation between the metabolic
syndrome and cognitive function, in patients with symptomatic arterial disease, was
only found in patients with all five components of the metabolic syndrome. The
metabolic syndrome, defined according to the ATP III criteria, was related to lower
scores on visuoperception and construction, but global cognitive function was not
affected within the studied patient group with manifest arterial disease.

In a population-based prospective study in 1016 subjects with the metabolic
syndrome and 1616 without (mean age 74 years), those with the metabolic syndrome
were more likely to have cognitive impairment.13 The prospective population-based
Honolulu Asia Aging Study showed that in 3734 subjects the risk of developing
dementia was increased among subjects with clustering of metabolic cardiovascular
risk factors.26 Patients with a combination of risk factors defined as the metabolic
syndrome are at higher risk of developing symptomatic arterial disease.11 We aimed
to describe the relation between the metabolic syndrome and cognitive function in
patients with symptomatic arterial disease, since cognitive function of these patients
is already compromised compared with healthy subjects. To the best of our knowledge,
this relation has not been studied in previous literature. The expected inverse relation
between the metabolic syndrome and cognitive function was only found for
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visuoperception and construction and not in the other domains or in global cognitive
function. This observation points out that patients with symptomatic arterial disease
do not have much variation in their cognitive function, with respect to presence or
absence of the metabolic syndrome. Therefore, the main intermediate in the relation
between the metabolic syndrome and cognition, described in the general population
in previous literature, might well be arterial disease. Indeed, in the Honolulu Asia
Aging Study subjects with the metabolic syndrome had an increased risk of vascular
dementia but not of Alzheimer’s disease.26

Adjustment for markers of macrovascular and microvascular disease did not
influence the strength of the relation between the metabolic syndrome and
visuoperception and construction, suggesting that this relation was not attributable
to these markers of vascular disease. This is probably due to the fact that all patients
had clinical vascular disease, and therefore vascular markers did not have any
additional effect on the relationship.

Although the most important pathophysiologic mechanism underlying the
metabolic syndrome is insulin resistance, it is conceivable that other mechanisms are
involved too.27 The process of insulin resistance is mainly driven by excessive or
dysfunctional adipose tissue.28 In 5510 elderly subjects of the population-based
Rotterdam Study, serum insulin levels were associated with decreased cognitive function
and dementia in women.16 Similarly, in a population-based study in 980 subjects,
hyperinsulinaemia was associated with an increased risk for Alzheimer’s disease in
patients without the apolipoprotein e4 allele.5 In another study among 523 people
aged 70 to 90 years, insulin resistance was related to cognitive impairment with
subcortical features (parkinsonism, dysexecutive features) on the Mini Mental State
Examination.14 However, the relation was not found in patients without subcortical
features. Regarding our inclusion criteria and younger study population, our patients
are probably more comparable to the patients without subcortical features. In our
study, additional adjustment for plasma insulin or insulin resistance strengthened the
relation between the metabolic syndrome and visuoperception and construction. This
indicates that, in this group of patients with vascular disease, the association can not
be explained by an effect of insulin resistance on cognitive function. Also, if metabolic
problems would have been the cause of the relation, we would have expected worse
cognitive function in diabetic patients than in patients with the metabolic syndrome,
which can be seen as a prodrome of diabetes mellitus. Compared with patients with
the metabolic syndrome, diabetic patients only scored worse on the domain attention,
although this was not statistically significant. Thus, metabolic parameters could not
explain why patients with the metabolic syndrome performed worse on visuoperception
and construction.
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There was no global cognitive impairment in patients with three or four components
of the metabolic syndrome. The contrast is apparently largest between patients with
none of the five components and patients with all of the components. In this study
we used the most widely used definition for the metabolic syndrome. The choice of
another definition of the metabolic syndrome than the ATP III criteria may alter our
results. The different definitions used in literature make comparison of results difficult.

Patients in our study were relatively young, with a mean age of 59 years. However,
due to their high prevalence of cardiovascular risk factors and their symptomatic
arterial disease, cognitive impairment is to be expected at a younger age than in the
general population. All analyses were adjusted for age, even though the mean ages
of patients with and without the metabolic syndrome were almost equal.
In conclusion, within a patient group with manifest arterial disease, patients with the
metabolic syndrome did not perform much worse on their cognitive tests than patients
without. This suggests that the relation described in previous literature between the
metabolic syndrome and cognitive function in the general population is attributable
to manifest arterial disease.
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Abstract

Objective

We assessed the relation between vascular growth factors and cognitive function in
patients with manifest arterial disease, and the possible mediating effect of cerebral
collateral circulation and arterial flow to the brain on this relation.

Methods

For this study 450 patients with manifest arterial disease underwent a screening
programme, including an extensive neuropsychological test. Levels of vascular
endothelial growth factor (VEGF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), tumor necrosis factor α (TNFα), and basic fibroblast growth factor
(bFGF) were determined in peripheral venous blood samples. With Magnetic
Resonance Angiography the presence of the communicating arteries in the circle of
Willis was assessed, as a measure of presence of cerebral collateral vessels; also the
total volume flow rate (tVFR) through both internal carotid arteries and the basilar
artery was assessed.
Linear and logistic regression models with adjustment for age were used to estimate
the relations between the growth factors and cognitive function and the mediating
effect of collaterals and tVFR.

Results

In patients with internal carotid artery stenosis, higher bFGF levels were related to
higher scores on attention, visuoperception and construction, and global cognitive
function. This relation was weakened by adjustment for tVFR, suggesting a mediating
effect. Also, higher bFGF levels were related to a higher chance of having a complete
collateral network. Furthermore, patients with higher VEGF levels had slightly lower
performance on visuoperception and construction.

Conclusion

BFGF seems the most promising of the four studied growth factors for future clinical
studies.
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INTRODUCTION

Cognitive impairment influences the ability of an individual to live independently
and diminishes the quality of life. Several studies found that cardiovascular disease,
non-invasive measures of atherosclerosis, including intima-media-thickness of the
carotid artery, and white matter lesions in the brain are related to a higher risk of
vascular dementia, cognitive decline, and even Alzheimer’s disease.1-3

Vascular growth factors may have an influence on cognitive function in patients
with vascular disease through different mechanisms. First, certain growth factors
are considered to have a stimulating effect on cerebral perfusion and may thereby
positively influence cognition. They stimulate angiogenesis, the process in which
new capillary blood vessels sprout from existing ones, and arteriogenesis, in which
preexisting arteriolar connections are recruited.4-6 Several growth factors, such as
fibroblast growth factor and vascular endothelial growth factor also stimulate the
release of nitric oxide, stimulating vasodilation, thus additionally improving cerebral
perfusion.7 Reduced perfusion of the brain is directly associated with cognitive
impairment and may also lead to white matter lesions and infarcts, which consequently
increase the risk of cognitive decline and vascular dementia.1,2,8,9

Second, several growth factors have been directly implicated in the protection against
dementing disorders, mainly Alzheimer’s disease (AD).10-13 Most of these studies
however were animal and in vitro studies.

Since population-based studies on the association between most of these
neurotrophic factors and cognitive function are scarce, the effect on cognitive function
in humans is largely unknown. A positive influence of growth factors on cognitive
function could be important for new therapeutic options. If growth factors influence
cognitive function it is not clear whether they act by improvement of cerebral
perfusion, or by a direct effect on the brain.

The circle of Willis is considered to be the primary collateral network in the
brain (figure 1). Through the anterior and the posterior communicating arteries,
the flow can instantaneously be directed from one hemisphere to the other and
from posterior to anterior, respectively. In many patients this network is just partly
complete. This is in contradistinction to the situation in utero where the circle is
initially complete. After that, due to unknown factors, parts of the circle of Willis
regress resulting in a frequently incomplete circle.14,15 Growth factors could play a
role in this process.

The aim of our study was to provide more insight into the relation between a
number of important growth factors and cognitive function. We considered both a
direct relation, as well as an indirect relation through collateral circulation via the
communicating arteries of the circle of Willis, and through volume flow to the brain.
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METHODS

Subjects

The research has been performed within the Second Manifestation of ARTerial
(SMART) disease study.16  This is an ongoing prospective cohort study at the University
Medical Center Utrecht, the Netherlands. Patients, aged 18-79, who are newly referred
to the University Medical Center with (risk factors for) arterial disease, are included.
At enrolment extensive baseline data were obtained about medical history, medication
use and presence of traditional risk factors. Among other tests, the degree of stenosis
of the internal carotid artery was assessed using duplex ultrasonography.

For this study, we have included 450 patients with clinically manifest arterial
disease, defined as cardiovascular (angina pectoris or myocardial infarction),
cerebrovascular (stroke or TIA), peripheral arterial disease (intermittent claudication
or rest pain), or abdominal aortic aneurysm (diameter ≥ 3cm), at inclusion or in
patient history. These vascular high-risk patients are at risk for cognitive disorders

Anterior

FIGURE 1. Anterior and posterior part of the circle of Willis. A: internal carotid artery; B: A1 segment of
the anterior cerebral artery; C: anterior communicating artery; D: basilar artery; E: P1 segment of the
posterior cerebral artery; F: posterior communicating artery.
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and for decreased brain perfusion. Thus, growth factors could be of importance in
this patient group. In 400 of these 450 patients, Magnetic Resonance Angiography of
the brain has been performed to assess the morphology of the circle of Willis and
Volume Flow Rate.

The study was approved by the ethics committee of our institution and written
informed consent was obtained from all participants.

Growth factors

We determined levels of four growth factors in the 450 patients with manifest arterial
disease: vascular endothelial growth factor (VEGF), as this stimulates angiogenesis;
granulocyte macrophage colony stimulating factor (GM-CSF) stimulating
arteriogenesis; and tumor necrosis factor α (TNFα) and basic fibroblast growth
factor (bFGF), acting both on angiogenesis and on arteriogenesis.17-19 Peripheral
venous blood samples were available of all patients. Growth factor concentrations
were determined in plasma using a quantitative sandwich enzyme immunoassay
technique (Quantikine® Human VEGF, GM-CSF, TNFα and FGF basic
Immunoassay; R&D Systems, Minneapolis, MN, USA). The concentrations were
all given in picograms/milliliter (pg/mL; 1 pg = 1*10-12g). The coefficients of variation
for the intra-assay precision vary from 4.2 to 14.6%, and for the inter-assay precision
from 4.9 to 14.3%, according to the manufacturer.

MRA

The MR investigations were performed on a Philips Gyroscan ACS-NT 15 whole
body system operating at 1.5 Tesla.

To visualize the circle of Willis, fifty slices were obtained with a 3D MRA time of
flight (TOF) technique (repetition time [TR] 31 ms, echo time [TE] 6.9 ms, flip
angle 20°, 2 signals acquired, slice thickness of 1.2 mm with an overlap of 0.6 mm,
a 100 x 100 mm field of view [FOV] and a 128 x 128 matrix). These images were
reconstructed in the transversal-oblique plane with a maximum intensity projection
(MIP) algorithm.

The morphology of the circle of Willis was investigated by two independent
dedicated readers on a workstation (Easy Vision; Philips Medical Systems), with
the MIP and source images. Discrepancies between the two readings were re-
evaluated in a consensus reading.

For the classification of the morphology, we categorized the anterior part of the
circle of Willis into two variants (complete or incomplete) and the posterior part
into two variants (complete or incomplete). For the purpose of this study, fetal type



Chapter 4

40

posterior cerebral arteries, in which the artery preserved its embryonic origin from the
internal carotid artery, were classified as incomplete posterior circles.

With two dimensional phase contrast MRA (2D PC MRA), the blood volume to
the brain can be determined (figure 2). With this technique, the volume per minute
(VFR) through the internal carotid arteries (ICAs) and the basilar artery (BA) is
measured. The total VFR (tVFR) through ICAs and BA is a measure of the total
arterial flow to the brain. To measure the volume flow in the ICAs and the BA, a 2D
PC section was positioned in the sagittal plane, at the level of the skull base (TR 16
ms; TE 9 ms; flip angle 7.5°; section thickness 5 mm; FOV 250 x 250 mm; matrix
size 256 x 256; 8 averages; velocity sensitivity 100 cm/s). Velocity sensitivity was
achieved by subtracting two images with opposed, bipolar, velocity-encoding gradients.
A region of interest (ROI) was manually drawn around the vessels of interest by
experienced MR technologists. The spatial and time-averaged flow velocity was
calculated from the phase-difference images. Repeated measurement of VFR with
hand drawn ROI’s has shown good agreement in our research group, with a coefficient
of variation of 5%.20 The flow through the left and right ICAs and BA were summed
to calculate tVFR (in mL/min).

FIGURE 2. Volume flow rate (VFR) measurement in the left and right internal carotid arteries (ICAs) and
in the basilar artery (BA), with 2D phase contrast MRA (1: right ICA; 2: left ICA; 3: BA).
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Cognitive function

All 450 patients underwent a set of well established cognitive tests.21

Premorbid intellectual functioning was assessed with the National Adult Reading
Test (NART),22 Dutch version, based on the correct pronunciation of 50 words.
The results range from zero to 100 points. This test is widely used for estimating
intelligence in neuropsychological research.23 Educational level was defined in 7
categories, graded from primary school to academic degree, according to the Dutch
educational system.
The neuropsychological tests cover four cognitive domains:
1. Memory: verbal: Rey Auditory Verbal Learning Task (immediate and delayed

recall); visual: Rey-Osterrieth Complex Figure delayed recall test.24

2. Attention: accuracy and timing score of the Visual Elevator Test (subtest of the
Test of Everyday Attention). This test was based on a procedure to measure
sustained attention, cognitive flexibility and speed.25

3. Visuoperception and construction: assessed by Rey-Osterrieth Complex Figure
copy test.24

4. Executive function: Brixton Spatial Anticipation Test 26 and Verbal Fluency Test 27

(words with letter N, during 1 minute).

Statistical analyses

The raw scores of the neuropsychological tests were transformed into standardized
z-scores (individual score minus the average score divided by the standard deviation
(SD) of that score) for each domain, with positive scores indicating better cognitive
function than the average. Global cognitive function was calculated as the mean of
the domain scores.

The growth factors were log transformed to obtain normally distributed variables
and were entered into the models as continuous variables.
First, we analysed the relation between the four growth factors and the possible
mediators, i.e. presence of collaterals and tVFR. This was done with logistic regression
and linear regression analysis, respectively, with adjustment for age. Additional
adjustment was made for sex, educational level and intelligence.

Second, we analysed the relation between the possible mediators and cognitive
function with linear regression and with adjustment for age, sex, educational level
and intelligence. To determine whether the relation between collaterals and cognitive
function, and between tVFR and cognitive function, depended on the presence of
an ICA-stenosis (≥ 70%), interaction terms were added to the models. A p-value
below 0.1 for the interaction term was considered as presence of interaction, followed
by a stratified analysis.
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Finally, we performed age-adjusted linear regression analysis to assess the relation
between the growth factors and cognitive function. We additionally adjusted the
model for sex, educational level and intelligence. Since patients with severe ICA-
stenosis may be more in need of the positive effects of growth factors than patients
without ICA-stenosis, we determined whether the relation between growth factors
and cognitive function depended on ICA-stenosis (≥ 70%). This was again done by
adding interaction terms to the models. We tested our hypothesis that collateral
circulation and tVFR act as intermediates in the relation between growth factors
and cognitive function by adding the completeness of the anterior and posterior
part of the circle of Willis (one dichotomous variable) and tVFR to the multivariate
linear regression models that showed a relation between a growth factor and a
cognitive domain. A reduction in the estimate for the growth factors could indicate
that collateral circulation or tVFR has a mediating effect.

Table 1. Baseline characteristics for tertiles of the global cognitive function z-score. Data
are n (%) or mean  ± sd.

Global cognitive function z-score (tertiles)

Missings (n) Lower Middle Upper
n = 149 n = 150 n = 151

(-3.5; -0.2) (-0.1; 0.3) (0.3; 1.2)

Age 0 63.5  ± 8.3 59.0 ± 8.8 53.3 ± 9.2
Sex (male) 0 114 (77) 124 (83) 122 (81)
Educational level

*
22 2.5 ± 1.5 3.2 ± 1.8 4.3 ± 1.9

Premorbid intelligence (NART)
†

5 66.9 ± 19.9 76.5 ± 16.4 85.5 ± 10.2
Cerebrovascular disease

‡
5 44 (30) 26 (18) 19 (13)

Cardiovascular disease
‡

7 87 (59) 94 (64) 94 (63)
Peripheral arterial disease

‡
7 28 (19) 26 (18) 26 (17)

Abdominal aortic aneurysm
‡

7 17 (12) 17 (12) 11 (7)
VEGF 0 402 ± 291 356 ± 199 366 ± 241
GM-CSF 0 1.3 ± 8.3 0.6 ± 2.8 0.3 ± 0.6
bFGF 0 5.2 ± 7.1 4.1 ± 3.6 5.9 ± 14.3
TNFα 0 0.4 ± 1.3 0.3 ± 0.9 0.2 ± 0.7
Anterior collateral 52 90 (71) 103 (77) 103 (75)
Posterior collaterals 53 32 (25) 25 (19) 30 (22)
Both anterior and posterior collaterals 53 26 (21) 18 (14) 22 (16)
tVFR 50 560 ± 151 601 ± 125 614 ± 120
ICA-stenosis  ≥ 70% 19 25 (18) 16 (11) 6 (4)

* Educational level: 1 = primary school only; 7 = academic degree
†

NART = National Adult Reading Test
‡

Disease at inclusion and in history were combined; patients could thus be classified in more than one
category
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RESULTS

In this study 450 patients were included (360 men (80%); mean age ± sd: 59 ± 10).
Of these patients, 400 underwent an MRA scan of the brain. In 2 patients, we
could not determine the completeness of the anterior part of the circle of Willis,
and in 3 patients for the posterior part, due to low quality of the scan. Table 1
shows the baseline characteristics according to tertiles of the global cognitive function
z-score.  Patients in the lower tertile tended to be older, to have a lower premorbid
intelligence level, to more often have cerebrovascular disease, to have higher VEGF
and TNFα levels, to have lower tVFR and to more often have ICA-stenosis ≥ 70%.
In total, 47 patients had severe ICA-stenosis at inclusion, of which 70% was
symptomatic.

Table 2 indicates the relations between the growth factors and the possible
mediators. Patients with higher bFGF and TNFα levels more often had both anterior
and posterior collaterals, although this was not statistically significant for TNFα.
When growth factor levels increased, tVFR tended to increase as well.

Table 3 shows the linear regression analysis results for the relation between the
possible mediators and cognitive function. There was an interaction between ICA-
stenosis and the presence of collaterals in relation to global cognitive function, and
attention (p = 0.074 and p = 0.001 respectively), indicating effect modification: in
patients with an ICA-stenosis those with collaterals appeared to have a lower global
cognitive function or attention (β (95% CI) = -0.38 (-0.78; 0.03) and -0.90 (-1.90;
0.10), respectively). No relation was found between tVFR and cognitive function.

Table 2. Age-adjusted relation between growth factors and possible mediators.

Both anterior and tVFR
posterior collaterals

OR
*
 (95% CI

†
) β

‡
 (95% CI

†
)

VEGF 1.0 (0.7; 1.4) 9.3 (-7.4; 25.9)
GM-CSF 1.1 (0.9; 1.4) 1.0 (-10.4; 12.4)
bFGF 1.3 (1.0; 1.8) 7.3 (-6.8; 21.4)
TNFα 1.6 (0.8; 3.4) 8.5 (-23.1; 40.1)

*
OR = odds ratio; indicates the relative risk of having collaterals per unit of log (growth factor) increase

†
95% CI = 95% confidence interval

‡
β = regression coefficient; indicates the change in tVFR per unit of log (growth factor) increase
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In table 4, the age-adjusted relation between the growth factor levels and the cognitive
domains is shown. The higher the VEGF levels, the lower the score on all cognitive
domains. This relation was strongest for visuoperception and construction, although
only of borderline statistical significance. Furthermore, in patients with severe ICA-
stenosis, the higher the level of bFGF, the higher the score was on attention,
visuoperception and construction, and global cognitive function. GM-CSF and TNFα
did not show a clear relation with cognitive function.

The possible mediating effect by tVFR and collaterals was assessed in the relation
between VEGF level and visuoperception and construction. Both tVFR and the
presence of collaterals (combination of anterior and posterior completeness of the
circle of Willis) strengthened the negative relation between VEGF and
visuoperception and construction (with tVFR: β (95% CI) = -0.15; (-0.29; -0.01);
with collaterals: -0.17; (-0.30; -0.03); without adjustment for tVFR or collaterals:
-0.13; (-0.25; 0.00)). In the stratum of patients with ICA-stenosis, adding tVFR to the
model weakened the positive relation between bFGF and attention (β (95% CI)

Table 3. Age-adjusted relation between possible mediators and cognitive function,
expressed as β

*
(95% CI

†
)

Memory Attention Visuoperception Executive Global cognitive
and construction function function

tVFR
‡

0.01 0.03 -0.02 0.07 0.02
(-0.07; 0.08) (-0.05; 0.11) (-0.12; 0.09) (-0.01; 0.14) (-0.03; 0.08)

Collaterals -0.10 -0.10 -0.03 -0.08 -0.07
(-0.29; 0.09) (-0.31; 0.17) (-0.31; 0.26) (-0.28; 0.12) (-0.22;0.08)

p-value for 0.503 0.001 0.492 0.914 0.074
interaction term

§

- ICA-stenosis absent -0.05 0.11 0.02 -0.06 0.01
(-0.27; 0.16) (-0.09; 0.31) (-0.30; 0.34) (-0.28; 0.16) (-0.16; 0.18)

- ICA-stenosis present -0.26 -0.90 -0.26 -0.09 -0.38
(-0.73; 0.22) (-1.90; 0.10) (-0.77; 0.26) (-0.64; 0.46) (-0.78; 0.03)

∗
β = regression coefficient; indicates the change in Z-score of cognitive function per 1 mL/min

increase in tVFR or for presence of collaterals
†

95% CI = 95% confidence interval
‡

tVFR values were divided through the standard deviation (134.0)
§

Interaction term between the presence of anterior and posterior collaterals and severe ICA-stenosis
in the linear regression model
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= 0.40; (-0.30; 1.11); versus 0.44; (-0.11; 0.99) without tVFR), and between bFGF
and global cognitive function (β (95% CI) = 0.11; (-0.17; 0.39); versus 0.21; (-0.02;
0.44)). The presence of collaterals did not affect the relation.

After additional adjustment for sex, educational level and intelligence in all the
models, the results were essentially the same.

DISCUSSION

The results show that higher levels of bFGF are related to better cognitive function
in patients with severe ICA-stenosis. Higher levels of bFGF are also related to a
higher chance of having a complete collateral network in the brain. Furthermore,
higher levels of VEGF are related to a slightly lower score on visuoperception and
construction.

Table 4. Age-adjusted relation between growth factor levels and cognitive function,
expressed as β

*
(95% CI

†
)

Memory Attention Visuoperception Executive Global
and construction function cognition

VEGF -0.02 -0.05 -0.13 -0.07 -0.06
(-0.11; 0.07) (-0.15; 0.05) (-0.25; 0.00) (-0.16; 0.03) (-0.13; 0.01)

GM-CSF -0.02 -0.02 -0.02 -0.03 -0.02
(-0.09; 0.04) (-0.09; 0.05) (-0.11; 0.06) (-0.09; 0.04) (-0.07; 0.03)

bFGF -0.02 0.02 0.00 -0.03 -0.01
(-0.10; 0.05) (-0.07; 0.10) (-0.11; 0.11) (-0.11; 0.05) (-0.07; 0.05)

p-value for 0.983 0.006 0.153 0.251 0.040
interaction term

‡

- ICA stenosis absent -0.01 -0.01 -0.03 -0.03 -0.02
(-0.09; 0.07) (-0.10; 0.06) (-0.14; 0.09) (-0.11; 0.05) (-0.09; 0.04)

- ICA stenosis present -0.01 0.44 0.27 0.14 0.21
(-0.28; 0.26) (-0.11; 0.99) (0.00; 0.54) (-0.16; 0.44) (-0.02; 0.44)

TNFα -0.09 0.05 0.10 0.05 0.03
(-0.26; 0.08) (-0.13; 0.23) (-0.21; 0.41) (-0.13; 0.24) (-0.10; 0.17)

*
β = regression coefficient; indicates the change in Z-score of cognitive function per unit of log (growth
factor) increase

†
95% CI = 95% confidence interval

‡
Interaction term between ln(bFGF) and severe ICA stenosis in the linear regression model
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Growth factors are hypothesized to be positively associated with cognitive function
after promising results from in vitro and animal studies. Large clinical studies are
needed to assess this relation in combination with all potential confounders and
mediators, to draw conclusions about the importance of growth factors, and thus
eventually, about future therapeutic possibilities. There is still a long way to go.

Since this study was the first to investigate the association between growth factors
and cognitive function in humans, many relationships were tested. This increases the
risk of a chance finding, and our results should therefore be interpreted with caution.
We performed our study in patients with manifest arterial disease, because they are
at risk for cognitive impairment and may benefit from growth factors and collateral
circulation. The reference value used for cognitive function in our study was a z-score
of zero, i.e. the mean performance of all participants. Our hypothesis was that higher
growth factor levels would be related to better cognitive performance. We found this
relation between bFGF and attention or global cognitive function in patients with
severe ICA-stenosis. However, a tendency towards an inverse relation was found
between VEGF and cognitive function. Although in our opinion it is highly informative
to study a patient group like ours, it is possible that the variation in cognitive function
is not large enough within such a group of vascular patients, thus not showing strong
relations. However, our cognitive test battery was sensitive to mild impairments, and
should therefore be able to detect even small differences between groups.21

We found that higher VEGF values tended to be related to lower cognitive
performance. VEGF is an angiogenic growth factor, triggered by hypoxia. It has
also been suggested that VEGF has a direct neuroprotective effect.28,29 This implies
that VEGF has a beneficial effect, and higher levels should thus be expected to be
related to better cognitive function. The observed inverse relation in our study
could be a sign that patients at higher need for angiogenesis and neuroprotection,
have compensatory high VEGF values. Elevated VEGF levels have also been found
in brain tissue of patients with AD and in cerebrospinal fluid of patients with AD or
vascular dementia.30,31

Also, we found that among patients with severe ICA-stenosis, higher bFGF was
related to better scores on attention, visuoperception and construction, and global
cognitive function. This implies that especially patients with severe ICA-stenosis
benefit from the effects of higher bFGF levels. tVFR appeared to mediate this
relationship, suggesting that bFGF influenced cognitive function by increasing the
cerebral blood flow. bFGF has been demonstrated to have a neuroprotective and
neurotrophic effect. FGF can protect neurons against excitotoxic, metabolic and
oxidative insults that are involved in AD.10,11 However, FGF is also shown to stimulate
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the expression of amyloid precursor protein (APP) and of tau, both involved in the
pathogenesis of AD.32,33 Studies in cell cultures showed that bFGF promotes neurite
growth of brain neurons and can modulate synaptic transmission in the hippocampus,
which is involved in learning and memory.12

A clear relation between GM-CSF and TNFα and cognitive function has not
been found in our study. High GM-CSF was slightly related to lower cognitive
function, and inversely, increasing TNFα levels showed slightly better performance
on the cognitive tests.

GM-CSF, bFGF and TNFα are mostly involved in arteriogenesis rather than
angiogenesis, although bFGF and TNFα also play a role in angiogenesis.19 Direct
effects on the nervous system have also been shown. Higher concentrations of
TNFα were also found among AD patients than controls.34 TNFα is a mediator of
the acute phase response and immune activation is believed to play a role in AD.
Subcutaneous administration of GM-CSF in rats was shown to improve brain
hemodynamic parameters.35 Although preliminary, as no large in vivo studies have
confirmed these findings, the results described in the literature seemed promising
for positive findings in our study.

The growth factor levels have been measured in a peripheral blood sample.
Actual growth factor level variations in the brain could thus not be assessed. Any
process in which growth factors are involved elsewhere in the vascular tree might
have influenced the blood sample concentrations of our patients, and may thereby
have obscured any true association between growth factors and cognition.

Patients with higher bFGF and TNFα levels more often seemed to have a more
complete cerebral collateral network, which can be explained by the assumed effect
on arteriogenesis of these factors. Also, as expected, tVFR tended to be higher in
patients with higher growth factor levels.

No relation was found at all between tVFR and cognitive function. In patients
with severe ICA-stenosis, the completeness of the collateral network appeared to
be associated with lower performance on attention and global cognitive function.
Considering the presence of severe ICA-stenosis, functioning collaterals could be
an indication of the extent of vascular damage.

Other collaterals, such as leptomeningeal vessels, may be more important in
patients with arterial disease and their role should be examined in future research.
Unfortunately, the secondary collateral vessels, such as leptomeningeals, can not
be determined on our MRA assessment.

In conclusion, we have only observed the expected positive relation between
growth factors and cognitive function for bFGF in patients with severe ICA-stenosis.
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In contrast, higher VEGF levels were related to slightly lower scores on visuoperception
and construction. A plausible explanation is that VEGF levels are increased in these
patients as a compensatory mechanism. This study questions the importance of
growth factors for therapeutic purposes, and implies the need for large clinical studies
concerning the benefit of growth factors. BFGF seems the most promising of the four
studied growth factors for future research.
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Abstract

Objective

Silent brain infarcts are associated with decreased cognitive function in the general
population. We examined whether this relation also exists in patients with symptomatic
arterial disease. Furthermore, we compared cognitive function of patients with stroke
or TIA, with cognitive function of patients with symptomatic arterial disease at other
sites in the arterial tree.

Methods

An extensive screening was done in 336 consecutive patients participating in the
Second Manifestations of ARTerial disease (SMART) study, including a
neuropsychological test. Inclusion diagnoses were cerebrovascular disease,
symptomatic coronary artery disease, peripheral arterial disease, or abdominal aortic
aneurysm. MRI examination was performed to assess the presence of silent infarcts
in patients without symptomatic cerebrovascular disease. The patients were assigned
to one of three categories according to their patient history and inclusion diagnosis:
no stroke or TIA, no silent infarcts (n = 220; mean age 57 years); no stroke or TIA,
but silent infarcts present (n = 33; mean age 65 years); stroke or TIA at inclusion
(n = 83; mean age 60 years). Cognitive test scores were transformed in standardized
z-scores.

Results

After adjustment for age, sex, educational level and intelligence, patients with silent
infarcts appeared to have slightly higher cognitive scores than patients without silent
infarcts (difference in global cognitive function (95% CI): 0.11 (-0.08; 0.31)), although
this was not statistically significant, while patients with stroke or TIA had lower
scores on all cognitive domains except memory (difference in global cognitive function
(95% CI): -0.23 (-0.35; -0.10)).

Conclusion

Silent infarcts do not influence cognitive function in patients with symptomatic coronary
or peripheral artery disease, or abdominal aortic aneurysm. Patients with stroke or
TIA, however, had lower scores on most tests than patients with symptoms elsewhere
in the arterial tree.
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INTRODUCTION

Ischemic lesions in the brain seen on imaging do not always manifest themselves as
symptomatic cerebral infarcts. Silent brain infarcts are five times more common
than symptomatic ones in the general population.1 Although their name suggests
that silent brain infarcts are asymptomatic, large population-based studies showed
that these lesions are related to lower scores on cognitive function tests in the general
population.2-4

Symptomatic arterial disease is related to decline in cognitive function.5 Not only
patients with cerebrovascular disease have lower cognitive function than the general
population, but also patients with a manifestation of arterial disease elsewhere in the
arterial tree.6,7 Also, lower cognitive test scores predict incident myocardial infarction,
stroke and cardiovascular death, implying that decreased cognitive function is an
early manifestation of vascular injury to the brain.8

Little is known about the effect of silent brain infarcts on cognitive function within a
patient group with symptomatic arterial disease. If silent brain infarcts are simply
markers of arterial disease, the negative effect of these lesions on cognitive function
could be absent in vascular compromised patients. We therefore examined the effect
of silent brain infarcts on cognitive function in patients with coronary artery disease,
peripheral arterial disease, or abdominal aortic aneurysm, and additionally compared
their cognitive function with that of patients with stroke or TIA.

METHODS

Subjects

Subjects were participants of the Second Manifestation of ARTerial disease study
(SMART). This is an ongoing prospective cohort study at the University Medical
Center Utrecht. Detailed information about the inclusion criteria and baseline
measurements was published previously.9 In short, patients, aged 18-79, newly referred
with (risk factors for) arterial disease, are included. At enrolment an extensive
questionnaire is filled in and baseline examinations are performed. Blood and urine
are examined. Common carotid intima media thickness (IMT) is measured as a
marker of the extent of atherosclerosis. Magnetic resonance imaging (MRI) of the
brain and a neuropsychological examination are performed in patients with manifest
arterial disease.
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In the current study, the information of 390 consecutive patients with at least one
manifestation of arterial disease was available. Of those patients, 83 were included
with a manifestation of cerebrovascular disease, defined as stroke or transient ischemic
attack (TIA) inclusion. The diagnosis was confirmed by their treating neurologists.
Patients who were not independent in daily activities (modified Rankin scale >3)10

were excluded from participating in the SMART study. The other 307 patients had
manifestations of arterial disease at any localisation except for the brain: coronary
artery disease, peripheral artery disease, abdominal aortic aneurysm (AAA). Their
questionnaires were additionally screened for reported stroke, or symptoms suspected
for TIA in history by two trained physicians. 54 patients had a probable history of
TIA or stroke and were excluded. Thus, 253 patients without cerebrovascular symptoms
remained in the study. In total, the study was performed in 336 patients from the
SMART study.

The study was approved by the ethics committee of our institution and written
informed consent was obtained from all participants.

Silent brain infarcts

In the 253 patients without signs of (previous) TIA or stroke, the presence of silent
cerebral infarcts was assessed on MRI scans.

The MR investigations were performed on a 1.5-T whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, the Netherlands). The scanning protocol included
a fluid-attenuated inversion recovery (FLAIR) sequence (repetition time 6000 ms,
echo time 100 ms, inversion time 2000 ms) and a turbo spin-echo T2-weighted
sequence (repetition time 2200 ms, echo time 100 ms). Images were obtained of 19
transaxial slices per scan. Slice thickness was 4 mm, with no interslice gap. The MRIs
were read on hard copies.

The whole brain, including cortex, brain stem, and cerebellum, was searched for
silent infarcts. Infarcts were defined as focal lesions of at least 3 mm in diameter,
with signal intensity corresponding to liquor (hyperintense on T2-weighted images
and low signal on the FLAIR image). The infarcts were often surrounded by a
hyperintense gliotic rim on the FLAIR sequence. They were distinguished from white
matter lesions on FLAIR, as the latter were of high signal intensity. Dilated perivascular
spaces were also differentiated, based on their localisation (along perforating or
medullary arteries, often present bilaterally, usually in the lower third of the basal
ganglia or in the centrum semiovale), shape (round/oval), and the absence of gliosis.
The infarcts were scored in consensus by an investigator and a neuroradiologist, who
were blinded for the history, diagnosis, and neuropsychological test results of the
patients.11
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Cognitive function

Educational level was defined in 7 categories, graded from primary school to academic
degree, according to the Dutch educational system. Premorbid intellectual functioning
was assessed with the National Adult Reading Test (NART).12 Dutch version. This
test is widely used for estimating intelligence in neuropsychological research.13

A set of standardized neuropsychological tests was selected, sensitive to mild
impairments. The four cognitive domains and the accompanying tests were as follows:
Memory : Rey Auditory Verbal Learning Task (immediate and delayed recall) and
Rey-Osterrieth Complex Figure delayed recall test;14 Attention: accuracy and timing
score of the Visual Elevator Test (subtest of the Test of Everyday Attention);15 Executive
function: Brixton Spatial Anticipation Test16 and the Verbal Fluency Test;17

Visuoperception and construction: Rey-Osterrieth Complex Figure copy test.14

Table 1. Baseline characteristics, according to the presence of manifest cerebrovascular
disease and the presence of silent cerebral infarcts (n (%) or mean ± sd)

Cognitive domain Unadjusted ß Adjusted† ß Adjusted‡ ß
(95% CI*) (95% CI*) (95% CI*)

No stroke or TIA (n = 253)

No silent infarcts Silent infarcts Stroke or TIA
(n = 220) (n = 33) (n = 83)

Age 57 ± 9 65 ± 8 60 ± 9
Sex (male) 189 (86) 27 (82) 60 (72)
Educational level (0-7) 3.3 ± 1.8 2.9 ± 1.9 3.2 ± 1.9
NART

*
75.8 ± 17.9 72.9 ± 20.1 76.7 ± 16.9

systolic blood pressure 137 ± 18 159 ± 27 151 ± 22
diastolic blood pressure 82 ± 11 90 ± 15 87 ± 11
Body Mass Index 27.2  ± 4.1 27.1 ± 2.4 26.9 ± 4.0
diabetes 38 (20) 12 (38) 17 (22)
Intima Media Thickness 0.9 ± 0.2 1.1 ± 0.4 1.1 ± 0.3
ICA-stenosis ≥ 70% 8 (4) 1 (3) 30 (38)
cardiovascular disease

†
170 (77) 24 (73) 17 (21)

peripheral arterial disease
†

45 (21) 8 (24) 2 (2)
abdominal aortic aneurysm

†
24 (11) 3 (9) 3 (4)

*
NART = National Adult Reading Test

†
Patients were classified into more than one category when they had more than one localisation of
manifest arterial disease
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Statistical analysis

The raw scores of the neuropsychological tasks were transformed into z-scores
(individual score minus the average score, divided by the standard deviation of that
score). Compound z-scores for the cognitive domains were made, and a sum score
for global cognitive function was derived from the mean of the domain scores.
Analysis of variance (ANOVA; SPSS 12.0.1; SPSS, Chicago, Ill) was used to calculate
the difference between z-scores of cognitive function in patients with silent brain
infarcts and in patients with symptomatic cerebrovascular disease, compared to the
reference group (no silent infarcts and no symptomatic cerebrovascular disease). The
results were adjusted for age, sex, educational level, and intelligence.

Table 2. Crude results on neuropsychological tests, and z-score of global cognitive function,
according to the presence of silent brain infarcts and manifest cerebrovascular disease
(score ± sd)

Tasks Test Stroke or TIA Stroke or TIA
absent (n = 253) present (n = 83)

Silent infarcts Silent infarcts
 absent (n=220)  present (n=33)

Memory
- RAVLT

*
highest 9.4 ± 2.6 8.8 ± 2.3 9.3 ± 3.1
mean 7.1 ± 2.0 6.6 ± 1.9 6.9 ± 2.3
delayed 7.0 ± 3.4 6.3 ± 2.5 6.7 ± 3.3

- Rey-O-CF
†

delayed 20.1 ± 7.0 19.2 ± 6.6 18.6 ± 6.7

Attention
- Visual elevator test accuracy 8.3 ± 2.0 7.9 ± 2.5 7.4 ± 2.7

timing score 5.0 ± 2.3 6.6 ± 4.7 6.1 ± 3.2

Executive function
- Brixton SAT

‡  
(number of errors) 18.3 ± 6.1 19.8 ± 5.5 22.0 ± 7.2

- Verbal Fluency test 10.6 ± 4.3 9.9 ± 4.4 9.4 ± 4.3

Visuoperception and construction
- Rey-O-CF

†
copy 34.6 ± 3.8 34.1 ± 3.4 33.5 ± 4.2

Global cognitive function
- standardized z-score 0.09 ± 0.57 -0.16 ± 0.71 -0.27 ± 0.74

*
RAVLT = Rey Auditory Verbal Learning Task

†
Rey-O-CF = Rey-Osterrieth Complex Figure

‡
Brixton SAT = Brixton Spatial Anticipation Test
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RESULTS

Two hundred and fifty three patients without symptomatic cerebrovascular disease
were included in this study (86% male; mean age 58 ± 9 years), and 83 patients with
stroke or TIA at inclusion (72% male, mean age 60 ± 9 years). Of the patients
without stroke or TIA, 33 patients (13%) had silent brain infarcts: 24 patients had
one infarct, six patients had two, one patient had three, and two patients had five.
The lesions were mostly small vessel lesions, located in the white matter (59%), basal
ganglia (16%), and thalamus (6%); only few were large vessel lesions, located in the
cerebellum (12%), and the frontal and parietal cortex (6%). Table 1 shows the main
characteristics of all patients. Among patients without symptomatic cerebrovascular
disease, patients with silent infarcts were older, had higher blood pressure, and more
often had diabetes than those without silent infarcts. Patients with stroke or TIA were
only slightly older, more often were females, had higher systolic blood pressure, and
more often had ICA-stenosis ≥  70%.

In table 2, the raw scores on all neuropsychological tests and the z-score for
global cognitive function are given for the three groups. This shows an unadjusted
overall lower cognitive function in patients with silent infarcts, and an even lower
score for patients with stroke or TIA.

Table 3. Age, sex, education and intelligence-adjusted difference in z-score for the domains
of cognitive function.*

Stroke or TIA Stroke or TIA
absent present

Silent infarcts Silent infarcts n=83
 absent n=220  present n=33

reference
Z-score Difference Difference

Domain (95% CI
†
) (95% CI

†
) (95% CI

†
)

Memory 0.00 (-0.09; 0.10) 0.24 (-0.04; 0.52) -0.03 (-0.22; 0.15)
Attention 0.08 (-0.02; 0.18) 0.09 (-0.23; 0.40) -0.33 (-0.54; -0.13)
Executive function 0.08 (-0.01; 0.17) 0.10 (-0.18; 0.37) -0.33 (-0.52; -0.15)
Visuoperception and construction 0.02 (-0.11; 0.15) 0.12 (-0.27; 0.50) -0.17 (-0.42; 0.10)
Global cognitive function 0.04 (-0.02; 0.11) 0.11 (-0.08; 0.31) -0.23 (-0.35; -0.10)

* Values are the adjusted mean differences in z-score between patients with silent infarcts and the
reference group, and with stroke or TIA and the reference group. A positive value indicates a better
score than the reference group in the cognitive domain.

†
95% CI = 95% confidence interval
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The results of the adjusted differences in z-scores of cognitive function are shown in
table 3. After adjustment for age, sex, education and intelligence, patients with silent
infarcts had slightly higher, i.e. better, scores on all domains, although this was not
significant. Patients with stroke or TIA had lower scores than patients with symptomatic
atherosclerosis at other sites of the arterial tree on all domains except for memory.
The strongest confounder in the model was age: differences in z-score were about
0.10 lower after adjustment for age.

DISCUSSION

Our study was conducted in patients with symptomatic arterial disease. We compared
patients with silent brain infarcts, and patients with stroke or TIA, with a group of
patients with non-cerebral localisations of manifest arterial disease. We found that
silent brain infarcts do not independently influence cognitive function in this vascular
high-risk population. However, patients with stroke or TIA did have lower cognitive
function than patients with non-cerebral localisations of manifest arterial disease.
Several studies have been conducted on the determinants of silent brain infarcts. In
the SMART study, again in patients with non-cerebrovascular symptomatic arterial
disease, we found that age, hypertension, elevated creatinine, elevated homocysteine,
abdominal aortic aneurysm and increased IMT were related to the presence of silent
brain infarcts.11 In the population-based Cardiovascular Health Study, conducted in
3660 elderly participants aged 65 years or older, silent brain infarcts occurred in
20%, and were related to age, male sex, diastolic blood pressure, creatinine, smoking,
ICA-stenosis, and diabetes.3 In another population-based study, the Rotterdam Scan
Study, 20% of the 1077 participants, aged 60-90 years, had silent brain infarcts, and
these were related to age, female sex, and hypertension.18 Patients in the SMART
study were relatively young (mean age 58 years), but the high prevalence of
cardiovascular risk factors increased their risk for silent brain infarcts at a younger
age. We expected to find these lesions in a similar or higher percentage of patients
compared with population-based studies. Nevertheless, the prevalence was only 13%.
A possible explanation is that we had a strict definition for silent brain infarcts and
that we have differentiated them from perivascular spaces.11 We believe this was a
proper study population to conclude that silent infarcts are only a marker for arterial
disease, comparable to the presence of coronary artery disease, peripheral artery
disease or AAA with regard to cognitive function.

To our knowledge, our study is the first investigating cognitive function within
three patient groups with symptomatic arterial disease. Many studies have been
conducted in population-based studies. Cross-sectional studies showed a relation
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between silent brain infarcts and cognitive function 19,20. Large longitudinal studies
also showed a higher risk of cognitive decline or dementia in patients with silent brain
infarcts.2,4,21,22 Absent relations between silent brain infarcts and cognitive function
were not reported. The fact that we did not find a difference in cognitive function
between patients with silent infarcts and the patients without silent infarcts, does not
contradict previous literature. The patients without silent infarcts in our study were
not free of symptomatic arterial disease and thus also had lower scores on cognitive
tests than healthy subjects. In a prospective study in 599 subjects, those with generalized
atherosclerosis had lower baseline scores on cognitive tests than those without, and
also had accelerated cognitive decline during follow-up.5

The relation between symptomatic stroke or TIA and lower cognitive function is
not surprising. Similar results have been described in previous literature.5 A probable
explanation for the difference with silent infarcts, is the size of the lesions and the
fact that stroke and TIA patients often suffered from large vessel disease, and not
mostly small vessel disease, as in silent infarcts. In our study, patients in the stroke or
TIA group had much higher prevalences of severe ICA-stenosis (38%) than the group
with silent infarcts (3%).

We did not find a relation between stroke or TIA and lower scores on memory
tasks. In contrast, in the previously mentioned population-based study in 599 subjects,
patients with a history of stroke had lower scores on immediate and delayed recall
memory, compared with elderly participants without stroke or symptomatic
cardiovascular pathology.5 An important difference is that that study concerned subjects
aged 85 years and older, whereas our study population was much younger. Perhaps
therefore, memory impairment was not yet discernible in our patients. Furthermore,
selection bias could have occurred, since patients with a modified Rankin scale > 3
were excluded from this study.

Because in the SMART study previous stroke or TIA was based on self-report,
misclassification could have occurred. To reduce misclassification, we have reviewed
all the questionnaires, and we have excluded all patients reporting stroke or TIA, or
symptoms of TIA, in history. Thus, for the patient group with stroke or TIA, we only
included patients in which the diagnosis was confirmed by the treating neurologist at
inclusion. Patients with possible stroke or TIA in history were not included in any of
the patient categories for this particular study.

From this study we conclude that the silence of brain infarcts does matter for
cognitive function. Patients with silent brain infarcts do not have lower scores on
cognitive function than patients with non-cerebral symptomatic arterial disease, while
patients with stroke or TIA clearly do have lower cognitive function.
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Abstract

Objective

To investigate which patient characteristics are related to total arterial blood flow to
the brain in patients with symptomatic vascular disease.

Methods

The study was approved by the ethics committee of our institution and written informed
consent was obtained from all participants. Total Volume Flow Rate (tVFR) in both
internal carotid arteries and the basilar artery was measured with two-dimensional
phase-contrast magnetic resonance angiography in 636 patients (84% men; mean
age 58 years) with symptomatic vascular disease. Reference values for tVFR in the
general population were obtained from previous research (158 subjects; 46% men;
mean age 60 years).

Results

Higher tVFR was found in patients with symptomatic vascular disease, but this relation
was only statistically significant in the seventh decade. tVFR declined with age
(-3.4 mL/min per year; 95% CI -4.3; -2.5). Presence of diabetes mellitus was
associated with lower tVFR (-27.6 mL/min; 95% CI -52.6; -2.6) as was increasing
BMI (-2.8 per BMI unit; 95% CI -5.3; -0.2). Patients with cerebrovascular disease
had lower tVFR values (-39.7 mL/min; 95% CI -65.1; -14.3) than patients with
symptomatic vascular disease elsewhere in the vascular tree.

Conclusion

Patients with vascular disease had a slightly higher arterial blood flow to the brain
compared with the general population. tVFR declined with age and BMI, and patients
with diabetes mellitus had lower tVFR values than those without; patients with
cerebrovascular disease had lower tVFR than those with other sites of manifestation
of vascular disease.
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INTRODUCTION

The vascularisation of the brain can be assessed at different levels. First, the blood
supply through the large vessels can be measured with phase contrast magnetic
resonance angiography (2D PC MRA).  With this simple, non-invasive technique, the
volume flow rate (VFR, expressed in millilitres per minute) is measured in both internal
carotid arteries (ICAs) and in the basilar artery (BA). These values are then summed
to calculate the total VFR (tVFR) to the brain. By dividing this unit through the total
brain volume, the mean cerebral perfusion can be calculated. Second, at the brain
tissue level, the perfusion can be measured with different techniques such as PET or
perfusion MR. This technique can provide perfusion values in specific regions of the
brain (regional cerebral blood flow, rCBF; in mL/100g of brain tissue/min). The CBF
of the total brain should be similar to the tVFR corrected for the brain volume.
Compared to the rCBF, the tVFR is simple and cheap and can easily be applied in
hundreds of patients. rCBF studies typically have been small and thus have limited
value in showing relations between risk factors and flow. To show these relations,
large patient groups are required. Up to now, these smaller rCBF studies are the only
studies we have for comparison.

A decline in regional cerebral blood flow (rCBF) is associated with deterioration
of cognitive function,1 depression,2 and may indicate an increased risk of cerebral
ischemia.3 Several studies investigated factors influencing rCBF. Contradicting results
have been described about the relation between rCBF and age,4-9 male sex,6,9

smoking,6,10-12 alcohol consumption,6,13 hypertension,6-8,14-16 hyperlipidemia,17,18 and
diabetes.19 Little is known about the arterial blood flow to the brain in patients with
vascular disease and the association with vascular risk factors.

Thus, the purpose of our study was to retrospectively investigate which patient
characteristics are related to total arterial blood flow to the brain in patients with
symptomatic vascular disease.

METHODS

Patients

All patients were participants of the Second Manifestations of ARTerial disease
(SMART) study. The SMART study, an ongoing single-center prospective cohort study,
started in September 1996. All eligible patients, aged 18-79 years, newly referred to
our institution with symptomatic atherosclerosis or risk factors for atherosclerosis,
are screened for additional risk factors and severity of atherosclerosis. Definitions of
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the diseases qualifying for enrollment were reported elsewhere.20 In total, 636 patients
(536 men and 100 women) were included in the study, with a mean age ± sd of 58
± 10 years. Baseline characteristics of the patients are shown in Table 1.
Starting in May 2001, an MRA (including 2D PC) of the brain was added to the
screening programme for the patients included with symptomatic vascular disease
and without MRA contra-indications (pacemakers, claustrophobia and pregnancy).
The SMART study was approved by the ethics committee of our institution and
written informed consent was obtained from all participants. The approval and consent
included future retrospective analysis.

For this study, 636 patients with cardiovascular disease, cerebrovascular disease,
peripheral arterial disease or an abdominal aortic aneurysm (AAA), of whom an
MRA of the brain was available, were included. Cardiovascular disease was defined

Table 1. Baseline characteristics (n = 636)

N(%) or mean ± sd Missing (N)

Age 58.1 ± 9.9 0
Male sex 536 (84) 0
Smoking 35
- Never 113 (19)
- Past 338 (56)
- Current 150 (25)
Alcohol 35
- Never 86 (14)
- Past 55 (9)
- Current 460 (77)
Body mass index (kg/m2) 26.7 ± 3.7 8
Systolic blood pressure (mmHg) 139 ± 19 39
Diastolic blood pressure (mmHg) 81 ± 11 40
Hypertension 272 ( 49) 80
Diabetes mellitus 112 (19) 58
Hyperlipidemia 285 (46) 18
Plasma homocysteine (µmol/l) 14.0 ± 5.6 11

Cerebrovascular disease* 102 (16) 0
Cardiovascular disease* 432 (68) 0
Peripheral arterial disease* 121 (19) 0
Abdominal aortic aneurysm* 67 (11) 0

* Patients with more than one localisation of vascular disease were   classified into more than one
category
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as myocardial infarction, coronary surgery or percutaneous transluminal coronary
angioplasty in the past or at inclusion. Patients with stroke or transient ischemic
attack(TIA) at inclusion and patients who reported stroke in the past were considered
to have cerebrovascular disease. Peripheral arterial disease was defined as vascular
surgery or angioplasty in history or intermittent claudication or rest pain at inclusion.
Present AAA or previous surgery for it was the criterion for AAA. Patients with more
than one localisation of vascular disease were classified into more than one category.
Patients with an ICA stenosis of ≥ 50% or occlusion were excluded from the analysis.
For the comparison of tVFR with the reference group, patients aged under 40 years
were excluded because of their limited number (n = 16). For the other analysis, they
were included.

Vascular risk factors

At enrolment, risk factors were assessed by means of an extensive questionnaire and
physical, ultrasonographic and laboratory examinations. Height and weight were
measured, whereupon the body mass index (BMI) (kg/m2) was calculated by dividing
weight by height squared. Systolic and diastolic blood pressure (mmHg) were measured
twice with a sphygmomanometer. Hypertension was considered present in case of a
mean systolic blood pressure ≥ 160 and/or a mean diastolic blood pressure ≥ 95 at
inclusion, and/or antihypertensive treatment. A fasting venous blood sample was
taken to determine glucose, lipid, and homocysteine levels. Diabetes mellitus was
defined as glucose ≥ 7.0 mmol/L or reported treatment of diabetes. Hyperlipidemia
was defined as total cholesterol > 5.0 mmol/L, LDL cholesterol > 3.2 mmol/L or
reported treatment of elevated cholesterol. Hyperhomocysteinemia was defined as
tHcy ≥ 16.3 µmol/L in women and ≥ 18.8 µmol/L in men. The degree of extracranial
stenosis of the internal carotid artery (ICA) was assessed using duplex ultrasonography.
This method consists of translating the Peak Systolic Velocity into a degree of diameter
reduction.21 Ultrasonography was also performed to measure the intima-media
thickness (IMT) (mm) in the left and right common carotid arteries, represented by
the mean value of six measurements.. Smoking and alcohol drinking habits were
divided into three categories: never, past and current. Patients who quit smoking or
drinking during the past year were categorized as current.

Sample of the general population

“Reference values” of tVFR were obtained from a study in 250 adults (122 men, 128
women; age range 19-88 years; mean age 50 years) who underwent MR imaging of
the brain, performed in our research group.22 The 158 of the 250 subjects aged 40 to
80 years were used for the current analysis (46% men; mean age 60 years). This
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FIGURE 1. Sagittal localizer MRA image illustrating the positioning of a two-dimensional phase-contrast
MRA section to measure the volume flow through the internal carotid arteries(ICA) and basilar artery(BA).
Quantitative flow values are obtained by integrating across manually drawn regions of interest that
enclose the vessels (1 indicates right sided ICA; 2 indicates left sided ICA; 3 indicates BA).

population consisted of 79 first-degree relatives of patients with subarachnoid
hemorrhage, screened for presence of intracranial aneurysms; and 79 elderly persons
participating in a population based study. tVFR was measured with ungated two-
dimensional phase-contrast (2D-PC) MRA, the same technique as used in our study.

Magnetic resonance angiography

The MR investigations were performed on a 1.5-T whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, the Netherlands). On the basis of a localizer MRA
slab in the sagittal plane, a 2D-PC section was positioned at the level of the skull
base to measure the volume flow in the ICAs and the BA. Figure 1 illustrates the
positioning of the 2D PC section through the ICA and the BA (repetition time [TR],
16 ms; echo time [TE], 9 ms; flip angle 7.5°; section thickness, 5 mm; field of view,
250 x 250 mm; matrix size, 256 x 256; 8 averages; velocity sensitivity, 100 cm/s).
Postprocessing was performed by specialized MR technologists with more than five
years of experience. Two images obtained with opposed, bipolar, velocity-encoding
gradients were subtracted to achieve velocity sensitivity. For every vessel, the spatial
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and time-averaged flow velocity was calculated from the phase-difference images by
manually drawing a region of interest (ROI) around the vessel. Special care was
taken to ensure that the ROI encompassed the entire lumen of the vessel, without
including too much stationary tissue voxels (Fig 1). The surrounding stationary tissue
voxels included in the ROI are not expected to affect accuracy, since such voxels do
not carry flow. The flow velocity in every vessel was multiplied by the cross-sectional
area of the pixels in the ROI to obtain the VFR. Good agreement between repeated
postprocessing of VFR measurements was revealed for hand drawn ROI’s in our
research group, with a coefficient of variation of 5%.23 The flow through the left and
right ICAs and BA were summed to calculate total VFR (tVFR;in mL/min).

Statistical analysis

Age was categorized by decade, as was done in the sample of the general population.22

In every age group mean tVFR ± the standard deviation (sd) was calculated for both
sexes and for the group as a whole. Since the raw data of the sample of the general
population were not available anymore, the differences in tVFR between populations
and differences between sexes were determined with an unpaired Student’s t-test
(CIA 1.0; London, GB), resulting in a delta (∆) tVFR. A 99% confidence interval (CI)
was given, to adjust for multiple comparison.

The effect of age, other risk factors and localization of vascular disease on tVFR was
assessed with linear regression analysis (SPSS 12.0.1; SPSS, Chicago, Ill), after
checking whether the continuous variables were normally distributed. For each factor
we calculated the crude and age-adjusted regression coefficient beta, which gives the
slope of the regression fitted by the model, and indicates the increase (positive value)
or decrease (negative value) of tVFR in mL/min per unit of the independent variable.
The crude regression coefficient was determined for all risk factors and localizations
of vascular disease. An age adjusted regression coefficient was calculated by inclusion
of age into the model.

In all tests, the 95% confidence interval (95% CI) was given, being more
informative than p-values.24 A 95% CI not including the value 0 has a p-value < 0.05.

RESULTS

tVFR was higher in patients with symptomatic vascular disease than in the reference
group in all age groups, but the difference was only statistically significant in the
seventh decade, with a difference of 55 (95% CI 12; 98) mL/min (Table 2). A decrease
in tVFR with increasing age was observed. No significant differences were found for
tVFR between sexes.
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All continuous variables in the patient group were normally distributed. tVFR decreased
with age (Table 3). Analysing each risk factor separately, adjusted for age, diabetes
mellitus (-27.6 mL/min; 95% CI -52.6; -2.6) and BMI (-2.8 per BMI unit; 95% CI -
5.3; -0.2) were associated with a decrease in tVFR.

Patients with cerebrovascular disease had a clearly lower tVFR than those without,
a difference that remained present when age was taken into account (-39.7 mL/min;
95% CI -65.1; -14.3).

DISCUSSION

Our study showed that patients with vascular disease altogether had a slightly higher
total tVFR than a sample of the general population. Within the patient group, tVFR
declined with age and BMI, and was lower in patients with diabetes mellitus.
Furthermore, patients with cerebrovascular localisation of the disease had a lower
volume flow than patients with other localizations.

Table 2. MR angiographic measurements of tVFR(mL/min)* according to age in patients
with symptomatic vascular disease and in healthy individuals; tVFR-difference with 99%
confidence interval

Patients with symptomatic vascular disease
  
Age No. of All
Range(y) Subjects§ Men Women Subjects

40-49 104 (86/18) 654 ± 134 694 ± 101 660 ± 130
50-59 231 (200/31) 627 ± 124 595 ± 101 623 ± 122
60-69 193 (155/38) 598 ± 119 563 ± 92 591 ± 115
70-79 87 (77/10) 569 ± 114 501 ± 153 562 ± 120

Healthy individuals †

Age No. of All
Range(y) Subjects § Subjects ∆ (99% CI)‡

40-49 41 (23/18) 623 ± 116 37 (-24; 98)
50-59 26 (13/13) 595 ± 102 28 (-37; 93)
60-69 59 (22/37) 536 ± 99 55 (12; 98)
70-79 32 (15/17) 517 ± 110 45 (-19; 109)

* Data are the mean ± sd.
† Data obtained from study by Buijs et al.22

‡ 95% confidence interval
§ Numbers in parentheses are number of men/number of women.
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To date, we are unable to predict which patients with risk factors for vascular disease
will be suffering from symptomatic cerebrovascular disease. In our opinion the target
population for performing research on cerebral blood flow, is a high risk patient
group with at least one manifestation of vascular disease. To prevent confounding of
the results by the presence of ICA stenosis, we restricted our study to patients without
a stenosis or occlusion of ≥ 50% at baseline.

We chose a reference group that was not entirely free of vascular disease, but
that represented a sample of the general population. If the results were influenced by
this decision, the difference in tVFR could only have been underestimated. In the

Table 3. Crude and age adjusted regression coefficients for individual risk factors and
localisation of vascular disease, with total volume flow rate (mL/min) as dependent variable

Crude Age adjusted
regression regression
coefficient 95% CI* coefficient 95% CI*

Low High Low High

Age -3.4 -4.3 -2.5 - - -
Male sex 23.0 3.9 49.8 22.2 -3.5 47.9
Smoking
- never 1.0 - - 1.0 - -
- past -3.1 -29.6 23.3 3.8 -21.7 29.4
- current 18.0 2.6 33.4 13.7 -1.2 28.6
Alcohol
- never 1.0 - - 1.0 - -
- past -4.0 -48.3 40.2 -13.6 -55.9 28.7
- current 6.9 -7.4 21.2 5.4 -8.3 19.0
Body Mass Index (kg/m2) -2.0 -4.7 0.6 -2.8 -5.3 -0.2
Systolic blood pressure (mmHg) -0.6 -1.2 -0.1 -0.01 -0.5 0.5
Diastolic blood pressure (mmHg) -0.2 -1.1 0.8 0.02 -0.9 0.9
Hypertension (yes/no) -19.9 -41.1 1.2 -9.8 -30.4 10.7
Diabetes Mellitus (yes/no) -42.0 -67.5 -16.4 -27.6 -52.6 -2.6
Hyperlipidemia (yes/no) 10.5 -9.5 30.4 8.5 -10.6 27.7
Plasma homocysteine (µmol/L) -2.0 -3.7 -0.2 -0.6 -2.3 1.1

Cerebrovascular disease -46.8 -73.2 -20.4 -39.7 -65.1 -14.3
Cardiovascular disease 10.3 -10.6 31.2 6.0 -14.1 26.1
Peripheral vascular disease 21.4 -3.5 46.2 20.4 -3.5 44.2
Abdominal aortic aneurysm -20.3 -52.1 11.5 7.8 -23.6 39.3

* 95% confidence interval
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reference group, the same 2D PC technique was used to measure tVFR. A study
comparing methods to measure blood flow volume showed that flow values differed
widely among different techniques,25 implying the need to use the same method in
every consecutive or comparative flow measurement.

A comparison of results obtained by different investigators showed a wide range
of tVFR values, among which our reference group fitted well for the ICA values but
showed slightly lower BA values than other studies.22 In our opinion, since the methods
used for measurement of tVFR were exactly the same, and the patient numbers were
relatively high compared with many other studies, we considered it unlikely that the
difference in flow between our patient group and the reference group was based on
chance.

Few small studies describe VFR measurement in patients with vascular disease
or healthy controls.26-29 The main focus in literature is on measurement of regional
CBF in patients with cerebrovascular disease rather than total arterial flow to the
brain.

We expected a lower tVFR in patients with vascular disease than in a sample
from the general population. In contrast, it was slightly higher in patients with vascular
disease. An explanation could be that the inflammatory process related to
atherosclerosis results in elevated tVFR values. Other studies reporting higher flow in
a similar patient group have not been found.

In our study the tVFR decreased with more than 33 mL/min per decade. A
longitudinal study reported that rCBF decreases with age and with progressive
cerebrovascular disease.6 The relation between lower rCBF and age has been reported
in cross-sectional studies with healthy volunteers,5,8,9,22 while another study showed
that the relation was mainly based on increasing atherosclerosis with age,4 and another
one did not find the relation between age and rCBF either.7

The duration of diabetes was reported to be related to lower rCBF in a patient
group with insulin dependent diabetes mellitus.30 Another study described that the
relation between diabetes and rCBF may accelerate the age-related reduction in
rCBF.19 Diabetes is also related to cerebral atrophy.31 The arterial occlusive pathology
associated with diabetes, together with lower brain volume due to atrophy, could
maybe explain the lower tVFR in diabetic patients found in our study. The found
lower flow in patients with increasing BMI could be due to the high prevalence of
diabetes in patients with high BMI.

This study also shows that cerebrovascular disease is related to lower tVFR.
Since this is a cross-sectional study, it is impossible to say which came first: the
cerebrovascular problem or the lower tVFR. However, because the relation between
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age and lower tVFR is well established, and in our case diabetes mellitus also was
related to lower tVFR, it seems more probable that the lower tVFR is an effect of the
progression of disease. ICA stenosis can not explain this relation, because patients
with a stenosis of ≥ 50% were excluded in this study. Since generalized atherosclerotic
disease can not account for the found relation, we speculate that more distally located
obstructive disease in the cerebral vessels, or the smaller brain volume in need of
blood after a stroke, could account for this relation.

A limitation of our study is the absence of data on brain volume. Especially for
comparing the rCBF data with our arterial flow data, a brain volume would be
needed. The purpose of our study was not to compare our data with other modes to
measure CBF, but to evaluate the determinants of tVFR to the brain. It is known that
the average weight of the cerebrum decreases with age.32 Within our analyses, after
adjustment for age, we believe our results are not confounded by brain volume
differences. Differences in volume due to pathology, e.g. diabetes, could very well be
an explanation of the found results. However, this remains an assumption.

Another limitation is that all cases with TIA or stroke at inclusion were all
classified as having cerebrovascular disease. Cardiovascular disease could have been
the real cause of the TIA/stroke. We did not have enough information to make this
distinction. If the results were affected by this possible misclassification, it could have
caused some dilution.

Patients included in our study were newly referred to our university hospital with
a clinical manifestation of cerebral, cardiac, or peripheral vascular disease, or an
abdominal aortic aneurysm. At inclusion, no selection bias has occurred in our opinion.
However, the generalizability could be confined to academic hospitals, since it is to
be expected that more severely diseased patients visit these hospitals.

This study shows that patients with vascular disease have slightly higher tVFR
than healthy subjects, that increasing age BMI, and diabetes mellitus are related to
lower tVFR, and that patients with cerebrovascular disease have lower tVFR than
patients with symptomatic vascular disease elsewhere in the vascular tree. Future
research will have to unravel the cause for lower tVFR in cerebrovascular disease,
because apparently the process of generalized atherosclerosis alone cannot explain
our results.
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Abstract

Background

Although the cerebral collateral circulation is regularly discussed in literature as to its
possible importance in relation to stroke risk, little attention has been given to the
fetal type posterior part of the circle of Willis (FTP).

Summary of review

In FTPs there is an embryonic derivation of the posterior cerebral artery from the
internal carotid artery. Besides the fact that a larger area is thus dependent on the
internal carotid artery, leptomeningeal vessels can not develop between the anterior
and posterior circulation. The tentorium namely prevents cerebellar vessels from
connecting to the posterior cerebral artery territory. Therefore patients with a fetal
type posterior cerebral artery could be more prone to develop vascular insufficiency.
An overview of the literature is given. We propose to define a partial FTP, in which a
small P1 segment between the basilar artery and the postcommunicating part of the
posterior cerebral artery is present, and a full FTP, in which the P1 segment is absent.

Conclusion

In full FTPs the possibility for collateral circulation to develop between the anterior
and posterior part of the cerebral circulation by way of leptomeningeal vessels is
impossible, making collateral flow completely dependent on the anterior circulation
of the contralateral side. Whether this is a risk factor for stroke should be subject of
further investigation.
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INTRODUCTION

Collateral circulation in the brain is important for maintaining a sufficient level of
cerebral blood flow in case of obstructive disease in the main afferent arteries. This
arterial network consists of extracranial and intracranial routes. The intracranial
collateral vessels comprise the so-called primary collaterals, consisting of the arterial
segments of the circle of Willis, which are used in case of acute need, and the
secondary collaterals such as the ophthalmic artery and the leptomeningeal vessels,
which develop after an ischemic stimulus when the primary collaterals are insufficient.1

The leptomeningeal vessels are present or develop between the anterior, middle and
posterior cerebral artery. They can represent an important connection between the
internal carotid artery (ICA) and the vertebrobasilar system.

Leptomeningeal collaterals can develop in the majority of circle of Willis
configurations. However, one variant of the circle of Willis, the fetal variant (FTP),
makes leptomeningeal collaterals between the internal carotid artery and the
vertebrobasilar system impossible to develop since both the middle and the posterior
cerebral artery are connected to the internal carotid system and not to the
vertebrobasilar system. An important consequence of the fetal variant of the circle of
Willis could be an increased stroke risk in patients with obstructive arterial disease, as
has been described in postmortem studies.

Collaterals are regularly discussed as to their possible importance in relation to
stroke risk, but little attention has been given to the FTP in literature. In this review
we discuss the different collateral pathways, the definition and prevalence of FTPs
and what is known about the association between collaterals and subsequent stroke
risk.

CASES

We propose two cases to illustrate the difference in cerebral perfusion on MR-
investigations between patients with a normal circle of Willis, and patients with an
FTP. Figure 1A represents the maximum-intensity projection of the circle vessels (MIP)
and the regional perfusion images (RPI)2 of a male patient aged 67 years with a
symptomatic right ICA stenosis of 80%.  The MIP shows that both posterior
communicating arteries are absent. This has been confirmed on CT-angiography-
images. Although no communication is present between the internal carotid system
and the vertebrobasilar system at the level of the circle of Willis, the RPI scans show
that with selective labeling of the posterior circulation, signal is present in the right
middle cerebral artery, as well as the posterior cerebral arteries flow territories.
Leptomeningeal vessels took care of the collateral flow.
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Figure 1B shows the MR images of a 55-year old male patient with a symptomatic
left ICA stenosis of 80%. He has a bilateral FTP configuration of the circle of Willis.
The RPI show that with labeling of the posterior circulation, there is no signal in any
cerebral flow territory. Thus, there is no leptomeningeal flow from posterior to anterior
to compensate for the stenosis of the left ICA.

THE CIRCLE OF WILLIS

The circle of Willis has a major role in redistributing the blood in case of diminished
supply through the internal carotid (ICA) and the basilar arteries (BA). This vessel
structure enables interhemispheric flow through the anterior communicating artery
(ACoA) and in two directions through the two posterior communicating arteries
(PCoAs).1

There is a considerable variation in the presence of the arterial segments of the
circle of Willis. On the anterior side the ACoA or one of the A1 (proximal) segments
of the anterior cerebral artery can be missing or hypoplastic. On the posterior side,

FIGURE 1. MR-examination of two cases; left: maximum-intensity projection of the circle of Willis; right:
regional perfusion imaging of the anterior circulation (upper row) and the posterior circulation (lower
row).

A

B
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The PCoA can be absent uni- or bilaterally. In healthy individuals, a complete
configuration of the circle of Willis is present in 42-52 %.3,4 In patients with ICA
stenosis or occlusion, this percentage is higher.5

OPHTHALMIC ARTERY

Retrograde flow through the ophthalmic artery, between the external carotid artery
and the ipsilateral ICA is another source of collateral flow. Slow progression of stenosis
to occlusion of the internal carotid artery is needed for this collateral flow to develop.
Collateral flow through the ophthalmic artery is a sign of reduced cerebral perfusion
pressure.6

LEPTOMENINGEAL VESSELS

Leptomeningeal vessels are anastomoses up to 1 mm in diameter, in which the blood
direction is dependent on the hemodynamic and metabolic circumstances of the two
connected territories.7 The vessels can be formed throughout the distal regions of the
complete brain, between the anterior and posterior, middle and posterior, and anterior
and posterior cerebral arteries. Large interindividual variability of leptomeningeal
vessels exists. Similar to the ophthalmic artery collateral, these vessels need time to
develop. Although there is a benefit to be expected from these collaterals, the presence
of leptomeningeal vessels is associated with a poor hemodynamic status, in which
collateral flow through the circle of Willis was not sufficient.6,8 No consensus exists
about the ability of leptomeningeal vessels to improve cerebral hemodynamics.7

Usually the anterior and middle cerebral arteries are part of the internal carotid
artery system, and the posterior cerebral artery is part of the vertebrobasilar system.
When the circle of Willis provides insufficient collateral flow, leptomeningeal vessels
can connect the two systems. In situations where a posterior communicating artery is
absent and an ICA is partially or completely obstructed, these connections can be
important.

LEPTOMENINGEAL COLLATERALS AND THE FETAL TYPE POSTERIOR

CEREBRAL ARTERY

In a fetal type posterior cerebral artery there is an embryonic derivation of the posterior
cerebral artery from the ICA. The vascularisation of the PCA flow territory is thus
completely dependent on the ICA. In this situation an obstruction of the ICA can not
be compensated by the development of leptomeningeal vessels between the PCA
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FIGURE 2. Schematic lateral view of a "normal" circle of Willis, in which the vertebrobasilar system
supplies the posterior cerebral artery (left) and a fetal type cerebral artery, supplied by the carotid
system (right). In the latter, the cerebellar tentorium inhibits leptomeningeal connection between both
supplying systems. (LM: leptomeningeal vessels)

and the MCA because they are derived from the same vessel and the tentorium
prevents cerebellar vessels from connecting to the PCA territory (figure 2). We think
that therefore, patients with fetal type PCA could be more prone to develop vascular
insufficiency. This prompted us to review the literature concerning fetal type PCA.

DEVELOPMENT OF FTPS

At the 4-5.7 mm stage of the embryo (28-30 days), the internal carotid artery, which
develops as a cranial extension of the paired dorsal aorta, is formed.9 Paired
longitudinal neural arteries appear along the hindbrain and coalesce to form the
basilar artery at the 5-8mm stage. The caudal divisions of the internal carotid artery
anastomose with the neural arteries and become posterior communicating arteries.
At the 40 mm stage (8 weeks) the posterior cerebral arteries (PCAs) are an extension
of the PCoA. The vertebrobasilar system develops and thus participates in the supply
of the PCA through the segment between the basilar artery and the postcommunicating
part of the posterior cerebral artery, the P1 segment. In that phase, the component
vessels of the circle of Willis all have the same calibre. In the remaining fetal period,
the circle develops into one of three variants: an adult configuration, a transitional
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configuration, or a fetal (embryonic) configuration.10 In the adult configuration, the
P1 segment has a larger diameter than the PCoA. In the transitional configuration,
the PCoA and P1 have an equal diameter. Both the basilar artery and the ICA thus
contribute equally to the PCA. The fetal or embryonic configuration is the variant in
which the P1 is smaller than the PCoA and the ICAs are the main blood suppliers to
the occipital lobes. It has been shown that these variations in morphology arise
during fetal brain development.11 In this period, the frequency of adult and fetal
configurations increases, while the number of transitional configurations decreases.

DEFINITION

The term fetal type posterior cerebral artery is also used when there is still a
communication with the basilar artery through a hypoplastic P1 segment of the
PCA. Others refer to it only when the P1 segment is not visible or when the PCA does
not fill after contrast injection of a vertebral artery.

In assessing the influence of having an FTP, information on the presence or
absence of a small connection between the carotid system and the vertebrobasilar
system, a P1 segment, is important, as it is possibly recruitable in case of increasing

FIGURE 3. Schematic illustration of the variants of the posterior part of the circle of Willis. (LM:
leptomeningeal vessels; ICA: internal carotid artery; A: anterior cerebral artery; M: middle cerebral
artery; P: posterior cerebral artery; CS: superior cerebellar artery; BA: basilar artery; PCom: posterior
communicating artery; P1: segment between the basilar artery and the postcommunicating part of the
posterior cerebral artery; FTP: fetal type posterior cerebral artery)
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FIGURE 4. Variations of FTPs described by Kameyama in 1963. A: A1 segment of the ACA is larger
on the side of the FTP than on the contralateral side; B: A1 A1 segment is smaller on the side of an
FTP; C: ACAs are normal; Primitive: “Primitive type embryonic derivation”; Normal: Adult type
circle of Willis.12 (copied with permission of Neurology)

need. We propose the following definitions. In a full FTP, uni- or bilateral, the P1
segment is not visualized on CT or MRI or does not fill after injection of contrast in a
vertebral artery. A partial FTP, uni- or bilateral, is when the P1 segment is smaller
than the PCoA. In an intermediate posterior circle configuration, the P1 segment is
as large as the PCoA. The adult configuration, finally, is the situation in which the
P1 segment is larger than the PCoA, the PCoA sometimes even being absent. Figure
3 illustrates these possible variants of the posterior part of the circle of Willis.

Kameyama described four types of what he called the “embryonic posterior
cerebral artery”, combining the morphology of the posterior part and the anterior
part of the circle of Willis (figure 4)12 In type A, the A1 segment of the ACA is larger
on the side of the FTP than on the contralateral side. In type B, the A1 is smaller on
the side of an FTP. In type C, the anterior cerebral arteries are normal. The bilateral
FTPs were called the “Primitive type embryonic derivation”. Although his definitions
are not used in literature, it could be important to assess the combination of anterior
and posterior part of the circle of Willis, since it makes a difference if e.g. an ICA has
to feed an MCA, both ACAs and a PCA, compared with an MCA and a PCA only.

A B C

P

Primitive Type Normal



The fetal variant of the circle of Willis

87

PREVALENCE

We have reviewed the literature available in PubMed on the circle of Willis (search
term: circle of Willis). All publications were screened for estimates of FTP prevalences.
In table 1 we have summarized these prevalences, sorted by definition of the FTPs.
The definition most often used is a partial FTP, mentioned as “partial” in the table.
Only few publications have looked explicitly for full FTPs. Others do not define FTPs
at all. Where available, we mentioned the uni- and bilateral prevalence of FTPs.
Prevalences highly fluctuate in literature. For the partial FTPs, 11 to 29% of the study
participants had a unilateral FTP, and 1 to 9% a bilateral FTP. When the definition of
a full FTP was used, 4 to 26% had a unilateral FTP, and 2 to 4% a bilateral FTP.

Because of the wide variety in FTP percentages, we have examined the
determinants of this variation. We used linear regression analysis, and weighted the
model according to number of participants in the studies. Year of publication, study
population (asymptomatic/healthy or symptomatic arterial disease), method of
determination (autopsy, MRA, transcranial color-coded duplex ultrasonography,
angiography), and FTP definition (partial or full) were considered as possible
determinants. In more recent years of publication, lower prevalences were found
(β = -0.34; 95% confidence interval: -0.68; -0.01; i.e. for every calendar year, the
prevalence decreased with 0.34%). Also, related to this finding, lower prevalences
were found in newer methods of determination compared with autopsy-studies
(β = -12; 95% confidence interval: -21; -3; i.e. the prevalence was 12% lower in
more recent methods). The study population and the FTP definition did not influence
the prevalences.

ASSOCIATION BETWEEN COLLATERALS AND STROKE

The most rapidly recruited collaterals are the communicating arteries of the circle of
Willis. In FTPs, the ICA covers a larger area to provide with blood than in the “normal”,
non-FTP configuration of the circle of Willis. It is probable that patients with ICA
obstruction and a full FTP more often encounter ischemic problems than patients
with a “normal” circle, in which the PCoA is preserved and leptomeningeal vessels
can develop between the carotid and the vertebrobasilar system. Patients who also
have a missing contralateral A1 segment, thus having to feed the area of the ACAs,
an MCA, and a PCA, with one ICA could be even more at risk.

The number of collaterals has been associated with lower stroke incidence in
two-year follow-up studies in patients with ICA obstruction.13,14 One of these studies
was performed in the NASCET study, where angiographic collateral filling was assessed
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Table 1. Prevalence of FTPs described in literature

First author, year N Population Method of
determination

Lazorthes, 1979
20

200 Not mentioned Autopsy
Milenkovi, 1985

21
60 Fetal brains, Autopsy

20-40 weeks of age
Alpers, 1959

4
350 “Normal brains” Autopsy

Kameyama, 1963
12

90 “Normal brains” Autopsy
Krabbe-Hartkamp, 1998

3
150 Healthy subjects MRA

Saeki, 1977
22

50 Randomly selected Autopsy
adult brains

Riggs, 1963
23

994 Adults with neural Autopsy
dysfunction

Hoksbergen, 2000
24

76 Atherosclerotic patients TCCD
‡

without cerebrovascular disease
Hartkamp, 1999

5
75 Patients with ≥70% ICA

†
MRA

stenosis or occlusion
Miralles, 1995

25
38 ICA

†
 occlusion MRA

Alpers, 1963
26

194 Cerebral softening Autopsy
Kameyama, 1963

12
167 Cerebral infarction Autopsy

Jongen, 2004
19

50 Young healthy subjects MRA
Jongen, 2002

27
194 Patients without severe Angiography

atherosclerotic disease
Schomer, 1994

17
29 ICA

†
 occlusion MRA

Jongen, 2004
19

47 Patients with an occipital MRA
lobe infarct

Bisaria, 1984
28

126 Not mentioned Autopsy
Battacharji, 1967

18
88 Healthy control subjects Autopsy

Macchi, 1996
29

100 Healthy subjects MRA
Battacharji, 1967

18
49 Patients with cerebral infarction Autopsy

* Data not available
† ICA = Internal carotid artery
‡ TCCD = Transcranial Color-coded Duplex Ultrasonography

in patients with severe ICA disease.13 It was shown prospectively, in 434 patients
without collaterals and 247 patients with collaterals, that the presence of these
collaterals decreased the two-year risk of stroke considerably. In medically treated
patients, stroke risk decreased from 28% to 11%, and for surgically treated patients
from 8% to 6%. FTPs were not assessed in this study. A case-control study, assessing
the collateral flow through the circle of Willis with transcranial color-coded duplex
ultrasonography in patients with acute ischemic stroke (n = 109) and in patients with
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Table 1. Continued

First author, year Definition FTP (%) Unilateral Bilateral
of FTP FTP (%) FTP (%)

Lazorthes, 1979
20

Partial 12 11 1
Milenkovi, 1985

21
Partial 21 -* -*

Alpers, 1959
4

Partial 15 11 4
Kameyama, 1963

12
Partial 27 18 9

Krabbe-Hartkamp, 1998
3

Partial 32 25 7
Saeki, 1977

22
Partial 22 20 2

Riggs, 1963
23

Partial 22 16 6

Hoksbergen, 2000
24

Partial 7 -* -*

Hartkamp, 1999
5

Partial 26 13 3

Miralles, 1995
25

Partial 5 -* -*
Alpers, 1963

26
Partial 29 -* -*

Kameyama, 1963
12

Partial 36 29 7
Jongen, 2004

19
Full 30 26 4

Jongen, 2002
27

Full 20 -* -*

Schomer, 1994
17

Full 3 -* -*
Jongen, 2004

19
Full 6 4 2

Bisaria, 1984
28

Unknown 32 -* -*
Battacharji, 1967

18
Unknown 18 17 1

Macchi, 1996
29

Unknown 13 -* -*
Battacharji, 1967

18
Unknown 29 27 2

* Data not available
† ICA = Internal carotid artery
‡ TCCD = Transcranial Color-coded Duplex Ultrasonography

peripheral arterial disease (n = 113), also showed that the presence of a nonfunctional
anterior collateral pathway was associated with ischemic stroke (OR = 7.3; 95%
confidence interval 1.2-76.5).15 FTPs were not considered as a separate category in
this study. Two other cross-sectional studies, visualizing the circle of Willis with magnetic
resonance angiography in patients with ICA-occlusion, showed that the presence of
PCoAs was associated with the absence of border zone infarcts.16,17 In one of these
studies, one patient with an FTP was found in a total of 29 patients, which was
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classified as having an absent PCoA.17 Considering the fact that patients with an
FTP have no communication between anterior and posterior, as in patients without
a PCoA, it could be argued that a conclusion can be drawn from these publications
that the presence of an FTP, as well as the absence of PCoAs, is related to a higher
prevalence of border zone infarcts. However, a direct assessment of this risk in patients
with FTPs would be preferable.

In an autopsy-study of 49 brains with infarcts and 88 without, more FTPs were
found in brains with infarcts than in brains without. (27% versus 17%).18 In another
autopsy-study, describing 167 brains with infarcts and 90 without, also more FTPs
were found in the brains with infarcts.12 The latter study emphasizes that the
morphology of the anterior part of the circle of Willis is also important in the risk
assessment. The authors described the highest infarct incidence in brains where one
ICA mostly or exclusively supplied two ACAs, an MCA and a PCA.

Recently a study showed that FTPs and occipital lobe infarcts were related.19 In
47 patients with occipital lobe infarcts and 50 control subjects, MRA showed that the
controls more often had an FTP than the patients with infarcts (15 controls versus 3
patients). This study implies that FTPs could be protective against occipital lobe
infarcts. However, the study had a small sample size.

Few studies have focused on risk assessment of patients with FTPs. In our opinion,
more research is needed to indicate if assessment of the presence of this variant has
any clinical value.

No mention has been made in literature of the presence of leptomeningeal arteries
between the anterior and posterior circulation in combination with the assessment of
the presence of FTPs.

CONCLUSION

In this review, we gave an overview of the literature concerning FTPs. Since a uniform
definition was lacking, we proposed to define a partial FTP, in which a small P1
segment is present, and a full FTP, in which the P1 segment is absent. In full FTPs the
possibility for collateral circulation to develop between the anterior and posterior part
of the cerebral circulation by way of leptomeningeal vessels is impossible, making
collateral flow completely dependent on the anterior circulation of the contralateral
side. Whether this is a risk factor for stroke should be subject of further investigation.
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Abstract

Background

The fetal type posterior (FTP) circle of Willis has been related to a decreased white
matter lesion (WML) load. We re-assessed this relation in patients with a bilateral
FTP in comparison with patients without an FTP, with a quantitative technique for
the assessment of WMLs.

Methods

Patients were participants of the Second Manifestations of ARTerial disease (SMART)
study with cerebrovascular, cardiovascular, peripheral arterial disease, or an abdominal
aortic aneurysm. An extensive screening was done at inclusion, including magnetic
resonance scanning of the brain. The morphology of the circle of Willis was assessed
with MRA. The prevalence of a bilateral FTP (bFTP) was 4%. In all 24 patients with
a bFTP and 48 age-matched patients without a unilateral or bilateral FTP
configuration, the white matter lesion (WML) volume was assessed on MRI with a
probabilistic automatic segmentation programme. Linear regression analysis was done
to assess the relation between the presence of a bilateral FTP and the WML volume.

Results

Patients with a bFTP had a mean absolute WML volume (± SD) of 4.3 ± 6.4 ml,
compared with 6.0 ± 7.8 ml in patients without FTPs. Relative to the total brain
volume, the WML volume comprised 0.40 % (± 0.57) in patients with a bFTP,
compared with 0.54% (± 0.70) in patients without FTP. Patients with a bFTP circle
of Willis did not have statistically significant different WML volumes than patients
without an FTP (sex-adjusted β (95% CI); -0.35 (-0.94; 0.23)).

Conclusion

With a quantitative technique, we did not find different white matter lesion volumes
on MRI in patients with manifest arterial disease with and without a bilateral fetal
type posterior variant of the circle of Willis.
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INTRODUCTION

The circle of Willis is conventionally seen as a structure that plays an important role
in the collateral circulation. However, the circle can also be seen as a visible expression
of the cerebral vascular network. The circle of Willis configuration possibly reflects
some structural vascular development that also has its consequences in the
susceptibility of the brain for early vascular damage such as white matter lesions.
Hypoperfusion may be an early feature in the development of WMLs.1-3

Recently we have described a lower prevalence of deep white matter lesions in
patients with FTPs.4 This might indicate a relation between manifestations of arterial
disease and FTP. In reaction to this publication, however, a letter was published in
which no difference was found in presence and number of WMLs between subjects
with and without an FTP.5

The different findings published thus far might be based on imprecise, non-
quantitative measurements and on the fact that uni- and bilateral FTPs were classified
into one category. To assess whether FTPs are related to WMLs, we used a quantitative
technique to compare the WML load in two contrasting patient groups, namely one
with a bilateral FTP and the other one without a unilateral or bilateral FTP.

METHODS

The SMART study

The research was performed within the Second Manifestation of ARTerial disease
study (SMART). 6 This is an ongoing prospective cohort study in the University Medical
Center Utrecht. Patients, aged 18-79, newly referred to the University Medical Center
with (risk factors for) cardiovascular disease, were included. At enrolment extensive
baseline data were obtained about medical history, medication use and presence of
traditional risk factors. Height, weight, waist/hip ratio and blood pressure were
measured and blood and urine analysis was done. The degree of stenosis of the
internal carotid artery was assessed using duplex ultrasonography. This method consists
of translating the Peak Systolic Velocity into a degree of diameter reduction.7 Carotid
artery stenosis was defined as a stenosis of the internal carotid artery of ≥ 70%.

Patients with stroke or TIA at inclusion or stroke in history were considered to
have cerebrovascular disease. Coronary artery disease was defined as myocardial
infarction, coronary surgery or percutaneous angioplasty in history or at inclusion.
Peripheral arterial disease was considered present in case of vascular surgery or
angioplasty in history or intermittent claudication or rest pain at inclusion. The presence
of an abdominal aortic aneurysm (AAA) or previous surgery for AAA was the criterion
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for AAA. Patients with more than one site of clinical manifestation of atherosclerosis
were classified into more than one category.

The study was approved by the ethics committee of our institution and written
informed consent was obtained from all participants.

Circle of Willis

For this study 600 patients presenting with clinically manifest cardiovascular disease
(abdominal aortic aneurysm, peripheral arterial disease, coronary ischemia, stroke,
TIA) included in the SMART study underwent a magnetic resonance angiography
(MRA) of the brain. These MR investigations were performed on a Philips Gyroscan
ACS-NT 15 whole body system operating at 1.5 Tesla. To visualise the circle of
Willis, fifty slices were obtained with a 3D MRA time of flight (TOF) technique (repetition
time (TR) 31 ms, echo time (TE) 6.9 ms, flip angle 20°, 2 signals acquired, slice
thickness of 1.2 mm with an overlap of 0.6 mm, a 100 x 100 mm field of view and
a 128 x 128 matrix). These images were reconstructed in the transversal-oblique
plane with a maximum intensity projection (MIP) algorithm.

Figure 1 shows a “normal” versus a bFTP circle of Willis. An FTP was defined as
a circle of Willis in which the posterior communicating artery was larger than the
proximal (P1) segment of the posterior cerebral artery (PCA), connecting the basilar
artery to the distal segment of the PCA, or in which the P1 segment was absent.  The

A B

FIGURE 1. Maximum-intensity projection images of the circle of Willis; A: complete circle of Willis; B:
bilateral fetal type posterior variant of the circle of Willis.



Quantitative assessment of white matter lesions

97

morphology of the circle of Willis was assessed by two trained readers on a workstation
(Easy Vision; Philips Medical Systems), with the MIP and source images. Discrepancies
between the two readings were re-evaluated in a consensus reading.

White matter lesions

Magnetic resonance imaging was used for automatic brain segmentation. The scans
needed for this purpose were a T1-weighted and an inversion recovery (IR) sequence
(TR 2900 ms, TE 22 ms), and a fluid-attenuated inversion recovery (FLAIR) sequence
(TR 6000 ms, TE 100 ms, inversion time 2000 ms). The probabilistic segmentation
technique has been described elsewhere.8 In short, two preprocessing steps were
performed, consisting of intra-patient rigid registration in order to compensate for
patient motion and scan variations,9 and the construction of a brain mask with the
T1 sequence to determine the ROI for the segmentation, using the brain extraction
tool.10 The segmentation of the MR-images was done with a statistical classification
method called K-nearest Neighbor (KNN) classification.8 This method uses a series of
10 manual segmentations of the tissue types of interest to gain knowledge about the
segmentation of these structures. The remaining segmentation procedure is fully
automatic for all other datasets. For each voxel, the probability was determined that
it belonged to a specific tissue type. The tissue types consisted of white matter, grey
matter, cerebrospinal fluid, ventricles, deep WMLs, and periventricular WMLs. As
infarcts could not yet be segmented automatically, these were segmented manually.
Figure 2 shows an example of the automatic segmentation of white matter lesions.

FIGURE 2. Automatic segmentation of white matter
lesions.
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Patient selection

In 24 patients a bilateral fetal variant of the circle of Willis was found. Patients with
a unilateral FTP were excluded from the study. From the remaining patient group,
with a “normal” circle of Willis, i.e. without an FTP, 48 age-matched patients with
complete MRI examinations were randomly selected to be compared with the 24
patients with a bFTP.

Statistical analysis

Absolute WML volumes are given for patients with a bFTP and patients without an
FTP, obtained from the segmentation programme, as well as volumes relative to the
total brain volume.

The WML volume was logtransformed in order to obtain a normally distributed
variable. Linear regression analysis was performed with the presence of bFTP as a
determinant and the logtransformed relative volume of WML as the outcome. The
model was adjusted for sex, since the prevalence of FTPs possibly differs between
men and women.4

RESULTS

In this study 24 patients with a bFTP and 48 age-matched patients without an FTP
were selected. Mean age (± SD) in each group was 62 (± 9.6). Table 1 shows the
baseline characteristics of both groups. Patients with a bFTP less often had severe

Table 1. Baseline characteristics of patients with a bilateral FTP (bFTP) versus patients
without FTP (N (%) or mean ± SD)

No FTP bFTP
n=48 n=24

Sex (male) 37 (77) 19 (83)
IMT

*
1.02 ± 0.5 1.00 ± 0.4

ICA-stenosis ≥ 70% 7 (15) 2 (9)
Cardiovascular disease

†
24 (50) 17 (74)

Cerebrovascular disease
†

12 (25) 4 (17)
Peripheral arterial disease

†
12 (25) 3 (13)

Abdominal aortic aneurysm
†

6 (13) 3 (13)

* IMT = Intima Media Thickness
†

Manifestation of arterial disease in history or at inclusion
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ICA-stenosis, cerebrovascular disease, and peripheral arterial disease, while they more
often were of male sex and had cardiovascular symptoms.

Table 2 represents the mean absolute volumes of WML, infarcts, white and grey
matter, and total brain volume in both groups. The mean percentage (± SD) of
WML tissue relative to the total brain volume was 0.40% (±0.57) in patients with
bFTP, compared with 0.54% (± 0.70) in patients without FTP.

Linear regression analysis with adjustment for sex showed that patients with a
bFTP circle of Willis did not have statistically significant different WML volumes
compared with patients without an FTP (β (95% CI); -0.35 (-0.94; 0.23)).

DISCUSSION

A probabilistic segmentation programme was used to obtain quantitative measures
of the different tissue types in the brain. We did not find a statistically significant
difference in white matter lesion load between patients with or without a fetal type
posterior circle of Willis.

The prevalence of bilateral FTPs in the SMART study is 4%. Prevalences between
1 and 7 % for bFTPs have been described in literature.11-15 MRA examinations showed
a prevalence of bFTPs of 7 % in healthy subjects,16 versus 3% in patients with severe
ICA stenosis or occlusion.17

Table 2. Absolute volumes (in ml) in patients with bFTP and patients without FTP
(mean ± SD)

No FTP bFTP
n=48 n=24

Deep WML
*

0.6 ± 0.5 0.5 ± 0.5
Periventricular WML

*
5.4 ± 7.7 3.8 ± 6.2

Total WML 6.0 ± 7.8 4.3 ± 6.4
Infarct 5.3 ± 22.8 5.8 ± 27.7
White matter 619 ± 80 582 ± 72
Grey matter 504 ± 65 495 ± 49
Total brain volume

†
1134 ± 120 1087 ± 111

* White matter lesion
†

Sum of WML, infarcts, white matter, and grey matter
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In a previous study, we found a lower prevalence of WMLs in patients with FTPs.4 In
that study, 243 MRI and MRA scans of patients with manifest arterial disease were
assessed. 29% had an FTP. No distinction was made between uni- or bilateral variants.
Deep WMLs (DWMLs) were rated on hard copy, distinguishing small (0 to 3 mm),
medium (3 to 10 mm) and large (> 10 mm) lesions. In 65% of the patients DWMLs
were found. Small and medium-sized lesions were less frequently found in patients
with FTP (55% versus 66% in patients without FTPs for small, and 16% versus 32%
for medium-sized lesions). In the current study, the prevalence of the bFTPs was 4%,
but the total FTP prevalence would have been 23%, had the uFTPs not been excluded.
As, besides the different patient selection, we used quantitative measures of WML
load and the volumes were very small, the comparison with the previous study is
difficult. However, we hoped to find more contrasting differences with the new technique
and patient selection.

A reaction was published to the study of van der Grond, in which mention is
made of a study in 3780 healthy subjects, of whom MRI and MRA examinations
were performed to assess the morphology of the circle of Willis and the presence of
deep and periventricular WMLs.5 FTPs (uni- or bilateral) were present in 19% of the
women, and 14% of the men. No difference was found between presence or number
of WMLs.

To improve the precision of the analyses, we performed the current study within
the SMART study, as our previous publication,4 but with several adjustments. First,
we used a quantitative segmentation method, for more precise, continuous scoring
of WMLs. Second, we excluded patients with a unilateral FTP, and thus compared
two more contrasting groups of patients: those with a bilateral FTP and those without
an FTP. We have selected all the patients with a bFTP with complete examinations,
and compared them with age-matched patients without an FTP. Unfortunately, this
study was smaller than the previous one, due to the selection criteria and the necessity
of having complete scans, with all sequences needed for the quantification.

The fact that we did not find a relation between bFTPs and WML could be
explained in several ways. First, there might just not be a relation between FTP and
WML. Second, selection bias could have occurred. Patients with a bFTP together
with severe vascular disease were possibly less prone to enter our study. Third, the
number of patients was too small to prove such small differences between the two
patient groups. In spite of the very precise quantitative technique to make small
differences in WML volume detectable, we would have needed approximately 275
patients per group to discern a statistically significant difference of 1.7 ml between
patients with and without an FTP with an alpha of 0.05. This is not realistic, due to
the low prevalence of bFTP.
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In conclusion, we could not confirm that patients with manifest arterial disease with
and without a bilateral fetal type posterior variant of the circle of Willis have different
white matter lesion volumes on MRI. These preliminary results show a tendency
towards a relation between FTPs and low WML volume loads, but extension of the
study is needed. Therefore, also patients with a unilateral FTP will be assessed with
the quantitative technique, in order to enlarge the study group. Also, both techniques
will be compared: the automatic segmentation and the manual WML assessment.
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In this thesis we have presented several studies assessing the relation between risk
factors and signs of brain damage in patients who already had manifest arterial
disease. Common risk factors have been investigated, such as homocysteine and the
clustering of risk factors in the metabolic syndrome, but also less common risk factors,
of which the exact effect is still under investigation, such as the role of vascular
growth factors and the morphology of the circle of Willis. The purpose of these
studies was to assess whether factors could be found that cause variation in the level
of brain damage in a vascular compromised patient group.

Patients were participants of the Second Manifestations of ARTerial disease
(SMART) study. Inclusion criteria demand that the patients are independent in daily
activities (Modified Rankin Scale > 3)1 and are not older than 80 years of age at
inclusion.2 Although all patients with manifest arterial disease in the study have
reached a certain level of disease, the most severely affected patients were excluded
from the study. This might have caused less variation in brain damage. However, the
patients that did participate in the study constitute the domain of patients that could
benefit from results in these studies: they are affected, but brain damage has not
reached a critical level yet in which independence is at stake.

Four inclusion diagnoses were studied, namely manifest cardiovascular,
cerebrovascular, peripheral arterial disease, and abdominal aortic aneurysm. In 17%
of patients, the manifestation of disease was not restricted to one localization: 15%
had two localizations, and 2% had 3 localizations of disease. A combination of
inclusion diagnosis and manifestations in patient history was always used in the
analyses. Since these compromised patients have many cardiovascular risk factors
that also interact, it is important to prevent confounding by other risk factors than
the ones under study. In the relation between risk factors and markers of brain damage,
we believe that we have sufficiently adjusted our data for this possible confounding.

Besides the fact that the studied markers of brain damage are intermediates in
the relation between risk factors and manifestations of cerebral arterial disease, these
markers are also studied as being risk factors for other signs of brain damage in
literature. Some of these relations could probably be explained by the fact that these
markers share the same etiology and develop through the same risk factors. No clear
relation was found between WML and regional cerebral blood flow in a population-
based study.3 However, a relation between WML and cognitive impairment has been
described.4,5 In the general population, silent brain infarcts were related to cognitive
impairment.6 In line with these studies, we have assessed the relation between silent
brain infarcts and cognitive function in vascular compromised patients. The different
results from the study in the general population, namely that in our study patients
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with silent infarcts performed the same on their cognitive test as patients without
silent or symptomatic infarcts, illustrates the contrast in results that can be caused by
selecting different subjects. In our patient group, the variation in brain damage is
probably much smaller than in a sample of the general population. In literature, the
variation in subject selection is large, ranging from healthy to patients with manifest
arterial disease, and from cognitively unaffected to demented.

We have also looked at the circle of Willis from a different perspective than has been
done up to now. The circle is conventionally seen as a structure for collateral circulation
and is as such mainly studied in a clinical setting in which the carotid arteries are
obstructed. Another way to look at the circle of Willis is as a visible expression of the
cerebral vascular network. The absence of certain parts of the circle could reflect
some structural vascular development that also has its consequences in the
susceptibility of the brain for early vascular damage such as WMLs. Our first attempt
in this field has focused on the fetal type posterior (FTP) circle of Willis. All other
morphologic variants, consisting of completeness of anterior and posterior parts of
the circle of Willis, can be assessed in this way. In a review of the FTP we stress the
importance of the fact that when there is a complete FTP, there is no connection
between the anterior and posterior cerebral circulation. This could mean that, in
case of obstruction of the anterior circulation, patients with a complete FTP are at
increased risk for stroke since they have no collateral help from the posterior circulation.
When we compared the WML load in patients with FTP with patients without FTP,
we initially found less lesions in FTP patients,7 but were unable to confirm this in
patients with bilateral FTP. The study will be extended by also analysing WML volumes
of patients with a unilateral FTP and the two techniques, namely the automatic
segmentation technique and the manual counting of WML, will be compared.

The relation between cognitive dysfunction,8,9 WML,10 silent brain infarcts,10 or
decreased perfusion of the brain11,12 and the risk of developing manifestations of
cerebrovascular, but also cardiovascular or peripheral arterial disease has been
extensively described. Based on these studies, patients in our sample of the SMART
study, who all have manifest arterial disease, should have more brain damage than
the general population.

Cognitive function was not more than mildly affected, due to the inclusion criteria
of our study. However, mild cognitive dysfunction can be a prodrome of dementia.13

Although the comparison of results with other studies is difficult, we have searched
for reference values to evaluate cognitive test scores of the SMART patients. Patients
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had slightly lower scores than the reference values found in population-based studies
for memory and executive function,14-16 but for visuoperception and construction the
scores were approximately the same as in a sample of the general population.15

Attention, as a cognitive domain, could not be compared properly with other data.
Arterial flow to the brain was, as compared with a previous study in the general
population, not decreased (chapter 6). Also, the prevalence of silent brain infarcts
was not markedly higher than in a sample of the general population.17,18 Risk factor
control might thus still be very useful in this patient group in order to prevent or
postpone further brain damage, although intervention studies need to assess the
effect of risk factor control on brain damage in patients with manifest arterial disease.
A good hypertension control was shown to be important for prevention of WML.19 It
was shown that folic acid and vitamin B6 did not have a clear effect on improvement
of WML and cerebral atrophy.20 Also, folic acid and vitamin B12 decreased
homocysteine levels, but cognitive function did not improve.21

Research does not only answer questions, but also raises questions. With this thesis,
only a first start is made in studying risk factors of early brain damage in patients
with manifest arterial disease.

Vascular events of patients participating in SMART are reported biannually. As
the follow-up duration is increasing, it will not take long before the first longitudinal
studies can be performed in this patient group. The significance of early brain damage
in the prognosis of future vascular events will be assessed. Also, cognitive tests and
magnetic resonance imaging and angiography will be repeated to assess progression
of brain damage.

In the near future we intend to assess the relation between the different variants
of the circle of Willis and risk of cardiovascular morbidity and mortality in prospective
studies within the SMART study. Also, other morphologic variants of the circle of
Willis will be incorporated in these studies. Finally, more research will be done with
techniques as arterial spin labelling to assess brain perfusion by the feeding arteries of
the brain in the different variants.
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Patients with manifest arterial disease have a higher risk of developing new symptoms,
and have higher mortality rates than healthy subjects. Brain damage due to arterial
disease arises before symptoms occur. Several markers express the severity of brain
damage, such as white matter lesions, silent brain infarcts, decreased perfusion of
the brain, and cognitive dysfunction. They are not the risk factor itself, causing arterial
disease, but intermediates in the relation between risk factors and the disease. A
vascular compromised population is expected to be more affected and thus to also
have more pronounced signs of brain damage than the general population. We assessed
whether the risk factors known to affect markers of brain damage in the general
population, also effectuate brain damage in patients who already have symptomatic
arterial disease. Therefore, we used the data of patients with manifest arterial disease
participating in the Second manifestations of ARTerial disease (SMART) study. All
the studies presented in this thesis have been performed within this patient group, in
contrast with population-based studies.

In chapter 2 the relation between plasma homocysteine levels (tHcy) and cognitive
function was assessed in 345 patients with manifest arterial disease. We found that
elevated levels of tHcy were related to slightly lower global cognitive function
(β = -0.065, 95% CI  -0.116; -0.013), and more specifically to lower performance
on memory (β = -0.078, 95% CI -0.155; -0.002), attention (β = -0.079, 95% CI
-0.163;-0.005), and visuoperception and construction (β = -0.125, 95% CI -0.236;
-0.014) per SD increase in tHcy (SD=6.4 µmol/liter) after adjustment for confounders
and possible intermediate variables such as intima media thickness and site of
manifestation of arterial disease. Silent cerebral infarcts did not influence these results.
The results suggest that vascular mechanisms are not responsible for the relationship
between homocysteine and cognitive function. The relation may be explained by a
direct effect of tHcy on the brain.

Chapter 3 deals with the relation between the metabolic syndrome or type 2 diabetes
mellitus, and cognitive function. The metabolic syndrome is a clustering of risk factors
associated with central obesity. A total of 744 patients with manifestations of
cerebrovascular, cardiovascular, peripheral arterial disease or abdominal aortic
aneurysm (mean age ± SD, 59 ± 10 years) was included. The analyses showed that
global cognitive function was not affected more in patients with than in patients
without the metabolic syndrome (β (95% CI) = 0.00 (-0.08; 0.08)). Only the scores
on visuoperception and construction (β (95% CI): -0.16 (-0.30; -0.01)) were slightly
lower. Adjustment for markers of macro- and microvascular disease, and of metabolic
disease, did not attenuate the results. Cognition in patients with type 2 diabetes
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mellitus was similar to cognition in patients with the metabolic syndrome. This suggests
that most of the relation between the metabolic syndrome and cognitive function in
the general population is attributable to arterial disease.

In chapter 4, we analysed the relation between four vascular growth factors, assessed
in 450 patients, and cognitive function. Levels of vascular endothelial growth factor
(VEGF), granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis
factor α (TNFα), and basic fibroblast growth factor (bFGF) were determined in
peripheral venous blood samples. With Magnetic Resonance Angiography the presence
of the communicating arteries in the circle of Willis was assessed, as a measure of
presence of cerebral collateral vessels; also the total volume flow rate (tVFR) through
both internal carotid arteries and the basilar artery was assessed. In patients with
internal carotid artery stenosis, higher bFGF levels were related to higher scores on
attention, visuoperception and construction, and global cognitive function. This relation
was weakened by adjustment for tVFR, suggesting a mediating effect. Also, higher
bFGF levels were related to a higher chance of having a complete collateral network.
Furthermore, patients with higher VEGF levels had slightly lower performance on
visuoperception and construction. We concluded that bFGF seems the most promising
of the four studied growth factors for future clinical studies.

Silent brain infarcts predict cognitive dysfunction in the general population. In chapter 5
we assessed this relation in SMART patients. The patients were assigned to one of
three categories according to their patient history and inclusion diagnosis: no stroke
or TIA, no silent infarcts (n = 220); no stroke or TIA, but silent infarcts present (n =
33); stroke or TIA at inclusion (n = 83). While silent infarcts did not influence cognitive
function in patients with symptomatic coronary or peripheral artery disease, or
abdominal aortic aneurysm, patients with stroke or TIA had lower scores than patients
with symptoms elsewhere in the arterial tree (difference in global cognitive function
(95% CI): -0.23 (-0.35; -0.10)). Thus, when patients already are vascular compromised,
the presence of a silent brain infarct does not add to the cognitive dysfunction due to
the arterial disease itself, while symptomatic cerebrovascular disease does affect
cognitive function more severely.

In chapter 6 the relation between several patient characteristics and the arterial
flow to the brain was assessed. Furthermore, the blood volumes were compared with
values obtained from a population-based study.  Total Volume Flow Rate (tVFR) in
both internal carotid arteries and the basilar artery were measured with two-dimensional
phase-contrast magnetic resonance angiography in 636 patients. Reference values
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for tVFR in the general population were obtained from previous research (158 subjects).
Patients with manifest arterial disease did not have lower flow to the brain compared
with the general population. Presence of diabetes mellitus was associated with lower
tVFR (-27.6 mL/min; 95% CI -52.6; -2.6) as was increasing BMI (-2.8 per BMI unit;
95% CI -5.3; -0.2). Patients with cerebrovascular disease had lower tVFR values (-
39.7 mL/min; 95% CI -65.1; -14.3) than patients with symptomatic vascular disease
elsewhere in the vascular tree.

In chapter 7 we have reviewed the literature on the fetal type posterior (FTP) circle
of Willis and we have proposed new viewpoints. In FTPs there is an embryonic
derivation of the posterior cerebral artery from the internal carotid artery. Besides the
fact that a larger area is thus dependent on the internal carotid artery, leptomeningeal
vessels can not develop between the anterior and posterior circulation. The tentorium
namely prevents cerebellar vessels from connecting to the posterior cerebral artery
territory. This is illustrated with two cases. We propose to define a partial FTP, in
which a small P1 segment between the basilar artery and the postcommunicating
part of the posterior cerebral artery is present, and a full FTP, in which the P1 segment
is absent. In literature a prevalence of 11 to 29% for partial unilateral FTPs was
described, and 1 to 9% for a partial bilateral FTP. When the definition of a full FTP
was used, 4 to 26% had a unilateral FTP, and 2 to 4% a bilateral FTP. Considering
the low number of studies describing stroke risk in patients with FTPs, more studies
are needed to assess this relation.

In chapter 8 the white matter lesion (WML) volume in patients with and without a
bilateral FTP (bFTP) was investigated. The morphology of the circle of Willis was
assessed with magnetic resonance angiography. The prevalence of a bFTP was 4% in
the SMART patients. In all 24 patients with a bFTP and 48 age-matched patients
without a unilateral or bilateral FTP configuration, the white matter lesion (WML)
volume was assessed on MRI with a probabilistic automatic segmentation programme.
Patients with a bFTP had a mean absolute WML volume (± SD) of 4.3 ± 6.4 ml,
compared with 6.0 ± 7.8 ml in patients without FTPs. Relative to the total brain
volume, the WML volume comprised 0.40 % (± 0.57) in patients with a bFTP,
compared with 0.54% (± 0.70) in patients without FTP. Patients with a bFTP circle
of Willis did not have statistically significant different WML volumes than patients
without an FTP (sex-adjusted β (95% CI); -0.35 (-0.94; 0.23)). These preliminary
results will be followed by extended analyses in patients with a unilateral FTP and
comparison of different techniques to assess WML.
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In chapter 9 we discuss the brain damage found in the vascular compromised
patients. Since all patients are more or less affected, the contrasts regarding brain
damage are smaller than in the general population. Therefore, more subtle, or
sometimes no relations were found between risk factors and markers of arterial disease
compared with previous population-based studies. Also, we address the low level of
brain damage found in the SMART participants, pointing out that they will probably
still have a benefit from risk factor control.



Samenvatting





Samenvatting

121

Patiënten met arterieel vaatlijden hebben een grotere kans om nieuwe symptomen te
ontwikkelen en hebben een grotere sterftekans dan gezonde mensen. Hersenschade
als gevolg van arterieel vaatlijden ontstaat reeds voordat symptomen optreden. Er
bestaan verschillende markers die de ernst van de hersenschade uitdrukken, zoals
witte stofafwijkingen in het brein, stille (symptoomloze) herseninfarcten, verlaagde
perfusie van het brein en cognitieve disfunctie. Deze markers zijn niet de risicofactor
voor het ontwikkelen van symptomatisch vaatlijden, maar vormen een intermediair
in de relatie tussen risicofactoren en de manifestatie van het vaatlijden. In een populatie
die reeds is aangedaan door manifest (symptomatisch) vaatlijden is de verwachting
dat de tekenen van hersenschade duidelijker aanwezig zijn dan in een gezonde populatie.
In dit proefschrift hebben wij gekeken of de relatie die bestaat tussen risicofactoren
voor arterieel vaatlijden en de mate van hersenschade in een gezonde populatie ook
bestaat in een aangedane populatie. Hiervoor hebben wij gebruik gemaakt van data
van patiënten met manifest vaatlijden die deelnemen aan de Second Manifestations
of ARTerial disease (SMART) studie. In deze studie werden patiënten die zich in het
UMC Utrecht meldden met een uiting van, of risicofactor voor manifest vaatlijden,
uitgebreid gescreend. Bij patiënten met reeds manifest vaatlijden werd het meest
uitgebreide programma geboden, bestaande uit een analyse van risicofactoren in
bloed en urine, bloeddruk- en gewichtmeting, echo-onderzoek van de buik en hals,
een MRI-scan van de hersenen, en een cognitietest. In tegenstelling tot veel andere
studies beschrijven wij hier dus alleen patiënten die reeds uitingen van vaatlijden
hebben.

In hoofdstuk 2 hebben wij gekeken naar de relatie tussen de concentratie
homocysteine(tHcy) in het bloed en het cognitief functioneren bij 345 patiënten met
vaatlijden. Een hoger tHcy-niveau was gerelateerd aan een verlaagde globale cognitie,
bestaande uit een lagere score op geheugen, aandacht, en visuoperceptie en constructie
na het corrigeren voor confounders en mogelijke intermediairen, zoals de intima media
dikte van de vaatwand (als teken van ernst van de vaatschade) en de lokalisatie van
het vaatlijden. De aanwezigheid van stille herseninfarcten had geen invloed op de
resultaten. De uitslag van deze analyse suggereert dat vasculaire mechanismen niet
verantwoordelijk zijn voor de relatie tussen homocysteine en cognitie. Een direct effect
van homocysteine op het brein zou de relatie kunnen verklaren.

Hoofdstuk 3 behandelt de relatie tussen het metabool syndroom of type 2 diabetes
mellitus en cognitie. Het metabool syndroom is een clustering van risicofactoren
geassocieerd met centrale obesitas en wordt gezien als een voorstadium van type 2
diabetes mellitus. In deze studie zijn 744 patiënten met uitingen van cerebraal, cardiaal,
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perifeer vaatlijden of een aneurysma van de abdominale aorta geïncludeerd (gemiddelde
leeftijd ± SD: 59 ± 10 jaar). Uit de analyses bleek dat de globale cognitie van
patiënten met het metabool syndroom niet ernstiger was aangedaan dan die van
patiënten zonder het metabool syndroom. Alleen de score op visuoperceptie en
constructie was iets lager. Het corrigeren voor markers van macro- en microvasculair
lijden, en voor metabole ziekte, had geen invloed op de resultaten. De cognitie bij
patiënten met type 2 diabetes mellitus was vergelijkbaar met die van patiënten met
het metabool syndroom. Dit suggereert dat de in de literatuur beschreven relatie
tussen het metabool syndroom en verlaagde cognitie in de algemene bevolking te
verklaren is door de aanwezigheid van vaatlijden.

In hoofdstuk 4 bekeken we de relatie tussen vier vasculaire groeifactoren, gemeten
bij 450 patiënten, en cognitie. De concentratie vascular endothelial growth factor
(VEGF), granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis
factor α (TNF α), en basic fibroblast growth factor (bFGF) werd bepaald in een
perifeer bloedmonster. Met magnetische resonantie angiografie (MRA) werd de
aanwezigheid van de communicerende arteriën van de cirkel van Willis in het brein
bepaald, als een maat voor de aanwezigheid van cerebrale collaterale vaten; ook
werd met de scan de hoeveelheid bloed die naar het brein wordt gevoerd via de drie
aanvoerende slagaders, namelijk de beide halsslagaders, arteriae carotis interna (ICA),
en de arteria basilaris, gemeten. Bij patiënten met een stenose (vernauwing) van een
ICA waren hogere concentraties bFGF in het bloed gerelateerd aan hogere scores op
aandacht, visuoperceptie en constructie, en globaal cognitief functioneren. Deze relatie
werd verzwakt na corrigeren voor de flow naar het brein, wat een mediërend effect
suggereert. Hogere bFGF concentraties bleken ook gerelateerd aan een completer
collateraal netwerk in het brein. Patiënten met hoge concentraties VEGF scoorden
juist iets lager op visuoperceptie en constructie. Concluderend lijkt bFGF de meest
geschikte van de vier onderzochte groeifactoren voor toekomstige klinische studies.

Stille herseninfarcten voorspellen cognitieve disfunctie in de algemene bevolking. In
hoofdstuk 5 bekeken wij deze relatie bij SMART patiënten. De patiënten werden in
drie categorieën ingedeeld op basis van hun voorgeschiedenis en inclusiediagnose:
geen beroerte of TIA en geen stille infarcten op MRI-scans (n = 220); geen beroerte
of TIA, maar wel stille infarcten (n = 33); beroerte of TIA bij inclusie (n = 83). Stille
infarcten beïnvloedden het cognitieve niveau niet bij patiënten met cardiaal of perifeer
vaatlijden, of een aneurysma van de aorta. Patiënten met beroerte of TIA scoorden
echter beduidend slechter op de cognitieve test dan patiënten met vaatlijden anders
dan cerebraal. Dus, bij patiënten die al symptomatisch vaatlijden hebben, is de
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cognitie niet slechter dan deze al was op basis van het vaatlijden, terwijl het hebben
van symptomatisch cerebraal vaatlijden wel een slechtere cognitie geeft dan vaatlijden
elders in het lichaam.

In hoofdstuk 6 analyseerden wij de relatie tussen verschillende karakteristieken van
patiënten en de hoeveelheid flow naar de hersenen (door de ICAs en de arteria
basilaris), gemeten met tweedimensionaal fase-contrast MRA bij 636 SMART-patiënten.
Ook werd de hoeveelheid flow naar het brein bij SMART-patiënten vergeleken met de
hoeveelheid flow bij een steekproef van de algemene bevolking. Deze waarden werden
verkregen uit een eerdere studie bij 158 mensen. Patiënten met manifest vaatlijden
hadden geen lagere flow naar het brein dan de steekproef uit de algemene bevolking.
De aanwezigheid van diabetes mellitus was geassocieerd met lagere flow, evenals een
hoge body mass index. Patiënten met cerebraal vaatlijden hadden een lagere flow
dan patiënten met vaatlijden elders in het lichaam.

Hoofdstuk 7 beschrijft een literatuuroverzicht betreffende de foetale variant van de
cirkel van Willis (FTP). Ook werden nieuwe inzichten voorgesteld. Bij een FTP is er
een embryonale derivatie van de arteria cerebri posterior (PCA) van de ICA, in
tegenstelling tot de normale situatie waarbij de PCA hoofdzakelijk gevoed wordt door
de arteria basilaris (BA). Hierdoor is een groter gedeelte van de hersenen afhankelijk
van de flow door de ICAs. Bovendien kunnen leptomeningeale (perifere) collateralen
zich in deze situatie niet vormen tussen de voorste en de achterste hersencirculatie.
Het cerebellaire tentorium (het dak van de kleine hersenen) voorkomt namelijk de
groei van vaatjes tussen kleine en grote hersenen. Deze situatie werd aan de hand van
twee casussen geïllustreerd. Wij stelden voor om een partiële FTP te definiëren als
een cirkel van Willis waarbij nog een kleine verbinding bestaat tussen de BA en de
PCA, en een volle FTP, waarbij totaal geen verbinding bestaat. In de literatuur worden
prevalenties van partiele unilaterale FTPs beschreven tussen 11 en 29% en bilaterale
tussen 1 en 9%. Volle FTPs worden unilateraal beschreven bij 4 tot 26%, en bilateraal
bij 2 tot 4%. Gezien het zeer kleine aantal publicaties over de kans op beroerte bij
patiënten met een FTP zijn meer studies nodig om deze relatie te onderzoeken.

In hoofdstuk 8 onderzochten wij het volume witte stofafwijkingen (WML) in het
brein bij patiënten met en zonder een bilaterale FTP. De morfologie van de cirkel
(aanwezigheid van een bFTP) werd gescoord op MRA-scans. De bFTP-variant kwam
bij 4%, in totaal 24, van de SMART-patiënten voor. Bij deze 24 patiënten werden 48
patiënten uitgezocht zonder uni- of bilaterale FTP, gematcht op leeftijd. Het volume
WML werd op MRI bepaald met een automatisch segmentatie-programma. Patiënten
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met een bFTP hadden een gemiddeld absoluut WML-volume van 4.3 ± 6.4 ml,
terwijl de patiënten zonder FTP een volume van 6.0 ± 7.8 ml hadden. In verhouding
tot het totale breinvolume bedroeg het percentage WML 0.40% ( ± 0.57) bij patiënten
met een bFTP, vergeleken met 0.54% (± 0.70) bij patiënten zonder FTP. Deze
verschillen zijn niet significant. Verdere analyses zullen gedaan worden bij patiënten
met een unilaterale FTP en verschillende technieken om WML te meten zullen worden
vergeleken.

In hoofdstuk 9 bespreken we de hersenschade die we gemeten hebben bij de patiënten
met manifest vaatlijden. Doordat alle patiënten in mindere of meerdere mate
aangedaan zijn, zijn de contrasten wat betreft hersenschade kleiner dan in de algemene
bevolking. Hierdoor werden subtielere, en soms geen, relaties gevonden tussen
risicofactoren en markers van hersenschade vergeleken met eerdere studies in
steekproeven van de algemene bevolking. Ook bespreken wij het feit dat de
hersenschade bij de vaatlijders gering bleek te zijn, erop wijzend dat het onder controle
brengen van risicofactoren ook bij hen nog voordelig kan zijn.
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Er is weinig onderzoek voor nodig om te bepalen wat de belangrijkste factor is die
bepaalt hoe leuk je promotietijd is. Geen regressiemodellen, standaarddeviaties of
moeilijke studieopzetten: het gaat vooral om de mensen om je heen.

Ook al was het onderwerp leuk, soms moest ik dat toch weer even horen. Willem
Mali en Yolanda van der Graaf, jullie waren degenen die mij overtuigden van de
charmes van wetenschappelijk onderzoek en mij keer op keer weer enthousiast maakten.
Van jullie heb ik erg veel geleerd, en met jullie heb ik veel gezellige besprekingen
gehad. Ik hoop dat de samenwerking nog lang zal voortduren.
Sandra Kalmijn, jij was de cognitie-expert. Samen hebben wij de cognitietest bij
SMART opgezet, veel analyses gedaan, eerst op het werk, en later via de mail.
Bedankt voor al je hulp. Jij wordt een geweldige huisarts.
Collega SMART-dokters, Daniël, Jeroen, Martijn, Joke, Nadine, Beate, Auke, Audrey,
Petra, het was mooi om van elkaar te leren en het stokje aan elkaar door te geven.
Joke, het vissen naar de buisjes in de stikstofvriezer en vele andere gebeurtenissen
maakten elke dag weer anders. Daarnaast leerde je mij veel tijdens het schrijven van
mijn eerste artikelen. Nadine, om en met jou kan ik altijd lachen. Je geweldige zelf-
verzonnen uitdrukkingen blijven mooi. Ik waardeer het erg dat je altijd voor iedereen
klaarstaat. Laten we eens koffie gaan drinken bij het Krasnapolinsky. Beate, jij hebt
meer en meer je plekje gevonden. Je bent een erg leuke collega en ik zal je hopelijk
nog lang blijven zien op het werk en het hockeyveld.
Alle andere SMART-collega’s, Vera, Anja, Loes, Hetty, Anneke, Lies, Kim, Cindy,
Harry, Sabita, de SMART-kamer was voor mij een soort woonkamer in een heel
groot huis. De thuisbasis, voor gezellig samenwerken, de kopjes thee, kletsen, roddelen,
en grappen uithalen. Ik heb mijn SMART-dag in het laatste jaar echt gemist. Loes, je
hielp mij alles te relativeren in de dipjes en was er altijd voor een goed gesprek.
Geweldig dat je, nadat Vera het zo goed gedaan heeft, het boegbeeld van SMART
geworden bent. Wie de weddenschap ook wint, laten we de fles wijn samen opdrinken.
Hetty, wat kun jij hard werken en gezellig zijn goed combineren. Anneke, niet verder
weggaan dan naar Vera he? Lies, je komst bij SMART heeft voor nog meer humor bij
SMART gezorgd. Jij komt niet uit een ei, want kippen werken niet zo efficiënt als jij!
Kim, de aanleiding voor onze vriendschap was een rare student waar we niet over
uitgepraat en -gedronken raakten. Al die fietsdates om elf over half acht, de colaatjes,
etentjes met Ilko en Jasper, en dan nog genoeg gespreksstof hebben. Je bent een
goede vriendin geworden. Cindy, de dokteranders wordt nu doktor, maar ik blijf gewoon
Fleur hoor! Harry en Sabita, jullie zijn een geweldig duo dat SMART draaiend houdt.
Alle cognitietesters, en natuurlijk de SMART-patiënten zelf: zonder jullie was het nooooit
gelukt!
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Mijn collega-promovendi, alle serieuze en minder serieuze besprekingen, lunches en
uitjes maken het onderzoeken nog leuker. Kamer 119, kamer 102, en alle buren: wat
een grote gezellige groep. Marjolein, lekker blijven zingen, vinden je nieuwe buren vast
ook mooi! We komen snel ons oude huisje opzoeken. Fränzel, je was mijn laatste
voorbeeld voordat ik zelf “moet”. Bedankt voor al je hulp en gezelligheid.
Kasper, al jaren komen we elkaar tegen, eerst tijdens de studie en nu in het Stratenum.
We zullen elkaar dan ook nog wel zien bij de radiologie, ik weet het zeker! En er komt
een dag dat ik je met je band zal zien optreden, toch? Café Olé…
Cees, zelfs met griep lay-outte je maar door, dankjewel voor het mooie resultaat!
Ilko, Bart en Roy: erg fijn dat er mensen zijn die wel creatief en handig zijn, de omslag
is toch het eerste waar je naar kijkt!
Alle andere collega’s van het Julius Centrum en de radiologie, Ale, Christine, Klaas,
Geert, Raymond, Jelle, Christiane, Els, Vanessa, Desirée, Gabriëlle, Karin, Jan, Eugène
en tja, nog veel meer, bedankt voor al jullie steun!
Niet alleen collega’s dragen bij aan een mooie promotietijd: vrienden en familie, zich
allemaal afvragend waar ik nou drie jaar mee bezig was, en zich dit wellicht nog
steeds afvragend met dit boekje in hun handen, waren er gelukkig genoeg buiten
werktijd. Hoewel, Pauline, ook tijdens het werk hebben we al mailend meer tekst
uitgewisseld dan vroeger als huisgenoten! Het was een erg welkome afwisseling van
mijn schermvulling. Ook zonder computers in de buurt houden we zoveel contact, ik
weet het zeker!
Marieke de K, na al die jaren zoveel samen doen blijft het raar dat je nu in Groningen
zit. Toch is er niks veranderd, en heb ik het gevoel dat we nog steeds alles van elkaar
weten. Ik zou niet zonder kunnen!
Marieke E, jij weet ook wat het leven van een onderzoeker is. Hoe jij het harde
werken gecombineerd krijgt met alle activiteiten daar omheen blijft me een raadsel,
en zelfs een avondje skiën bracht je niet tot rust. Wat ben je toch gezellig.
Maartje, jij bent in het dagelijks leven vooral bezig het anderen naar hun zin te
maken. Ik hoop dat er nog vele etentjes, weekendjes en hockeywedstrijden zullen
volgen.
Dames 7, op welk niveau dan ook, hockey blijft leuk. De wedstrijden en etentjes zijn
altijd een welkome afwisseling van het werk!
Nadine en Kim, steunen en toeverlaat tijdens en buiten het UMC: gezellig dat jullie
mijn paranimfen zijn!
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Merel, Celine, pappa en mamma, onze reis naar Zuid-Afrika was een overtreffende
trap van zoals het altijd al is: mooie dingen doen en zien, gezellig, spannend, en er is
altijd iemand om mee te kletsen. Pappa en mamma, bedankt voor al het leuks dat
we samen doen, en jullie hulp en steun. Merel, de laatste tijd zie ik je helemaal
opbloeien, erg leuk om te zien. Lief dat je altijd voor me klaarstaat. Celine, je wilde
altijd andere dingen doen dan wij, maar stiekem zitten we toch altijd op één lijn. Wat
regel jij alles goed, en wat kun je overal goede grappen bij maken. Ik hoop dat je
vanuit Australië even aan mij denkt op 24 maart.
Hans, Thea, Marianne, Marton, Linde en Sanne: bij jullie is het ook “thuis”. Bedankt
voor alle gezelligheid! Linde en Sanne, komen jullie snel weer eens loozire?
Ilko, je hebt niet door hoeveel ik aan jou te danken heb. Met jou is gewoon alles
leuker. Wat hebben we een mooi leven en een mooi huis om daarvan te genieten. Wij
hebben het echt goed voor elkaar!

Tja, en wat een ander dankwoord dan andere dankwoorden had moeten worden, is
toch gewoon een dankwoord geworden: allemaal hartstikke bedankt voor alles, en
nu op naar de volgende uitdagingen!
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Anne Fleur van Raamt was born on August 25th, 1977, in Hengelo (O), The
Netherlands. After having lived in Bladel (NL), Rocquencourt (F), Königstein (D),
and Waterloo (B), she moved to The Hague (NL) with her family and graduated
secondary school in 1995 at the Gymnasium Haganum. She started her medical
training at the University Medical Center in Utrecht. After a research project in 2000
concerning low back pain under supervision of Prof. Dr. W.P.Th.M. Mali (Radiology)
and Prof. Dr. Y. van der Graaf (Clinical Epidemiology), she obtained her medical
degree in September 2002. From November 2002 until December 2005, she worked
as a research physician at the Julius Center for Health Sciences and Primary Care,
University Medical Center Utrecht, working on the project described in this thesis,
again under supervision of Prof. Dr. Y. van der Graaf and Prof. Dr. W.P.Th.M. Mali,
and of Dr. S. Kalmijn (Clinical Epidemiology). She obtained her Master of Science
Degree in Clinical Epidemiology at the Netherlands Institute for Health Sciences,
Erasmus Medical Center Rotterdam, in September 2004. As of January 2006 she
started her residency at the department of Radiology, University Medical Center Utrecht.
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Members of the SMART study group are (alphabetically):

- A. Algra, MD, FAHA, Julius Center for Health Sciences and Primary Care
and Rudolf  Magnus Institute for Neurosciences, department of  Neurology

- P.A. Doevendans, MD, PhD, department of Cardiology

- B.C. Eikelboom, MD, PhD, department of Vascular Surgery

- Y. van der Graaf, MD, PhD, Julius Center for Health Sciences and Primary
Care

- D.E. Grobbee, MD, PhD, Julius Center for Health Sciences and Primary Care

- L.J. Kappelle, MD, PhD, department of Neurology

- H.A. Koomans, MD, PhD, department of Nephrology

- W.P.Th.M. Mali, MD, PhD, department of Radiology

- F.L. Moll, MD, PhD, department of Vascular Surgery

- G.E.H.M. Rutten, MD, PhD, Julius Center for Health Sciences and Primary
Care

- F.L.J. Visseren, MD, PhD, department of Vascular Medicine University
Medical Center Utrecht, The Netherlands
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