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ACA		

anterior cerebral artery

AIS		

arterial ischaemic stroke

ASL		

arterial spin labelling

ATA		

arterial transit artefacts

CBF		

cerebral blood flow

CSF		

cerebrospinal fluid

CT		

computed tomography

CVR		

cerebrovascular reactivity

DSA		

digital subtraction angiography

ICA		

internal carotid artery

MCA		

middle cerebral artery

MMV		

moyamoya vasculopathy

MRA		

magnetic resonance angiography

MRI		

magnetic resonance imaging

mRS		

modified rankin scale

PACNS		

primary angiitis of the central nervous system

PCA		

posterior cerebral artery

PSOM		

paediatric stroke outcome measure

PVA		

post-varicella angiopathy

TCA		

transient cerebral arteriopathy

TIA		

transient ischaemic attack

VZV		

varicella zoster virus
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General introduction

Little Folks Have Different Strokes [1]
Stroke is a disease that most often befalls the elderly. The most widely accepted definition
of stroke is ‘a syndrome characterized by rapidly developing clinical signs of focal (at times
global) disturbance of cerebral function, lasting more than 24 hours or leading to death with
no apparent cause other than that of vascular origin’ [2]. The term stroke comprises cerebral
infarction (ischaemic stroke) and spontaneous haemorrhage into the brain or subarachnoid
space. Ischaemic stroke can be further subdivided into arterial ischaemic stroke (AIS) and
cerebral venous sinus thrombosis.
Advanced age is a strong predictor of all subtypes of stroke, and stroke incidence exponentially
increases with age [3–5], doubling for each successive decade after the age of 55 [3]. More than
70% of all strokes occur in people aged 65 and older [5].
However, stroke can also occur at a younger age and there is growing evidence that the
incidence of stroke in adults under the age of 50 has increased during the last decades [6–8].
Stroke in childhood has long been considered to be very rare. However, the incidence of stroke
in childhood has been reported between 2.3 and 13.0 per 100 000 children per year [9, 10],
which is comparable to the incidence of childhood central nervous system tumors [11, 12].
This thesis focuses on arterial ischaemic stroke (AIS) in children, aged between 1 month and
18 years, and young adults, aged between 18 and 50 years.
In children, about half of strokes are ischaemic. The reported incidence of ischaemic stroke
ranges from 0.6 to 7.9 per 100,000 children per year [13, 14]. In a study of 1,008 young adults
with AIS, the yearly incidence increased from 2.4 per 100,000 for adults aged 20–24 years, to
4.5 for adults aged 30–34 years, and 33 per 100,000 for adults aged 45–49 years [15, 16].
When using the criteria according to Trial of Org 10172 in Acute Stroke Therapy (TOAST)
[17], to classify the aetiological stroke diagnosis, large differences between adults and children
are found [18, 19]. Cardioembolism, small vessel disease and large artery atherosclerosis are
the most frequent causes of AIS in adults above the age of 50 [20]. However, the latter two are
rarely found in children [21, 22], and are uncommon in young adults [21]. In young adults,
the largest group is classified as ‘undetermined cause’ (33% of patients), but this frequency
decreases in older age groups. The frequencies of large artery atherosclerosis and small vessel
disease increase in older age groups [23]. Forty-nine to 81% of causes of childhood AIS can be
classified, according to the TOAST criteria, as ‘other determined etiology’ [18, 19]. Therefore,
a new classification system for children has recently been proposed [24].
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hospital and in-hospital delay in diagnosis and treatment [14, 25]. Childhood AIS is not an
easy diagnosis. It is suspected on initial assessment by a physician in only 26–38% of children
with stroke [14, 26]. There is a large variety of presenting symptoms in childhood AIS [27, 28].
Clinical signs are easily unrecognized in children, they are often nonfocal and not as abrupt in
onset as in adult stroke [29]. Symptoms are frequently attributed to more common diagnoses

General introduction

There still is low awareness of childhood stroke among parents and physicians, leading to pre-

such as seizures, migraine or other stroke mimics [22, 30].
One way to avoid delays in the diagnosis is to increase knowledge about the clinical features and
to identify and pay attention to risk factors for stroke [31]. Only limited information is available
on risk factors and causes of stroke in young adults [23]. Previous studies have identified a wide
range of ‘associated factors’ in children with AIS [32]. Since case-control data are lacking, many
factors are presumptive rather than definite risk factors for childhood AIS [32]. Therefore, it
is probably better to consider these factors as ‘associated factors’ rather than as ‘risk factors’.
In children there are often multiple associated factors, and they differ from the known risk
factors for AIS in adults [1]. In adults above 50 years of age many of the risk factors for stroke
are also risk factors for atherosclerosis (hypertension, cigarette-smoking, diabetes mellitus,
hypercholesterolemia). Recent studies showed that these factors also were the most common
coexisting conditions among adolescents and young adults (aged 15–44 years) hospitalized
with acute ischaemic stroke [8, 33]. However, in children they are rare or absent.

Non-atherosclerotic arteriopathy in children and young adults with ischaemic stroke
Recent advances in noninvasive neuroimaging have led to the knowledge that intracranial
arteriopathy is a common and important associated factor in childhood stroke. In a large
study on 667 children with AIS, an intracranial arteriopathy was found in 53% of children
who underwent vascular imaging [34]. Other smaller studies described other rates, ranging
from 18% to 63% [35, 36].
In most young patients, the intracranial arteriopathy remains strictly unilateral to the large
arteries at the base of the brain. If follow-up vascular imaging demonstrates a non-progressive
arteriopathy (e.g. transient cerebral arteriopathy (TCA) or dissection) clinical outcome is
better and stroke recurrence rates are lower than in patients with a progressive intracranial
arteriopathy, such as diffuse cerebral vasculitis or moyamoya vasculopathy [36, 37].
The aim of our study described in chapter 2, was to investigate the course of unilateral
intracranial arteriopathy in children with AIS. We describe causes of childhood unilateral

11

Chapter 1

General introduction

intracranial arteriopathy and clinical and imaging characteristics of 79 previously healthy
children with AIS and unilateral intracranial arteriopathy in the anterior circulation. We
explored predictors of the course of arteriopathy, recurrent cerebral ischaemia and outcome
after stroke. The majority of patients had a non-progressive arteriopathy and fulfilled the criteria
for TCA or post-varicella angiopathy (PVA). In chapter 3 we report three children with an
unusual presenting symptom of lenticulostriate infarction owing to PVA.
In recent studies on ischaemic stroke in young adults, an arteriopathy was found in 26%
of patients [18, 19, 21, 38–41]. However, the incidence of non-atherosclerotic intracranial
arteriopathy in young adults is unknown and long-term follow-up imaging of the intracranial
arteries is rarely done in young adult patients with arteriopathic stroke. In chapter 4 we
investigated the presentation, long-term radiological and clinical outcome and the presumed
cause of unilateral intracranial arteriopathy in young adults with ischaemic stroke.

Outcome after arterial ischaemic stroke in children and young adults
In general, older patients were believed to fare worse than younger patients after stroke [3].
Outcome after AIS is generally considered more favorable in children than in adults [21], with
plasticity of the brain being the most important argument. However, this assumption is challenged
by a recent study showing that mortality and outcome after AIS in children and young adults
(under 45 years of age) are similar [21]. In a large international study on childhood AIS, 22 of
612 patients (3%) died during hospital admission after AIS [42]. Other studies have shown that
49–74% of childhood stroke survivors have persisting neurological deficits [42–45]. Most stroke
outcome studies focus on neurological deficits. However, neurological deficits do not necessarily
indicate poor functional outcome [46]. In chapter 5, we describe a 9-year-old girl who was left
after stroke with moderate dystonic posturing of her right hand and foot. She attends a regular
school, plays soccer and goes horseback riding every week. Due to her neurological deficits,
her outcome should be classified as ‘poor’ according to the Pediatric Stroke Outcome Measure
(PSOM), a frequently used outcome measure [45], but does she really have a poor functional
stroke outcome? And the other way around; according to the PSOM, children without motor
deficits, but with isolated learning problems that require special schooling, are classified as having
a good outcome. We therefore questioned the use and appropriateness of the PSOM. Assessment
of outcome after stroke is important both for clinical practice and for research purposes, and
should ideally include all aspects of physical, neurological, psychological and social deficits and
disability, as well as their influence on functioning and quality of life. In chapter 5, we compared
two frequently used paediatric stroke outcome measures that focus on different aspects of
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measure that represents disability. Furthermore, we investigated whether outcome according to
these two measures, correlated with quality of life reported by the child and parents, and with
the intuitive assessment of overall functioning of the child, by parents and investigators.
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outcome; one measure is based on neurological deficits and the other is a functional outcome

Cerebral blood flow and cerebrovascular reactivity
Some of the most difficult questions for a (child) neurologist to answer, are related to the
outcome of a patient that has just been admitted to the stroke unit. To what extent will the
disabilities improve over time? What is the chance of a recurrent stroke?
Early prediction of stroke outcome and recurrence would be helpful to patients and families
and could in the future help to guide therapeutic choices, particularly indications for
immunosuppressive therapy or revascularization surgery in patients with arteriopathic stroke.
However, there is still limited knowledge on prognostic factors for outcome in children and
young adults with AIS. A low level of consciousness at presentation, bilateral cerebral ischaemia
and an arteriopathy are all associated with poor outcome in childhood AIS [42]. Other studies
found very young age, right middle cerebral artery infarction and fever at presentation to be
risk factors for poor outcome [46].
Knowledge of perfusion deficits in non-infarcted brain areas might help to identify young
stroke patients who are at risk of poor outcome or stroke recurrence. Brain areas that appear
structurally intact on magnetic resonance imaging (MRI) may not function normally due to
decreased perfusion [47, 48]. Little is known about the effect of an intracranial large artery
arteriopathy on cerebral blood flow (CBF) in young patients with AIS.
An intracranial arteriopathy can cause a decrease of cerebral perfusion pressure (CPP) which
may lead to a decrease of regional CBF. Changes in vascular resistance of arterioles and the
presence of collateral flow pathways play an important compensatory role to maintain regional
CBF and tissue viability [49].
The aims of the study described in chapter 6, were to investigate in young patients with previous
AIS that was caused by a unilateral intracranial arteriopathy, whether CBF is compromised in
noninfarcted cortical areas of the symptomatic hemisphere and relates to the severity of the
arteriopathy. We used Arterial Spin Labeling (ASL) perfusion MRI, a technique that allows
assessment of CBF in a non-invasive fashion, without the need for intravenously administered
contrast agents [50]. Therefore, it is a promising tool to obtain information about the nonaffected brain areas in children with AIS.
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Moyamoya vasculopathy (MMV), one of the most well-known and recognized arteriopathic
entities in children and young adults with AIS, is characterized by a bilateral intracranial
arteriopathy, leading to progressive narrowing of the supraclinoid internal carotid arteries and
its branches, and the formation of a vascular network of moyamoya vessels at the base of the
brain [51, 52]. One of the major concerns in patients with moyamoya is the risk of ischaemic
stroke. Measurements of the CBF change in response to a vasodilatory stimulus (cerebrovascular
reactivity, CVR) have been used to identify patients with MMV who may benefit from surgical
revascularization [53, 54], and to predict postoperative clinical outcome [55]. All imaging
techniques used to evaluate CVR in patients with moyamoya vasculopathy, and their pros and
cons, have recently been reviewed [56]. Most techniques are invasive, restricting their use in
children. Since ASL perfusion MRI is non-invasive, we investigated in chapter 7, whether it
can be applied to measure CVR in young patients with moyamoya vasculopathy.
With the studies described in this thesis, we tried to further elucidate the clinical course,
outcome, radiological evolution, and haemodynamic consequences of intracranial arteriopathies
in young patients with ischaemic stroke.
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Chapter 2

The course of childhood arteriopathies

Abstract
Arteriopathies are the commonest cause of arterial ischaemic stroke (AIS) in children.
Repeated vascular imaging in children with AIS demonstrated the existence of a ‘transient
cerebral arteriopathy’ (TCA), characterized by lenticulostriate infarction due to nonprogressive unilateral arterial disease affecting the supraclinoid internal carotid artery and
its proximal branches. To further characterize the course of childhood arteriopathies, and
to differentiate TCA from progressive arterial disease, we studied the long-term evolution
of unilateral anterior circulation arteriopathy, and explored predictors of stroke outcome
and recurrence. From three consecutive cohorts in London, Paris and Utrecht, we reviewed
radiological studies and clinical charts of 79 previously healthy children with anterior
circulation AIS and unilateral intracranial arteriopathy of the internal carotid bifurcation,
who underwent repeated vascular imaging. The long-term evolution of arteriopathy was
classified as progressive or TCA. Clinical and imaging characteristics were compared
between both groups. Logistic regression modelling was used to determine possible
predictors of the course of arteriopathy, functional outcome and recurrence. After a median
follow-up of 1.4 years, 5 of 79 children (6%) had progressive arteriopathy, with increasing
unilateral disease or bilateral involvement. In the others (94%), the course of arteriopathy
was classified as TCA. In 23% of TCA patients, follow-up vascular imaging showed complete
normalization, the remaining 77% had residual arterial abnormalities, with improvement in
45% and stabilization in 32%. Stroke was preceded by chickenpox in 44% of TCA patients,
and in none of the patients with progressive arteriopathies. Most infarcts were localized in
the basal ganglia. In 14 (19%) of TCA patients, transient worsening of the arterial lesion was
demonstrated before the arteriopathy stabilized or improved. Thirteen TCA patients (18%)
had a recurrent stroke or TIA. Thirty TCA patients (41%) had a good neurological outcome,
compared with none of the five patients with progressive arteriopathy. Arterial occlusion,
moyamoya vessels and ACA involvement were more frequent in progressive arteriopathies.
Cortical infarct localization was significantly associated with poor neurological outcome
(OR 6.14, 95% CI 1.29–29.22, p=0.02), while there was a trend for occlusive arterial disease
to predict poor outcome (OR 3.00, 95% CI 0.98–9.23, p=0.06). Progressive arteriopathy
was associated with recurrence (OR 18.77, 95% CI 1.94–181.97, p=0.01). The majority of
childhood unilateral intracranial anterior circulation arteriopathies (94%) have a course
that is consistent with TCA, in which transient worsening is common. Although the arterial
inflammation probably causing TCA is ‘transient’, most children are left with permanent
arterial abnormalities and residual neurological deficits.
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Ischaemic stroke is not uncommon in childhood, with an incidence of at least 3.3/100.000 (Lynch
et al., 2002). Causes of and risk factors for arterial ischaemic stroke (AIS) differ from those in
adults, and non-atherosclerotic arterial disease is responsible for the majority of childhood
AIS (deVeber, 2003; Ganesan et al., 2003; Kirkham and Hogan, 2004). Diagnostic criteria
for childhood arteriopathies, including moyamoya, vasculitis, dissection, transient cerebral
arteriopathy (TCA) and post-varicella angiopathy (PVA) have recently been proposed (Sébire
et al., 2004). TCA was first recognized as an important cause of childhood stroke in 1998. It is
characterized by infarction in the lateral lenticulostriate territory due to unilateral intracranial
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Introduction

arterial wall disease that affects the distal internal carotid artery (ICA), proximal middle and/
or anterior cerebral artery (MCA, ACA). In time, the arteriopathy stabilizes, improves or even
completely resolves, sometimes after initial worsening during the first few months (Chabrier
et al., 1998; Sébire et al., 2004). When TCA is preceded by Varicella zoster (VZV) infection
in the 12 months prior to AIS, the arteriopathy is called PVA (Sébire et al., 1999; Askalan et
al., 2001; Sébire et al., 2004; Lanthier et al., 2005). TCA and PVA are considered monophasic
inflammatory arteriopathies that remain strictly unilateral and should be differentiated from
diffuse cerebral vasculitis and moyamoya disease, both having a different course and prognosis
(Fung et al., 2005; Benseler et al., 2006). At presentation, however, the differentiation between
progressive arteriopathy and TCA may be difficult in children with unilateral arterial disease;
some patients with moyamoya disease present with unilateral arteriopathy that eventually
progresses into bilateral steno-occlusive arteriopathy (Kawano et al., 1994; Houkin et al., 1996;
Hirotsune et al., 1997), and progressive cerebral vasculitis may also make its debut with unilateral
disease (Lanthier et al., 2001; Benseler et al., 2006). There is confusion in the literature about
the definition of progressive arteriopathy. Although early worsening is considered part of the
TCA/PVA spectrum (Sébire et al., 2004; Sébire, 2006), some authors classify arteriopathies as
progressive when second vascular imaging reveals progression of arterial lesions, although the
timing of worsening remains uncertain and may only have occurred during the acute stage,
with later stabilization or improvement (Danchaivijitr et al., 2006; Miravet et al., 2007).
Early prediction of stroke outcome, recurrence and the course of arteriopathy, could in the future
help to guide therapeutic choices, particularly indications for immunosuppressive therapy and/
or revascularization surgery. The aims of this study were to describe the evolution of unilateral
intracranial anterior circulation arteriopathies, and to explore possible clinical and radiological
predictors of the course of arteriopathy, of functional stroke outcome and of recurrence.
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Patients and Methods
Patients
Ethical permission to review the medical records and imaging procedures was granted by local
institutional ethical committees.
This is a retrospective consecutive cohort study of children between 1 month and 18 years of
age at the time of presentation for first AIS in one of three specialized tertiary referral centres
in the United Kingdom (Great Ormond Street Hospital for Children, London, 1991–2000,
n=27), France (Hôpital Bicêtre, Paris, 1985–2005, n=32) and The Netherlands (Wilhelmina
Children’s Hospital, Utrecht, 1999–2006, n=20). Children who were previously healthy and
presented with neurological symptoms caused by ischaemia in the territory of the anterior
cerebral circulation were eligible. Patients were included when:
1. Parenchymal imaging showed anterior circulation AIS,
2. Vascular imaging [digital subtraction contrast angiography (DSA) or MR
angiography (MRA)] revealed unilateral intracranial large artery disease of the
internal carotid bifurcation, i.e. the distal supraclinoid ICA (dICA), proximal
ACA and/or MCA,
3. Vascular imaging was repeated at least once to observe the course of arteriopathy.
In most children, the last vascular imaging procedure was performed at least
6 months after stroke but patients could be included if the last angiography
performed within 6 months revealed normalization or significant improvement
of initial abnormalities, and it was decided by the clinician responsible for the
patient, not to repeat vascular imaging thereafter.
Arteriopathy was defined as a focal or segmental stenosis or occlusion, with regular or
irregular abnormalities of the arterial wall. Abrupt occlusion of a major cerebral artery at
initial angiography without other abnormalities suggestive of arterial wall disease was not
sufficient to diagnose arteriopathy, as this may suggest embolic arterial occlusion. Therefore,
in all children with arterial occlusion at the time of diagnosis who were included in this study,
vascular imaging revealed additional arterial wall abnormalities, consisting of one or more
areas of stenosis proximal to but in the same arterial segment as the occlusion, or involvement
of stenosed arteries other than the occluded one. Children with bilateral arteriopathy at
presentation, extracranial arterial dissection or extracranial ICA fibromuscular dysplasia,
according to previously published definitions (Sébire et al., 2004), were not included in the
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arteriopathic stroke or cerebral arteriopathy (e.g. sickle cell disease, neurofibromatosis, Down
syndrome, radiation therapy), or patients who suffered from an acute illness that may cause
arteriopathic AIS (e.g. bacterial meningitis) were excluded. A prior diagnosis or precipitating
event that may be considered a risk factor contributing to AIS (e.g. anaemia, dehydration) was
not a reason for exclusion.
Some of the patients were part of previously described cohorts (Sébire et al., 1999; Braun et
al., 2006; Danchaivijitr et al., 2006; Miravet et al., 2007), but were independently reviewed for
this study.

The course of childhood arteriopathies

study. Children who were previously diagnosed with a chronic disorder known to predispose to

Radiological evaluation
Parenchymal imaging
MRI scans generally included axial T1- and T2-weighted MRI, axial or coronal FLAIR, and
in some patients diffusion-weighted MRI. Initial and follow-up MR scans were reviewed
by three investigators (GS, SC, KB). The main location of the infarct was evaluated. We
differentiated between infarcts that were predominantly or exclusively located in the territory
of the lenticulostriate perforators (basal ganglia AIS), and those that were mainly located in
the cortical and/or subcortical territories of the ACA or MCA (cortical AIS). In basal ganglia
AIS, small areas of adjacent white matter or cortical grey matter were often included in the
lesion. In mainly cortical AIS, concurrent involvement of basal ganglia was frequently seen.
Furthermore, we determined whether the infarct clearly included corona radiata white matter.
Follow-up MRI scans were assessed for the occurrence of new infarcts, defined as new ischaemic
lesions outside the areas already infarcted on initial imaging.

Vascular imaging
Characterization of arterial lesions

Three-dimensional time-of-flight MRA and four-vessel DSA studies were reviewed for location
(dICA, pACA, M1 and/or M2 segments of the MCA, Figure 2.1), and type of abnormalities
(focal or segmental stenosis, irregular stenosis with beading or occlusion). Beading was defined
as alternating short segments of stenosis with normal or dilated segments, similar to a ‘string
of pearls’. The presence of abnormal lenticulostriate small collaterals (so-called moyamoya
vessels) was recorded, as was arterial occlusion, defined as absence of flow in one or more of
the large intracranial arterial branches. Moyamoya vessels and arterial occlusion were noted if
they occurred either at initial vascular imaging, or at any time point during follow-up.
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A

C

B

M1
A1

M2

ICA

Figure 2.1 Evolution of arterial abnormalities in a 6-year-old girl with typical TCA. (A) MRA at day
1 showing irregular stenosis of the A1 segment of the left ACA (left arrow) and M1 segment of the
left MCA (right arrow). (B) Conventional contrast angiography 4 days after stroke illustrating irregular
stenoses with string-of-beads sign (beading) involving the distal segment of the ICA, and the A1 and
M1 and M2 segments of the ACA and MCA, respectively. (C) Complete resolution of arteriopathy
(arrow) on MRA performed 15 months after stroke.

Course of the arteriopathy

To evaluate the eventual course of arteriopathy, the last follow-up vascular imaging was
compared with initial and subsequent angiographies. For each patient, vascular imaging
procedures were requested at the discretion of the treating physician, not according to a fixed
protocol. Angiographical results were visually analysed in a non-quantitative manner, by three
investigators (GS, SC, KB). Since MRA may overestimate arterial stenosis compared with DSA
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children by comparison of identical angiography techniques (MRA or DSA) within the same
patient. After comparison of all vascular imaging procedures, the course of the arteriopathy
was classified as either TCA (according to previously published definitions, (Sébire et al., 2004;
Sébire, 2006), or as progressive arteriopathy:
1. TCA was defined as stabilization, improvement or normalization of arterial
anomalies, when comparing the last vascular imaging with the previous
angiography procedure(s). For further analysis, patients with TCA were
subdivided into a residual arteriopathy group (stabilizing or improving arterial
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(Husson and Lasjaunias, 2004), the course of arteriopathy was assessed in the majority of

lesions), and a normalizing arteriopathy group (complete resolution of arterial
disease). In TCA, the arteriopathy may temporarily progress during the first
months after stroke, leading to increased unilateral arterial abnormalities
on a second angiography (Sébire et al., 2004; Sébire, 2006). Therefore, when
more than two vascular imaging procedures were performed, and the second
angiography (independent of its exact timing) showed progression of arterial
disease that later stabilized or improved at subsequent angiography, patients
were still classified as TCA, and had suffered from transient worsening.
2. Progressive arteriopathy was characterized by ongoing increase of arterial
abnormalities, proven to have occurred beyond 6 months from diagnosis.
This could consist of an increase of ipsilateral arterial wall lesions (progressive
stenosis, or stenosis evolving into occlusion), occurrence of new ipsilateral
lesions (outside the originally affected arterial segment) or progression to
bilateral arterial disease.

Clinical evaluation
Medical charts were reviewed in order to collect clinical data regarding gender, age at stroke,
preceding chickenpox within 12 months prior to stroke, precipitating events, acute treatment
and secondary prevention (antiplatelet and/or anticoagulation therapy), recurrent neurological
deficits and overall outcome.

Recurrent stroke or TIA
Recurrent stroke was defined as a sudden deterioration of existing neurological deficits or the
sudden occurrence of new neurological deficits lasting >24 h, accompanied by new areas of
infarction on cerebral imaging compared with initial MRI. A silent recurrence was defined as
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new infarction on MRI, without clinical symptoms. All recurrent neurological deficits that
lasted <24 h and were not accompanied by new infarction on MRI were defined as probable
TIAs because, although definite epilepsy was excluded, retrospective analysis of medical charts
did not always categorically differentiate TIAs from seizures. Since the mode of presentation of
the index stroke in children is often fluctuating and recurring (Braun et al., 2007), we defined
recurrent stroke or TIA only when it occurred >1 week after presentation. For statistical analysis,
we grouped recurrent stroke, silent MR infarction and TIAs as ‘any recurrence’.

Functional outcome
Based on the description of the treating physician in the medical charts, overall functional
outcome was classified as either ‘good’ (defined as complete recovery, or almost complete
recovery with only mild neurological deficits but no loss of function), or ‘poor’ (all others).

Statistical analysis
Clinical and radiological data of patients with progressive arteriopathy and TCA, and of the
normalizing and residual arteriopathy subgroups, were compared using Mann–Whitney U-tests
for continuous variables, and Pearson chi-square or Fisher’s exact tests for categorical variables
(when appropriate). To determine possible early predictors of the course of arteriopathy,
neurological outcome and stroke recurrence, we used univariate logistic regression modelling.
Multivariate regression modelling was performed for predictors with p-values <0.10. Fisher’s
exact tests were used to associate possible predictors with outcome when the number of
patients in one of four cells was <5. All associations are expressed as odds ratios (OR) with
corresponding 95% confidence intervals (CI) and probability values. Statistical significance
was considered reached when 95% CI did not include 1, and p<0.05. All statistical analyses
were done with SPSS version 12.

Results
Classification of arteriopathies
The aetiological classification of the total group of 372 patients who were evaluated for AIS in the
three participating centres during the specific time intervals is given in Table 2.1. Seventy-nine
previously healthy children fulfilled the inclusion criteria, presenting with anterior circulation
stroke and unilateral intracranial arteriopathy. In 28 children, vascular imaging revealed
unilateral intracranial arteriopathy, but follow-up vascular imaging was not performed or not
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Aetiological classification of 372 children with AIS

Total AIS

n=372

Intracranial unilateral anterior circulation arteriopathy

n=128

Included

Excluded
Excluded

previously healthy + VI follow-up
progressive arteriopathy
TCA (non-progressive arteriopathy)
no VI follow-up or scans not available
prior predisposing disorder

n=79
n=5
n=74
n=28
n=21

Intracranial bilateral arteriopathy at onset

n=69

Intracranial posterior circulation arteriopathy

n=12

Extracranial arteriopathy

n=34

Vascular imaging normal or not performed

n=85

Cardio-embolic stroke

n=37

Embolic occlusion, no proof of arteriopathy

n=4

Other

n=3

The course of childhood arteriopathies

Table 2.1

VI, vascular imagimg.

available for review. Another 21 patients with documented intracranial unilateral arteriopathy
were excluded for previously diagnosed conditions predisposing to arteriopathic stroke [sickle
cell disease: n=10, HIV infection: n=4, bacterial meningitis: n=2, possible PHACE syndrome
(OMIM 606519): n=2, Down syndrome, haemolytic uraemic syndrome, neurofibromatosis:
each n=1. Of the included patients, the median age at first stroke was 4.8 (range 0.3–16.3) years.
Forty-one patients (52%) were male.
Review of follow-up vascular imaging revealed that five children (6%) had a progressive
arteriopathy, while the other 74 patients (94%) fulfilled the criteria for TCA. Normalization
of the arteriopathy with no residual abnormalities was seen in 17 of these 74 patients (23%).
The remaining 57 children (77%) had residual arterial abnormalities on follow-up vascular
imaging, with improvement of the arteriopathy in 33 children (45%) and stabilization in 24
(32%) (Table 2.2).
In 14 patients with TCA (19%), the second vascular imaging (performed after a median interval
of 3.5 months after stroke, range 1–14 months) showed transient worsening of arterial lesions
compared with the initial angiography, that later stabilized, improved or normalized (Figures
2.2 and 2.3), consistent with TCA. In three of these 14 patients, the second angiogram, at
which progression was noted, was performed more than 6 months following stroke (7, 7 and
14 months). Because intermediate scans to determine the exact timing of progression were
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DSA, number of patients in whom conventional angiography was performed; Average VI pp, average number of vascular imaging studies per person; dICA, distal internal
carotid artery; pACA, proximal anterior cerebral artery; pMCA, proximal segments of middle cerebral artery; VI, vascular imaging; d = day; y = year; m= month.

Total unilateral
intracranial
arteriopathy
(n=79)
Progressive
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Improving
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First VI
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Arterial involvement

Table 2.2 Vascular imaging characteristics in 79 children with intracranial arteriopathy
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Figure 2.2 Another example of the course of arteriopathy in TCA. Conventional contrast angiography
performed at 2 weeks (A) and 7 months (B) after stroke in a 7-year-old boy. (A) There is a long
segmental irregular stenosis of the M1 of the MCA with beading at initial angiography. (B) Transient
worsening of the disease with severe focal stenosis of the proximal M1 of the MCA (left arrow) and
a long segmental stenosis of the M1 (right arrow). The beading, typical for the acute phase of TCA,
is less prominent. Repeated angiography 22 months after stroke was identical, proving stabilization
of arterial abnormalities (not shown).

not performed, and arterial disease improved or stabilized at subsequent angiography, we had
no proof of progression beyond 6 months, and therefore classified the course of arteriopathy
as TCA in these three patients.
In the remaining 60 TCA patients, transient worsening could neither be demonstrated nor
excluded, because of the timing and number of angiographical procedures.

Vascular imaging characteristics
Vascular imaging findings are summarized in Table 2.2 for the total group of 79 patients and for
the subgroups of patients with progressive arteriopathy and TCA. The first vascular imaging was
performed after a median time of 8 days, the last follow-up angiography procedure was done
after a median interval of 1.4 years following stroke. Patients in the progressive arteriopathy
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B

C

Figure 2.3 Example of transient worsening in TCA, leading to complete MCA occlusion but
subsequent improvement in an 8-year-old boy. (A) MRA shows a long segmental regular M1 stenosis
(arrow) 1 day after stroke and ACA occlusion. (B) Three months later, there is complete occlusion of
the origin of the MCA (arrow) and a tapered stenosis of the distal ICA. (C) Twenty months after stroke,
MRA has almost normalized, with a residual focal MCA stenosis (arrow) and patent (hypoplastic?) ACA.

group underwent an average number of 6.6 angiography procedures, compared with 3.0 per
person in the TCA group. In seven children (9%), vascular imaging consisted only of repeated
conventional contrast angiography, in 26 (33%) only of MRA, and in 46 (58%) both MRA and
conventional angiography were performed during the course of the disease. In most children
the course of the arteriopathy was assessed by comparison of identical angiography techniques
(MRA or DSA). In six patients, however, initial vascular imaging consisted of DSA and followup imaging of MRA. In none of these children progression of vascular abnormalities over time
was noted.
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imaging, or at any time point during follow-up. Almost all patients had arterial abnormalities
in the proximal MCA. In the five patients with progressive arteriopathy, the ICA and ACA were
involved each in four (80%) of these patients at any time point during follow-up [compared
with 30 (41%) (p=0.159) and 20 (27%) (p=0.028) of 74 patients with TCA, respectively].
Occlusion of an intracranial artery was seen in all patients with a progressive arteriopathy,
but in only 18 of 74 patients (24%) at some stage in the course of TCA (p=0.001). Moyamoya
vessels at any time point during angiographical follow-up were seen significantly more often
in the progressive group (60% compared with 5%; p=0.004).

The course of childhood arteriopathies

The angiographical abnormalities in Table 2.2 were recorded to occur either at initial vascular

Vascular imaging in TCA
Twenty-four patients revealed arterial beading with a typical irregular stenotic appearance that
was most prominent in the acute stage (Figures 2.1 and 2.2). Beading was equally frequent
in TCA patients with and those without residual artererial abnormalities (35 and 24%,
respectively). In three patients, conventional contrast angiography suggested a double lumen
or intimal flap (Figure 2.1B). In 18 patients, one or more arterial branches appeared occluded
at one or several time points after stroke. Two children had a segmental stenosis at onset that
progressed at second vascular imaging to complete occlusion (Figure 2.3) before showing
improvement of arteriopathy. In the other 16 patients with occlusive disease, occlusion was
already visible at the first vascular imaging procedure. Of the 18 occlusive arteriopathy patients,
two eventually normalized (Figure 2.4), eight improved (Figure 2.3) and eight showed persistent

A

B

Figure 2.4 Another example of occlusive TCA with subsequent normalization. (A) Conventional
angiography 2 weeks after basal ganglia stroke in a 7-year-old girl, showing a long tight distal ICA
stenosis (horizontal arrow) and occlusion of the proximal MCA (vertical arrow). (B) Eight years later,
there is complete normalization of arteriopathic abnormalities (the arrow points at a flow artefact
in the A1 of the ACA).
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Figure 2.5 Occlusive stabilizing unilateral TCA in a 3-year-old boy who presented with three TIAs
and a basal ganglia infarct on MRI. (A) Conventional angiography at 11 days after stroke shows an
irregular distal ICA stenosis (horizontal arrow) and a proximal MCA occlusion with the development of
some abnormal moyamoya lenticulostriate collaterals (vertical arrow). MRA at 3 months (B) and 3 years
(C) after stroke shows a persisting but unchanged MCA occlusion with some abnormal moyamoya
collaterals (arrows). There is no contralateral involvement in time.

occlusive arterial disease (Figure 2.5). An extensive network of abnormal collateral moyamoya
vessels was seen in four patients with occlusive arteriopathy, of whom two later improved and
two stabilized (Figure 2.5). The two children with persistent unilateral MCA occlusion and
moyamoya vessels were followed for ~3 years and showed no recurrences or progression of
arterial disease into bilateral moyamoya.

Vascular imaging in progressive arteriopathy
Although the median time interval until the last follow-up angiography in progressive
arteriopathy patients was 3 years, the time at which definite progression of the arteriopathy was
established was shorter (1 year, ranging from 6.5 months to 2.7 years), which is comparable to
follow-up duration of TCA patients. Four children showed progression from initial unilateral
disease to bilateral stenotic or occlusive arteriopathy. One patient showed unilateral progression.

Course of arteriopathy in five children with progressive disease
One 6-year-old girl presented with an ischaemic stroke in the left basal ganglia and loss of
flow voids in the left ICA and proximal MCA on acute MRA. Conventional angiography
3 months later confirmed strictly unilateral arteriopathy. After 1 year, about 10 days after
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(not shown). MRA (D), confirmed by conventional angiography, then showed bilateral arteriopathy
with proximal stenosis of the right MCA (arrow) and a more distal occlusion of the right M1 segment
(arrow head), as well as irregular stenosis of the left MCA.

35

Chapter 2

The course of childhood arteriopathies

A 4-year-old boy had a left sided hemiparesis, and MRI showed cortical high-signal in the right
frontal lobe gyri. MRA showed occlusion of the right MCA from the origin to the bifurcation,
with apparent pruning of the peripheral temporo-parietal branches. DSA confirmed right MCA
stenosis but no definite evidence of vasculitis. Two months later he presented with a further
episode of left hemiplegia. MRI revealed an extension of the right MCA territory infarction.
Two years and 8 months after the original presentation, he developed a right hemiparesis
with expressive aphasia. CT scan showed an infarct in the territory of the left MCA. DSA
showed retrograde filling of the ACA and MCA cerebral territories through small moyamoya
collaterals from the posterior circulation and vertebral arteries and the left common carotid
was markedly stenosed near its origin. The angiographic findings were compatible with a
progressive vasculitic process.
An 1-year-old boy showed stenosis of the right pMCA on initial vascular imaging. There
was a recurrent TIA of the left hemisphere 2 years later and the MRA showed progression of
arteriopathy with bilateral arterial abnormalities.
A 6-year-old girl initially had an irregular stenosis of her left ICA and MCA. Second vascular
imaging, 11 months after stroke, revealed identical left MCA stenosis but now also occlusion
of her right distal ICA, which remained unchanged at repeated MRA 4 years after stroke.
In a 9-year-old girl, there was ongoing unilateral progression when comparing the acute MRA,
performed 8 days after stroke, with follow-up vascular imaging at 26 days, 3 and 6.5 months
after stroke. MRI at the latter time point also revealed a silent recurrent infarction. This patient
was then diagnosed with neuroborreliosis (Cox et al., 2005).

Clinical and MRI characteristics
Clinical characteristics and MRI results are summarized in Table 2.3 for the total group of 79
patients and for the subgroups of patients with progressive arteriopathy and TCA. Sixty-four
percent of patients had a left-sided infarction, with main localization of the infarct in the basal
ganglia in 78%, as illustrated in Figure 2.7. VZV infection preceded stroke only in the group
of patients with TCA (44%); no patients in the progressive arteriopathy group had chickenpox
in the year prior to stroke (p=0.074).
There were no significant differences for age, gender, lateralization and localization of AIS or for
treatment, between patients with a progressive arteriopathy and with TCA. Within the group of
TCA patients there were no significant differences for clinical and MRI characteristics between
the 17 patients with a normalizing arteriopathy, and the remaining 57 with residual arterial
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4.8y
(0.3–16.3)
5.9y
(1.2–9.3)
4.8y
(0.3–16.3)
6.0y
(1.5–16.3)
4.7y
(0.3–14.4)
4.8y
(0.6–14.4)
3.8y
(0.3–10.8)
39 (68)
24 (73)

34 (60)
19 (58)
15 (63)

3 (18)

8 (50)

5 (29)b

15 (63)

16 (22)

47 (64)

39 (53)

b

a

5 (22)

8 (24)

13 (23)

1 (20)

3 (60)

2 (40)

17 (22)

Mainly
cortical
localization
(%)

50 (64)

Left
hemisphere
AIS (%)

41 (52)

Male
gender
(%)

Significantly different from non-progressive arteriopathy group.
Significantly different from residual arteriopathy group.
VZV, Varicella zoster infection preceding stroke within 12 months.

Stabilizing (n=24)

Unilateral intracranial
arteriopathy (n=79)
Progressive arteriopathy
(n=5)
Transient Cerebral
Arteriopathy (n=74)
No residual
abnormalities (n=17)
Residual arteriopathy
(n=57)
Improving (n=33)

Age at AIS
(median,
range)

3 (13)

4 (12)

7 (12)

3 (18)

10 (14)

0 (0)

10 (13)

Corona
radiata
involvement (%)

Clinical and MRI characteristics of 79 children with intracranial arteriopathy

32
(41)
0
(0)
32
(44)
7
(41)
25
(45)
12
(38)
13
(54)

VZV
(%)

19 (79)

25 (76)

44 (77)

14 (82)

58 (78)

4 (80)

62 (78)

Only
antiplatelet
(%)

Treatment

4 (17)

5 (15)

9 (16)

1 (6)

10 (14)

0 (0)

10 (13)

Anti-coagulant
(%)

1 (4)

3 (9)

4 (7)

0 (0)

4 (5)

1 (20)

5 (6)

No treatment (%)

5 (21)

6 (18)

11 (19)

2 (12)

13 (18)

4 (80)a

17 (22)

Any recurrence
(%)

9 (38)

11 (33)

20 (35)

10 (63)

30 (41)

0 (0)

30 (38)

Good
outcome
(%)
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A

B

Figure 2.7 Typical examples of infarct localization in TCA, including the head of the caudate nucleus,
the lentiform nucleus, some involvement but relative sparing of the internal capsule and some
extension in adjacent gray or white matter. (A) T2-weighted MRI in a 7-year-old boy. (B) FLAIR MRI in
a 6-year-old girl.

lesions, except for gender; there were significantly less boys in the group with normalizing
arteriopathy (29% compared with 60%; p=0.05).

Recurrences
Patients with a progressive arteriopathy had significantly more recurrences than those with
TCA (p=0.007). In the progressive group, four of five patients (80%) had recurrent neurological
events during the follow-up period. Two patients had recurrent strokes, one patient had a TIA
2 years after AIS and in one patient a new silent infarction was seen on MRI 6 months after
stroke. This patient also had a TIA after 13 months. Thirteen of 74 patients with TCA (18%) had
recurrent neurological symptoms in the follow-up period, after a median interval of 3 months
(range 1 week to 2.5 years). Of the 17 children with complete normalization of arteriopathy,
two patients had a recurrent stroke. In the group of 33 patients with improved arteriopathy at
final angiography, three patients had probable TIAs, two patients had a recurrent stroke and
one patient had a new lesion on the MRI scan 1 year and 2 months after stroke, without new
neurological symptoms (silent recurrence). In the stabilizing group of 24 children, five patients
(21%) had a recurrent stroke in the first 8 months after stroke.
There was no significant difference in recurrence rate between TCA patients with normalizing
and residual arteriopathy at final angiography (p=0.499).
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None of the five children with progressive arteriopathy had a good outcome after a median
follow-up period of 3 years, compared with 30 of the 74 patients with TCA (41%) who had
recovered completely or almost completely with only mild deficits (p=0.15). Within the TCA
group, good functional outcome tended to be more frequent in patients with a normalizing
arteriopathy (63%) compared to those with a residual arteriopathy (35%, p=0.083).

Treatment
Anti-platelet medication was prescribed to four of five (80%) patients with a progressive
arteriopathy and to 58 of 74 (78%) patients with TCA. Two children were treated with both
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Functional outcome

antiviral and anti-thrombotic medication. Anti-coagulant treatment was prescribed to ten
patients (14%) with TCA and was combined with antiplatelet treatment in four of them. All
five children who received no treatment (four TCA and one progressive arteriopathy) had a
poor functional outcome, compared with 59% of children who received any form of treatment
(p=0.15).

Predictors of progressive arteriopathy, poor outcome and recurrence
Clinical and radiological parameters, available after presentation, history taking and (vascular)
imaging, that could predict poor stroke outcome, recurrent ischaemia or a progressive course
of the arteriopathy, are summarized in Table 2.4.

Prediction of progressive arteriopathy
Preceding VZV infection showed a trend towards prediction of non-progressive arteriopathy
(p=0.07). Both arterial occlusion, and the presence of moyamoya vessels at any time during the
course of the disease, were significantly related to progressive arteriopathy (p=0.001). Moyamoya
vessels remained a significant predictor after accounting for arterial occlusion (p=0.035).

Prediction of poor outcome
Cortical infarction was significantly associated with poor functional outcome (OR 6.1, 95% CI
1.3–29.2, p=0.02). Arterial occlusion at initial vascular imaging did not predict stroke outcome,
but the detection of an occluded artery at any time during the course of the disease tended to
be associated with poor functional outcome (OR 3.0, 95% CI 1.0–9.2, p=0.06). Multivariate
analysis did not change the level of significance for these two possible predictors (p=0.03 and
0.08, respectively).
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6.14 (1.29–29.22)
0.58 (0.15–2.21)
1.86 (0.59–5.88)
3.00 (0.98–9.23)
1.28 (0.48–3.41)
0.62 (0.04–10.25)
4.95 (0.58–42.45)
0.36 (0.07–1.81)
a

0.91 (0.28–2.97)

Cortical localization (17)

Corona radiata involvement (10)

Initial arterial occlusion (18)

Occlusion at any time (23)

Arterial beading (26)

Initial moyamoya vessels (2)

Moyamoya vessels at any time (8)

No anticoagulant treatment (68)

No treatment (5)

c

0.27

–

4.12 (1.30–13.07)

0.48
0.41

1.49 (0.50–4.45)
0.64 (0.21–1.88)

2.27 (0.58–8.82)
18.77 (1.94–181.97)

0.88
0.15

0.02
–

#

0.01#

0.24

0.31

0.90

–

–

–

–

4.38 (0.39–48.80)

a

70 (6.28–780.83)

1.00
0.26

a

2.44 (0.52–11.47)

1.39 (0.22–8.87)

–

–

–

–

0.23

1.00

0.001#

1.00

0.73

0.001#

0.73

0.36
a

1.00

0.92
2.42 (0.37–15.73)

a

0.07

0.17

a

0.89 (0.09–8.54)

0.84

0.07

0.83 (0.13–5.29)

0.59

a

0.94

P

0.60 (0.09–3.79)

1.01 (0.79–1.30)

OR (95% CI)

0.81 (0.25–2.62)

2.79 (0.91–8.50)

2.27 (0.70–7.38)

0.90

0.41 (0.08–2.00)
0.90 (0.17–4.70)

0.53

0.99

1.45 (0.45–4.66)

1.01 (0.34–3.01)

a

0.15

0.74

0.62

0.06

0.29

0.43

0.02#

0.60

0.23

0.92

0.42

P

Progressive arteriopathy (n=5)

#

a

Zero patients in one cell, logistic regression impossible. P-values obtained by Fisher’s Exact Tests.
Significant association, p<0.05.
b
Transient progression was studied as a predictor of outcome and recurrence only in the group of TCA patients (n=74).
c
Progression of arterial disease detected at any time during vascular imaging follow-up; includes TCA patients with transient worsening and children with progressive
arteriopathies.
Significant association, p<0.05.

Any recurrence (17)

Progression at any time (19)

Progressive arteriopathy (5)

Transient worsening in TCA (14)

2.62 (0.40–17.13)

0.15

1.29 (0.50–3.33)

b

1.11 (0.21–5.80)

0.21

0.57 (0.22–1.44)

Left hemisphere infarction (49)

1.06 (0.36–3.09)

Preceding VZV (32)

0.72

1.18 (0.47–2.95)

0.94 (0.79–1.10)

Male gender (41)

0.67

0.97 (0.86–1.11)

OR (95% CI)

OR (95% CI)

P

Recurrence (n=17)

Poor outcome (n=48)

Age at stroke

Possible predictors (nr)

Table 2.4 Possible predictors of poor functional outcome, recurrence and progressive arteriopathy in 79 children with unilateral intracranial
arteriopathy
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Arterial occlusion at any time during follow-up tended to be related to recurrence (OR 2.8,
95% CI 0.9–8.5, p=0.07). Progressive arteriopathy was associated with recurrent stroke or TIA
(OR 18.8, 95% CI 1.9–182, p=0.01). Documented progression at any time during follow-up
was also significantly associated with recurrence (OR 4.1, 95% CI 1.3–13.1, p=0.02). The latter
two, however, are inherently dependent, since progression at any time included not only the 14
TCA patients with transient worsening, but also the five children with progressive arteriopathy.
Within the subgroup of TCA patients, however, documented transient worsening was not
significantly related to recurrence (p=0.25). Multivariate regression modelling revealed that
progression at any time remained significantly associated with recurrence, independent of
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Prediction of recurrence

arterial occlusion (p=0.03).

Discussion
In this study of a large cohort of children with AIS and unilateral intracranial anterior circulation
arteriopathy, we found that the majority of patients (94%) had TCA, which was in 44% of
children preceded by chickenpox (PVA). None of the patients with progressive arteriopathy
had preceding chickenpox. Around one-fifth of children with TCA showed transient worsening
of arterial lesions, later stabilizing or improving. Patients with progressive arteriopathy more
often showed arterial occlusion, ACA involvement and abnormal collateral moyamoya vessels.
Cortical infarction was predictive of poor functional outcome. Arterial occlusive disease
tended to be predictive of poor functional outcome and stroke recurrence. Progression of the
arteriopathy was significantly related to stoke recurrence.

Pathophysiology and nomenclature of non-progressive childhood arteriopathies
Developments in vascular imaging techniques have improved our understanding of childhood
stroke aetiology. Arteriopathies are found in the majority of children with AIS (Ganesan et al.,
2003). Since its first description in 1998 (Chabrier et al., 1998), TCA is increasingly recognized
as an important cause of AIS in previously healthy children, with a course similar to that of PVA
(Lanthier et al., 2005; Sébire et al., 2004; Sébire, 2006). Several pathophysiological mechanisms
may be responsible for TCA.
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Inflammation
Many arguments favour a post-infectious inflammatory mechanism underlying TCA.
Firstly, there is strong epidemiological evidence for an association between TCA and VZV
infections preceding AIS within 12 months (Chabrier et al., 1998; Sébire et al., 1999; Askalan
et al., 2001; Ganesan et al., 2003; Sébire et al., 2004; Lanthier et al., 2005; Danchaivijitr et al.,
2006; Sébire, 2006; Miravet et al., 2007). VZV, which resides in the trigeminal ganglion, may
migrate through the trigeminal nerves innervating the arterial tree at the level of the distal
ICA and proximal MCA (the exact area that is affected in TCA) to cause inflammation of
the arterial wall. Secondly, in some patients with TCA/PVA there is direct or circumstantial
evidence for VZV virus being the causative agent (Riou et al., 2008); cerebrospinal fluid PCR
may be positive for VZV (Moriuchi and Rodriguez, 2000; Nagel et al., 2007), there may be
proof of intrathecal production of antibodies directed against VZV, and the VZV antigen has
occasionally been demonstrated in smooth muscle cells of affected vessel walls (Hausler et al.,
1998; Berger et al., 2000). Thirdly, the angiographical appearance, with beading and irregular
multisegmental involvement, is highly suggestive of inflammation (Aviv et al., 2006). Fourthly,
the angiographical course of arterial disease, with frequent early progression and subsequent
stabilization or improvement (Chabrier et al., 1998; Sébire, 2006), leaving residual arterial
abnormality in a substantial proportion, suggests an inflammatory mechanism. Fifthly, the
clinical onset of symptoms, which is most frequently non-abrupt (Braun et al., 2007), is in
accordance with inflammatory disease, leading to progressive arterial wall involvement and
stepwise occlusion of the origin of MCA/ACA perforators. Lastly, TCA is also associated with
other infectious agents such as enterovirus, Borrelia burgdorferi and HIV (Ribai et al., 2003;
Sébire et al., 2004; Cox et al., 2005; Leeuwis et al., 2007).
Literally, an inflammatory arteriopathy can be denominated ‘vasculitis’ or ‘angiitis’. Some of the
patients with TCA described here fulfill the diagnostic criteria of ‘primary angiitis of the central
nervous system’ (PACNS), an entity that is particularly well known in the adult population,
and is characterized by (i) an acquired neurological deficit unexplained by other causes, (ii)
evidence of vasculitis in a CNS biopsy specimen or (iii) a cerebral angiogram with changes
characteristic of vasculitis, including areas of smooth-wall segmental narrowing or dilation and
occlusions that affect multiple cerebral arteries (Salvarani et al., 2007). Indeed, some authors
have previously diagnosed patients with infarct localization, angiographical abnormalities
and a course of arterial disease that is typical for TCA/PVA, as childhood PACNS (Aviv et al.,
2006; Benseler et al., 2006). Not surprisingly, they found that of 62 patients with PACNS, the
majority (68%) had a non-progressive course, with focal deficits and almost exclusively unilateral
arterial lesions. The description of these patients is in exact accordance with TCA/PVA. The
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and progressive course, with frequent bilateral and multifocal MRI abnormalities, distal arterial
lesions and a clinical syndrome that was more characterized by diffuse neurological signs
and headache (Benseler et al., 2006). In some children with PACNS, cerebral angiography is
normal, and a lesional brain biopsy is required to diagnose the disorder (Benseler et al., 2005).
Progressive and angio-negative PACNS patients, in contrast to TCA/PVA which apparently is a
self-limiting disorder, should be treated with long-term immunosuppressive therapy. Although
the angiographic appearance of irregular, beaded or multiple arterial lesions was previously
described as ‘aggressive’ (Aviv et al., 2006), we found no correlation between beading and the
course of the arteriopathy in our study.

The course of childhood arteriopathies

remaining 32% of these children with possible PACNS, however, had a completely different

Dissection
Although unlikely in view of the specific course of arterial disease, it cannot be excluded that
intracranial arterial dissection is at least partly responsible for the vascular pathology seen in
some children with TCA (Chabrier et al., 1998; Sébire, 2006). Diagnostic criteria for extracranial
arterial dissection in childhood are well defined (Sébire et al., 2004). However, histopathological
examination is not available in these patients with non-progressive disease, and the MR
demonstration of an intramural haematoma in relatively small intracranial arteries is difficult.
Fat-saturated cross-sectional MRI is recommended in patients with suspected dissection to
demonstrate blood within the arterial wall (Caplan, 2008). Possibly, high-resolution MRI in a
plane perpendicular to the longitudinal axis of the proximal MCA segment could increase the
diagnostic yield of MR for intracranial dissections and improve differentiation from
inflammatory arteriopathy. Only three of our patients had angiographical evidence of an intimal
flap or double lumen, none had a pseudoaneurysm and none suffered from subarachnoid
haemorrhage. Medical charts reported an insignificant trauma or minor head injury 1 h to 2
weeks preceding stroke in 12 of our 74 TCA patients. The frequency of recent trauma in healthy
children, however, is unknown. Possibly, an inflamed arterial wall is more vulnerable to the
development of dissecting lesions. Therefore, some of the patients described here may have had
intracranial dissection, as pathologically these conditions are not mutually exclusive. In a
recent review, 60% of anterior circulation childhood dissections were intracranial, typically
non-traumatic (Fullerton et al., 2001). Since irregular arterial narrowing was considered a
sufficient criterion to diagnose dissection and include children in this review, we suggest that
some patients with presumed intracranial dissection could just as well have suffered from
inflammatory TCA/PVA. In a recent study applying more strict diagnostic criteria for arterial
dissection in children, the MCA was involved in only 22% of anterior circulation dissections
(Rafay et al., 2006).
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Fibromuscular dysplasia
In the past, few case reports have described young patients with unilateral beading dICA and/or
MCA arteriopathy considered diagnostic of isolated intracranial fibromuscular dysplasia (FMD)
(DiFazio et al., 2000). These patients may have suffered from TCA, a diagnosis that could only
have been made after follow-up vascular imaging, revealing disappearance of the typical string
of beads sign and stabilization or improvement of arteriopathy. A definitive diagnosis of FMD
requires arterial abnormalities involving the ICA and renal arteries, and can only be confirmed
by histopathological examination (Sébire et al., 2004).

‘Unilateral Moyamoya’
The angiographical diagnosis of moyamoya requires bilateral stenosis or occlusion of the terminal
ICA or its branches, accompanied by an uni- or bilateral abnormal collateral network of small
lenticulostriatal vessels (Sébire et al., 2004). However, several studies have reported unilateral
onset of moyamoya (also called ‘possible moyamoya’), with or without later progression into
bilateral disease. From a pooled series of 52 children with unilateral angiographical moyamoya,
25 (48%) were shown to develop bilateral moyamoya at follow-up angiography after an interval
of months to years (Kawano et al., 1994; Matsushima et al., 1994; Houkin et al., 1996; Hirotsune
et al., 1997; Kelly et al., 2006; Seol et al., 2006). Most of these children were surgically treated in
the initial unilateral stage of their disease. In our study, the frequency of unilateral moyamoya
vessels is probably underestimated, since six of eight patients with persistent occlusive arterial
disease underwent MRA as their last imaging procedure, whereas conventional angiography is
superior in the detection of these abnormal small collaterals. Nevertheless, it is evident that, first,
occlusive arterial disease may very well improve and even normalize; second, even when vascular
occlusion is accompanied by the formation of reactive moyamoya collaterals, the arteriopathy may
stabilize and even improve in time. Therefore, ‘unilateral moyamoya’ is possibly at one end of the
spectrum of non-progressive intracranial arteriopathies, and may therefore be diagnosed as TCA
or PVA, provided that long-term angiographical follow-up does not reveal bilateral evolution of
disease (Figure 2.5). Surgical treatment in children with unilateral distal ICA occlusions should
therefore ideally only be performed when the patient suffers from recurrent symptoms and
repeated angiography has ruled out improving arterial disease.

Incidence of TCA/PVA
The majority of this consecutive cohort of previously healthy children, selected for unilateral
intracranial arteriopathy, have disease which is eventually non-progressive. Little is known about
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cohort of 98 children with AIS, 30 (31%) were diagnosed with TCA/PVA, which constitutes
43% of the children who were previously healthy (Braun et al., 2007). In a selected British cohort
of 50 children who underwent MRA within 3 months after stroke and repeated MRA at least
1 month later, 24 (48%) showed improvement with time and could be diagnosed with TCA
(Danchaivijitr et al., 2006). This, however, may be an underestimate; some children with
‘unchanged’ arteriopathy probably also fulfilled the diagnostic criteria for TCA (i.e. no
worsening after 6 months), and in several patients with a presumed progressive arteriopathy,
worsening of arterial lesions could have occurred during the first months after stroke which
is not incompatible with the diagnosis of TCA (Sébire et al., 2004; Sébire, 2006). In our study,

The course of childhood arteriopathies

the frequency of TCA/PVA among the entire population of children with AIS. In a Toronto

the 74 children with proven TCA represented 20% of the total cohort of 372 children with AIS,
and 32% of those who were previously healthy. In another 28 children, angiographical findings
were suspect of TCA, but vascular imaging follow-up was not performed or unavailable. The
true frequency of TCA in our cohort could therefore be as high as 27%. Naturally, referral
biases to the above three specialized childhood stroke centres may have influenced the reported
frequencies.

Outcome, recurrence rate and treatment
Although the inflammatory phase of TCA is supposedly transient, 59% of children are left with
permanent neurological deficits, and 77% have residual arterial lesions at repeated angiography.
In this study, the overall recurrence rate of ischaemic symptoms was 22%, with 18% recurrences
in the TCA group. This probably is an underestimate, because recurrent events during the first
week after presentation were not included in the analysis, since these may be considered
part of the index stroke. Three recent publications have in depth addressed recurrence rates
in childhood stroke. In the study of Sträter et al. (2002), 6.6% of children with an AIS had a
recurrent ischaemic stroke. TIAs were not included in the endpoint. Thirty percent of previously
healthy children with AIS in London had a recurrent stroke or TIA (Ganesan et al., 2006).
In a Californian population-based cohort study, the 5-year cumulative recurrence rate after
childhood ischaemic stroke was 19% (Fullerton et al., 2007). In all three studies, children with
vasculopathy were shown to be particularly at risk. It has recently been suggested that children
with progressive arteriopathies have a higher risk of stroke recurrence, although this did not
reach statistical significance (Danchaivijitr et al., 2006). We confirm that the risk of stroke
recurrence in previously healthy children with unilateral intracranial arteriopathy is significantly
associated with progression of arterial disease.
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There are relatively few clinical and radiological parameters that may, based on this study, help
predict the course of childhood unilateral intracranial arteriopathy, outcome and recurrence and
crucially, these may not be available at initial presentation. Preceding chickenpox tends to be
associated with non-progressive arterial disease. A mainly cortical localization is associated with
poor functional outcome. Arterial occlusion at any (initial or follow-up) angiography may
predict poor outcome and stroke recurrence. Occlusion and moyamoya vessels are associated
with progressive arteriopathy. When the arteriopathy completely normalizes in TCA, functional
outcome tends to be better. Finally, documented progression at any time during follow-up
increases the chance of recurrent symptoms. We found no relation between outcome or
recurrence and arterial beading and antiplatelet or anticoagulant treatment. Obviously, the
limited statistical power of our study hampers the ability to identify all independent predictors
of outcome, recurrence and course of the arteriopathy. We will in future studies address the
predictive value of laboratory investigation in childhood arteriopathies.
Given the large number of patients with residual neurological deficits and the high recurrence
rate in the early stages after stroke in this cohort of children, investigation of acute treatment and
appropriate secondary prevention strategies seems mandatory. Given the presumed inflammatory nature of disease, a shortterm treatment with immunosuppressives, possibly combined
with antiviral medication when stroke is preceded by VZV, is the most rational choice of treatment in children presenting with unilateral intracranial arteriopathy (deVeber, 2005; Benseler
et al., 2006; Braun et al., 2007; Miravet et al., 2007). Randomized controlled trials are needed
to prove efficacy of such a treatment regimen.
In conclusion, the vast majority of children with AIS and anterior circulation intracranial
arteriopathy suffer from TCA, presumably of inflammatory origin, that is associated with
preceding VZV in 44% of cases. Many of these children have documented transient worsening
of arteriopathy, with later stabilization or improvement. When acute vascular imaging
demonstrates intracranial arteriopathy in children with AIS, MRA should be repeated 3–6
months after diagnosis, and again at 6–12 months in most patients (Sébire et al., 2004; Sébire,
2006), since prediction of the eventual course of arterial disease is shown to be difficult based on
criteria available at stroke onset. ‘Transient cerebral arteriopathy’ is a frequent cause of childhood
AIS, specifically in previously healthy children. Because most children have permanent
neurological sequelae and residual arterial lesions, rigorous assessement of anti-inflammatory
treatment seems rational.
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Movement disorder in children with PVA

Abstract
Diagnosing ischaemic stroke in children is often difficult. Post-varicella angiopathy (PVA)
is a well-recognised and frequent cause of childhood ischaemic stroke, particularly affecting
the basal ganglia. When a previously healthy child presents with unilateral abnormal
involuntary movements, cerebral infarction should be included in the differential diagnosis
and PVA should be considered, even when there is no recent history of rash and cerebrospinal
fluid is normal. Medical history and intracranial vascular imaging are important for early
diagnosis and treatment.
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The diagnosis of arterial ischaemic stroke (AIS) in children is often initially missed, owing to the
many stroke mimics and a large variety of presenting symptoms, among which (haemi)paresis,
dysphasia, loss of consciousness, headache and seizures are the most frequent [1]. Symptoms are
often nonabrupt in onset and vary according to age and arterial territory. Movement disorders
in children with stroke have been reported, and occur most often in the chronic stage [2–4].
We report three children with a transient movement disorder as the presenting symptom of
lenticulostriate infarction owing to post-varicella angiopathy (PVA).

Movement disorder in children with PVA

Background

CASE PRESENTATION
Patient 1
The parents of a 3-year-old boy had noticed an unstable gait, causing him to fall frequently,
as well as clumsiness of his left arm. Initially, they attributed these signs to fatigue and sleep
deprivation during their summer holidays, but when they noted involuntary arm and leg
movements after a week, they sought medical help. He had chickenpox 3 months earlier. The
history was unremarkable. On admission he showed dystonic movements of his left arm, more
clearly during walking, and a subtle paresis of his left leg with a Babinski’s sign. MRI showed
infarction in the right caudate nucleus and adjacent frontal white matter. MR angiography
revealed mild irregular stenosis of the right distal internal carotid artery (dICA), proximal
anterior (ACA) and middle cerebral artery (MCA) (Figure 3.1A). Cerebrospinal fluid (CSF)
examination revealed 35 leucocytes/mL, normal protein (0.20 g/L) and a positive PCR for
varicella zoster virus (VZV). Further work-up for stroke aetiology was normal. He was treated
with aspirin, and acyclovir for 2 weeks. Abnormal involuntary movements disappeared within
1 month. Repeated magnetic resonance angiography after 3 months was unchanged and there
were no recurring symptoms during the first year of follow-up.

Patient 2
A 2-year-old boy was admitted for a second opinion after he was diagnosed with a lenticulostriate
infarction. Parents had noticed fluctuating subtle motor problems of his right leg 4 weeks
earlier, and abnormal involuntary movements of his right arm, leg and facial muscles 2 days
before admission. He had chickenpox 2 months earlier. On neurological examination there was
right-sided haemichorea without other abnormalities. MRI showed a left caudate nucleus and
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Figure 3.1 MRI (T2 sequence) and 3D time-of-flight MR angiographies of all three patients at
baseline (A–C) showing basal ganglia infarcts and a large artery arteriopathy in all three patients.

putamen infarct with severe stenosis of the left dICA, proximal ACA and M1–M3 branches of
the MCA (Figure 3.1B). CSF examination showed a normal leucocyte count and protein. PCR
for VZV was negative. Anti-VZV IgG antibodies were not tested. Further work-up for stroke
aetiology was normal. He was treated with aspirin. At 1 month follow-up there was complete
clinical recovery.

Patient 3
The mother of a 3-year-old girl noticed involuntary movements of her daughter’s left arm and
leg shortly after awakening. She had chickenpox 7 months earlier. On neurological examination
choreatic movements of the left arm and leg were seen, without pyramidal signs. MRI showed
infarction in the right caudate nucleus and putamen, and a stenosed proximal MCA and ACA
(Figure 3.1C). Work-up for stroke aetiology was normal. Lumbar puncture was not performed.
She was treated with aspirin. The haemichorea disappeared over the course of 3 weeks. On
follow-up after 1 year, she had not experienced recurrent episodes and MR angiography showed
normalisation of arteriopathy.
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We report three children with a unilateral movement disorder as presenting symptom of
lenticulostriate infarction and a non-progressive unilateral intracranial arteriopathy. They
had chickenpox within 12 months preceding stroke onset, and were therefore diagnosed with
PVA [5].
An arteriopathy was found in 53% of children who underwent vascular imaging in a large
international study on childhood AIS [6]. In the majority of children with AIS of arteriopathic
origin, the arterial abnormalities are intracranial, unilateral and non-progressive on followup vascular imaging. This condition is classified as ‘transient cerebral arteriopathy’ (TCA) [5,

Movement disorder in children with PVA

Discussion

7, 8]. The vast majority of these children have basal ganglia infarcts [7, 8]. Many arguments
favours post-infectious inflammation of the arterial wall as the cause of TCA [7]. In 31–44%
of these children a primary VZV infection preceded stroke by less than 12 months [7–9]. The
diagnosis of PVA is based on the combination of these clinical and radiological findings and
is a well-recognised entity in childhood ischaemic stroke [3, 5, 9, 10]. Recent rash or CSF
pleocytosis is not required for the diagnosis of PVA, neither is the detection of VZV DNA or
anti-VZV IgG antibodies in CSF [5, 10].
The incidence of post-stroke movement disorders in children is unknown, but is assumed to
be higher than in adults [2]. Most publications are single case reports or small case series [2,
11]. Haemidystonia as a consequence of stroke occurs more often in children than in adults,
but particularly in the chronic stage [4]. Two studies have showed that haemichorea is the
most common stroke-associated movement disorder in the acute phase of adult stroke [12,
13]. Reports on chorea in children with acute stroke, however, are limited to a few cases, in
whom other focal signs accompanied the chorea [3].
Movement disorders in the acute stage of adult stroke are generally associated with spontaneous
recovery within weeks [13], similar to the time course of symptoms in our three children.
Haemidystonia is attributed to lesions that interrupt the corticostriatopallidothalamocortical
loop, most often in the striatopallidal complex [4]. Similar lesions have been described in
patients with haemichorea [14]. Accepted models of basal ganglia circuitry often do not
correspond to MRI lesion localisation and the type of movement disorder [12, 13], possibly
because MRI does not visualise the full extent of pathology and the distant functional effects
of the lesion [12].
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Learning points
•

Post-varicella angiopathy (PVA) is a well-recognised and frequent cause of childhood
ischaemic stroke.

•

When a child presents with haemichorea or haemidystonia, basal ganglia infarction
should be included in the differential diagnosis. Transient cerebral arteriopathy and
its subset PVA should then be considered, even if there is no recent history of rash and
cerebrospinal fluid is normal.

•

Brain MRI and vascular imaging of the intracranial arteries in children with an acquired
unilateral movement disorder is important for early diagnosis and treatment of PVA.

References

56

1.

Steinlin M. A clinical approach to arterial ischemic childhood stroke: increasing knowledge over
the last decade. Neuropediatrics 2012;43:1–9.

2.

Bejot Y, Giroud M, Moreau T, et al. Clinical spectrum of movement disorders after stroke in
childhood and adulthood. Eur Neurol 2012;68:59–64.

3.

Miravet E, Danchaivijitr N, Basu H, et al. Clinical and radiological features of childhood cerebral
infarction following varicella zoster virus infection. Dev Med Child Neurol 2007;49:417–422.

4.

Nardocci N, Zorzi G, Grisoli M, et al. Acquired hemidystonia in childhood: a clinical and
neuroradiological study of thirteen patients. Pediatr Neurol 1996;15:108–113.

5.

Sebire G, Fullerton H, Riou E, et al. Toward the definition of cerebral arteriopathies of childhood.
Curr Opin Pediatr 2004;16:617–622.

6.

Amlie-Lefond C, Bernard TJ, Sebire G, et al. Predictors of cerebral arteriopathy in children
with arterial ischemic stroke: results of the International Pediatric Stroke Study. Circulation
2009;119:1417–1423.

7.

Braun KP, Bulder MM, Chabrier S, et al. The course and outcome of unilateral intracranial
arteriopathy in 79 children with ischaemic stroke. Brain 2009;132:544–557.

8.

Chabrier S, Rodesch G, Lasjaunias P, et al. Transient cerebral arteriopathy: a disorder recognized
by serial angiograms in children with stroke. J Child Neurol 1998;13:27–32.

9.

Askalan R, Laughlin S, Mayank S, et al. Chickenpox and stroke in childhood: a study of frequency
and causation. Stroke 2001;32:1257–1262.

10.

Nagel MA, Cohrs RJ, Mahalingam R, et al. The varicella zoster virus vasculopathies: clinical, CSF,
imaging, and virologic features. Neurology 2008;70:853–860.

Chapter 3

Micheli F, Cersosimo G, Palacios C, et al. Dystonia and tremor secondary to a pediatric thalamic
stroke. Parkinsonism Relat Disord 1998;4:119–122.

12.

Alarcon F, Zijlmans JC, Duenas G, et al. Post-stroke movement disorders: report of 56 patients. J
Neurol Neurosurg Psychiatry 2004;75:1568–1574.

13.

Ghika-Schmid F, Ghika J, Regli F, et al. Hyperkinetic movement disorders during and after acute
stroke: the Lausanne Stroke Registry. J Neurol Sci 1997;146:109–116.

14.

Chung SJ, Im JH, Lee MC, et al. Hemichorea after stroke: clinical-radiological correlation. J Neurol
2004;251:725–729.

Movement disorder in children with PVA

11.

57

Chapter 3

58

Movement disorder in children with PVA

Chapter 4

The course of unilateral
intracranial arteriopathy in
young adults with arterial
ischemic stroke
M.M.M. Bulder
K.P.J. Braun
J.W. Leeuwis
R.T.H. Lo
O. van Nieuwenhuizen
L.J. Kappelle
C.J.M. Klijn

Stroke 2012;43(7):1890–1896.

Chapter 4

Unilateral intracranial arteriopathy in adults

Abstract
Background and purpose: Unilateral intracranial focal nonprogressive arteriopathy is
often found in children with arterial ischemic stroke. We aimed to investigate the course
of unilateral intracranial arteriopathy in young adults.
Methods: We searched the Utrecht Stroke Database for patients between 16 and 50 years of
age diagnosed with anterior circulation arterial ischemic stroke and a nonatherosclerotic,
unilateral intracranial large-artery arteriopathy between 1991 and 2005. We assessed clinical
features, potential causes, risk factors, extent of infarction and arteriopathy at presentation,
long-term angiographic course, and clinical outcome.
Results: Of 356 patients with anterior circulation arterial ischemic stroke, 17 (5%) had a
documented unilateral intracranial arteriopathy, of whom 14 could be included for followup investigations (median age, 34 years; range, 27–49 years). Median duration of follow-up
was 8.8 years (range, 1.7–12.8 years). In 11 patients, onset of symptoms was not abrupt. The
arteriopathy normalized completely in 5 and improved in 3 patients; in none of the patients
did the arteriopathy worsen. Two of 14 patients had recurrent symptoms. Ten patients (71%)
had a good outcome (modified Rankin Scale score ≤2).
Conclusions: In young adults, arterial ischemic stroke is rarely caused by a unilateral
intracranial arteriopathy. Similar to children, onset of symptoms in young adults is often not
abrupt and the arteriopathy may improve over time. Late recurrences were rare. Possibly, a
monophasic inflammatory process, as has been suggested for childhood intracranial focal
nonprogressive arteriopathies, also occurs in young adults.
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In young adults the proportion of patients in whom the cause of arterial ischemic stroke (AIS)
can be determined has increased during the last decades mainly as a result of improvements
in diagnostic investigations [1]. Improved availability and quality of noninvasive imaging of
the extracranial and intracranial arteries has led to an increased frequency of patients with
stroke diagnosed with arteriopathies, including dissection, moyamoya, angiitis, fibromuscular
dysplasia, and postradiation vasculopathy [2, 3]. In children, intracranial arteriopathies are
found in approximately 53% of patients with AIS [4]. The recently published classification
of childhood AIS, based on the childhood AIS standardized classification and diagnostic
evaluation criteria, describes focal cerebral arteriopathy as a separate entity [5]. Transient

Unilateral intracranial arteriopathy in adults

Background

cerebral arteriopathy (TCA) is a subset of focal cerebral arteriopathy accounting for up to
one third of anterior circulation strokes in previously healthy children [6, 7]. Typically, these
children present with a nonabrupt onset of neurological deficits caused by a predominantly
lenticulostriate infarction. Angiography shows unilateral arterial abnormalities of the distal
internal carotid artery, proximal middle cerebral artery (MCA) or anterior cerebral artery,
that stabilize or improve over time [3, 6, 7]. TCA is presumed to be caused by monophasic
arterial wall inflammation. In 31% to 44% of these children the arteriopathy is preceded by
a varicella zoster virus infection [6–8]. Infections with Enterovirus [9], Borrelia burgdorferi
[10], or HIV [11] have also been associated with TCA in children. Varicella zoster virus
associated vasculopathy can also lead to progressive arterial inflammation, severe neurological
disease, and death. Treatment with acyclovir and steroids has therefore been recommended
for varicella zoster virus-associated vasculopathy [12, 13]. Intracranial inflammatory
arteriopathy has also been described in adults after herpes zoster ophthalmicus [13]. Whether
inflammatory arteriopathies also occur in adults in the absence of varicella zoster virus
infection is unknown.
The aim of our study was to investigate the frequency, presentation, long-term radiological and
clinical outcome, and the presumed cause of unilateral intracranial large-artery arteriopathy
in young adults with AIS.

Methods
We searched the prospective Utrecht Stroke Database for patients aged 16 to 50 years with
AIS admitted to the Department of Neurology at the University Medical Center Utrecht or
investigated at the outpatient clinic between January 1, 1991, and December 31, 2005. Patients
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were approached for follow-up investigation if: (1) they had had signs or symptoms attributable
to anterior circulation AIS; (2) vascular imaging of the intracranial arteries performed within 3
months after stroke was available for review and showed a unilateral arteriopathy of the distal
internal carotid artery, proximal anterior cerebral artery, or MCA; and (3) a cardiac source of
thromboembolism had been excluded.
AIS was defined as focal neurological deficits caused by infarction visible on CT or MRI.
Vascular imaging could consist of digital subtraction angiography (DSA), MR angiography, or
CT angiography. Arteriopathy was defined as a focal or segmental stenosis or occlusion with
regular or irregular abnormalities of the arterial wall. An abrupt occlusion of a major cerebral
artery at initial angiography without other abnormalities suggestive of arterial wall disease was
not considered an arteriopathy because this may be caused by embolic occlusion.
The following baseline characteristics were collected from the medical charts: mode of onset
of stroke symptoms, preceding infections or trauma, migraine before stroke, medical history,
medication before and after stroke, known prothrombotic disorders, and risk factors for
atherosclerotic disease (smoking, drugs, hypertension, family history of cardiovascular disease,
hypercholesterolemia, diabetes mellitus). The mode of onset of stroke symptoms was classified
as “abrupt” when neurological symptoms reached maximum severity within 30 minutes. Onset
was “progressing” when symptoms gradually progressed and reached maximum severity in >30
minutes. Onset was classified as “stuttering” when presenting symptoms were fluctuating and
the patient was not free of symptoms between episodes and as “recurring” when the patient
was free of symptoms in between [14]. The severity of stroke at presentation was classified
according to the National Institutes of Health Stroke Scale and modified Rankin Scale.
Results of laboratory investigations for atherosclerotic risk factors and prothrombotic
disorders, performed during the diagnostic evaluation of stroke, were collected (triglycerides,
total cholesterol, highand low-density lipoprotein cholesterol, homocysteine, thrombocytes,
prothrombin time, fibrinogen, antithrombin activity, protein S antigen, protein C activity,
activated protein C resistance, prothrombin mutation, factor VIII, lupus anticoagulant,
anticardiolipin IgG and IgM, and lipoprotein[a]). At follow-up, 1 of the authors (M.M.M.B.)
interviewed patients about recurrence of stroke, transient ischemic attacks, or other vascular
events (deep venous thrombosis, pulmonary embolism, peripheral arterial disease, ischemic
heart disease) and treatment and patients underwent a clinical examination. Outcome was
assessed by means of the modified Rankin Scale. Investigations of triglycerides, total cholesterol,
highdensity lipoprotein cholesterol, and low-density lipoprotein cholesterol were repeated and
prothrombotic disorders were investigated when the investigations in the past had not included
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T2-weighted, fluid-attenuated inversion recovery) and MR angiography of the circle of Willis
(3-dimensional time of flight with maximum-intensity projection reconstruction) on a 3-T
MRI scanner (Achieva; Philips Medical Systems) to study the long-term course of arteriopathy
and the occurrence of new ischemic strokes. In 1 patient, a CT and CT angiography scan were
performed instead of MRI because the patient had a pacemaker. Based on the comparison
of MR angiography with vascular imaging at presentation, the arteriopathy was classified as
progressive (increase of stenosis or progression from stenosis to occlusion or new involvement
of other intracranial arteries), unchanged, improved (but not normal), or normalized.
This study was approved by the institutional ethical committee and patients gave written

Unilateral intracranial arteriopathy in adults

all the elements as listed previously. Patients underwent MRI investigation of the brain (T1-,

informed consent.

Results
Of 490 patients with AIS, 356 had an anterior circulation AIS (Figure 4.1). In 17 (5%) of them,
a unilateral intracranial large-artery arteriopathy was documented. One patient died 4 days
after stroke and 2 patients refused participation in the study. Fourteen patients underwent
follow-up investigations.
Characteristics of the 14 patients are summarized in Table 4.1. Median age at the time of stroke
was 34 years (range, 27–49 years) and 7 patients were male. The onset of symptoms was abrupt
in 3 patients, whereas 11 patients (79%) had a nonabrupt onset with gradual progression in
2, a stuttering course in 6, and recurring symptoms in 3 patients. Two patients presented with
severe headache in the week before stroke. Four patients had no risk factors for atherosclerosis,
9 were smokers, and 7 had a family member with cardio- or cerebrovascular disease. None of
the patients had had a trauma before stroke.

Radiological characteristics at the time of stroke
The extent of infarction and the severity of arteriopathy are summarized in Table 4.2. In 7
patients the infarct involved both the basal ganglia and cortex and in 1 patient the infarct was
limited to the basal ganglia.
In 4 patients, only DSA was performed at the time of stroke; in 5 patients only MR angiography
time of flight and 5 patients underwent both DSA and MR angiography. In 13 patients, the MCA
was abnormal. The other patient had arterial disease in the distal internal carotid artery only. In
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1 of the 13 patients with MCA involvement, the ipsilateral anterior cerebral artery was affected
as well, and in 4, the arteriopathy involved distal internal carotid artery, MCA, and anterior
cerebral artery. Eight patients (57%) had a tapering occlusion of ≥1 affected intracranial arteries.

Figure 4.1 Overview of 773 young patients with stroke from the Utrecht Stroke Database. In a
group of 773 young patients with stroke, we identified 17 patients with unilateral intracranial largeartery arteriopathy. Other (*) indicates sinovenous thrombosis, intracranial hemorrhage, and acute
focal neurological deficits without parenchymal pathology on CT or MRI. EC indicates extracranial;
IC, intracranial.
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The median duration of follow-up was 8.8 years (range, 1.7–12.8 years).
Imaging of the brain revealed a new infarction in 1 patient (Patient 9). In none of the patients did
repeated vascular imaging reveal progression of arteriopathy. In 8 patients (57%) the arteriopathy
had improved: complete normalization in 5 and evident but incomplete improvement in 3. In
the other 6, the severity of the arteriopathy remained unchanged (Figure 4.2A–C).

Clinical outcome
Two patients (14%) had recurrent ischemic symptoms from the hemisphere ipsilateral to the

Unilateral intracranial arteriopathy in adults

Radiological characteristics at follow-up

arteriopathy during follow-up. Patient 9 had a recurrent stroke after 4 years, which increased
the severe paresis of her left arm but did not change her modified Rankin Scale of 2. Patient 6
had a transient ischemic attack that did not change his modified Rankin Scale of 1. No other
vascular events were reported. Functional outcome at the time of follow-up was good (modified
Rankin Scale ≤2) in 10 of 14 patients.

Presumed cause of AIS
Normalizing arteriopathy
Of the 5 patients with normalized vascular imaging, 1 patient (Patient 2) most likely had
postpartum angiopathy. Patient 1 had herpes zoster ophthalmicus in the year before stroke on
the side of the affected MCA but a connection between stroke and herpes zoster ophthalmicus
was never suspected at that time. Lumbar puncture showed an increased cerebrospinal fluid
protein (0.87 g/L) but no other abnormalities. Investigations for viral infections were not
performed. In Patients 3, 4, and 5, the cause of arteriopathy could not be determined, although
an increased lipoprotein(a) (Patients 3 and 5) and an increased factor VIII activity (Patients 3, 4,
and 5) may have contributed to their risk of stroke. In Patient 4, cerebrospinal fluid pleocytosis
was found, but the underlying cause was never found and a lumbar puncture was not repeated.
Despite the presence of several risk factors for atherosclerosis, we considered it unlikely that
atherosclerosis caused the arteriopathies because then we would not have expected complete
normalization. Furthermore, these patients did not have symptoms of the heart or peripheral
arteries indicating generalized vascular disease during follow-up.
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Sex;
age, Y

M; 28

F; 28

F; 29

F; 38

M; 49

M; 27

M; 34

1

2

3

4

5

6

7

Major stroke

Minor strokes;
preceding TIAs

Major stroke

Minor stroke

Major stroke

Minor stroke

Minor stroke;
preceding TIAs

Ischemic
event(s)

Abrupt

Recurring

Progressing

Stuttering

Stuttering

16

2

15

2

7

6

4

Recurring
Abrupt

NIHSS

Onset of
symptoms

4/3

2/1

4/3

2/1

3/2

2/1

1/0

mRS*

None

None

Smoking

Smoking; FH;
hypertension

Smoking; FH;
hypercholesterolemia

FH

None

Atherosclerotic
risk factors

Ulcerative colitis;
lacunar infarct
5 y before

Migraine

Puerperium

HZO

Relevant history

Clinical characteristics of 14 patients with unilateral intracranial large-artery arteriopathy

Patient
no.

Table 4.1

Fibrinogen 5.3 g/L;
heterozygous for factor V
mutation

Fibrinogen 1.8 g/L; factor
VIII 184%

Fibrinogen 7.5 g/L, later
4.4 g/L; factor VIII 168%;
Lp(a) 1040 mg/L; CSF
protein 0.64 g/L

CSF WBC 43.106 /L; factor
VIII 201%

Cholesterol 6.7 mMol/L;
fibrinogen 6.2 g/L;
factor VIII 254%; Lp(a) 834
mg/L

Fibrinogen 5.7 g/L.
Normal at follow-up

ANA ++; CSF protein 0.87
g/L

Relevant laboratory
findings

Unknown

Vasculitis

Unknown

Vasculitis

Unknown

Postpartum
arteriopathy

HZO arteriopathy

Presumed cause of
AIS at follow -up
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F; 30

F; 31

M; 34

M; 42

M; 46

F; 49

9

10

11

12

13

14

Minor stroke

Major stroke;
preceding TIAs

Minor stroke;
preceding TIAs

Major stroke;
preceding TIAs

Major stroke

Major stroke;
preceding TIAs

Minor stroke;
preceding TIAs

Stuttering

Recurring

Stuttering

Abrupt

Progressing

Stuttering

Stuttering

2

11

3

14

5

9

2

2/1

4/3

2/1

4/4

3/2

3/2

2/2

Smoking; FH;
hypertension

None

Alcohol; smoking; FH; hypercholesterolemia

Smoking

Smoking; FH

Smoking; FH;
hypertension

Smoking;
hypertension

PAN; lacunar
infarct 2 yrs
before

Celiac trunk
stenosis

Fibrinogen 4.4 g/L; factor
VIII 180%

ANA +; protein S Ag 54%;
protein C Ag 57%; factor
VIII 192%; CSF protein
0.94 g/L

Cholesterol 7.7 mMol/L;
ANA +; factor VIII 200%

Lp(a) 443 mg/L

Fibrinogen 5.0 g/L

Fibrinogen 5.0 g/L; ;
heterozygous for factor II
mutation

Factor VIII 196%L

Unknown

Vasculitis
(sarcoidosis)

Unknown

Unknown

Unknown

Unknown

Unknown
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NIHSS indicates National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; AIS, arterial ischemic stroke; M, male; F, female; TIA, transient ischemic attack; FH,
family history of cardiovascular disease; HZO, herpes zoster ophthalmicus; PAN, polyarteritis nodosa; ANA, antinuclear antibody; CSF, cerebrospinal fluid; WBC, white
blood cell count; Lp(a), lipoprotein A.
*mRS at the time of presentation/at time of follow-up.
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F; 28

F; 29

F; 38

M; 49

2

3

4

5

M; 27

M; 34

F; 36

6

7

8

Improvement

M; 28

1

Sex; age, Y

R subcortical WM and MCA
cortex

L BG, subcortical WM and
MCA cortex

R BG and subcortical WM in
MCA territory

L BG, subcortical WM and
MCA cortex

L subcortical WM and MCA
cortex

L subcortical WM and
MCA-PCA cortex

R BG and insular cortex

R BG

Parenchymal imaging (MRI)

First evaluation

M1, M2 and A1 stenosis,
contralateral hypoplastic
A1

dICA, A1 and M1
occlusion

M2 occlusion

M1 occlusion

M1 bifurcation stenosis

M1 bifurcation stenosis
and M2 and M3 stenosis

M1 tapering occlusion

M1 stenosis

Vascular imaging

1.7

9.1

6.8

12.8

8.0

11.6

6.5

8.0

Duration, Y

M1 and M2 irregular,
no stenosis; A1
stenosis unchanged

dICA and M1
stenosis; A1 not
visible

M2 stenosis

No abnormalities

No abnormalities

No abnormalities

No abnormalities

No abnormalities

Aspirin; Prednisone for 10 mo

Aspirin

Aspirin, later VKA

Aspirin, later VKA; Prednisone
for 1 y (patient’s decision)

Aspirin

Aspirin

Aspirin for 6 y (patient’s
decision)

Aspirin for 8 y (side effects)

Treatment (reason cessation)

Follow -up
Vascular imaging

Radiological characteristics of 14 patients with unilateral intracranial large-artery arteriopathy

Normalization

Patient no.

Table 4.2
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F; 31

M; 34

M; 42

M; 46

F; 49

10

11

12

13

14

R BG, subcortical WM and
MCA cortex

L BG, subcortical WM and
ACA-MCA cortex

L subcortical WM in MCA
territory

L BG, subcortical WM and
MCA cortex

L subcortical WM in MCA
territory

R BG, subcortical WM and
MCA cortex

M1 stenosis

M1 occlusion

dICA, A1, M1 and M2
stenosis

dICA, A1 and M1
occlusion

dICA occlusion

dICA, A1 and M1
occlusion

12.3

10.7

9.1

8.2

12.4

6.5

Unchanged

Unchanged

Unchanged

Unchanged

Unchanged

Unchanged

VKA, later Aspirin

VKA, later Aspirin; Prednisone
for 6 y

Aspirin

Aspirin

Aspirin for 1 y (patient’s
decision)

Aspirin

Unilateral intracranial arteriopathy in adults

M indicates male; F, female; R, right; BG, basal ganglia; L, left; WM, white matter; MCA, middle cerebral artery; PCA, posterior cerebral artery; ACA, anterior cerebral artery;
M1 and M2, M1 and M2 branches of MCA; dICA, distal internal carotid artery; VKA, vitamin K antagonist.

F; 30

9

Stabilization

Chapter 4

69

70
B
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Figure 4.2 A–C Vascular imaging of 3 patients at the time of stroke and at follow-up. A, Normalization of arteriopathy. AIS in the left hemisphere of
patient 3 (left panel) with stenosis of the left M1 bifurcation and M2/M3 branches (right upper panel). Follow-up vascular imaging showed normalization
of arteriopathy (right lower panel). B, Improvement of arteriopathy. AIS in the right hemisphere of patient 8 (left panel) with stenosis of the M1 and
M2 segments of the right MCA and A1 segment of the right ACA. The left A1 segment is hypoplastic. Right upper panel, First MRA. Follow-up vascular
imaging showed improvement of arteriopathy (right lower panel). C, Stabilizing arteriopathy. AIS in the left hemisphere of Patient 10 (left upper
panel) with occlusion of the left dICA. DSA (right upper panel) of the left common carotid artery showed an occlusion of the dICA, distal from the
ophthalmic artery. The initial MRA is shown in the left lower panel. Follow-up imaging showed an unchanged arteriopathy (right lower panel). Filling
of the left MCA is caused by blood flow from the right side through the anterior communicating artery. AIS indicates arterial ischemic stroke; MCA,
middle cerebral artery; ACA, anterior cerebral artery; MRA, MR angiography; dICA, distal internal carotid artery; DSA, digital subtraction angiography.
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In these 3 patients the cause remained unclear. Two had no risk factors for atherosclerosis at
all. Patient 6 had ulcerative colitis. An increased risk of thromboembolic events and cerebral
vasculitis in patients with inflammatory bowel disease has been described [15]. In this patient,
DSA showed tapering occlusion of M2 branches and not abrupt occlusion suggestive of
an embolus. There were no signs of smallvessel abnormalities consistent with small-vessel
vasculitis. A brain biopsy was not performed.

Stabilizing arteriopathy
In 1 patient, polyarteritis nodosa had been considered in the past but could never be confirmed.
A large-artery vasculitis was assumed to be the cause of stroke and DSA did not show small-

Unilateral intracranial arteriopathy in adults

Improving arteriopathy

vessel abnormalities. He was treated with prednisone for 6 years. A few years later, he was
diagnosed with sarcoidosis. In the other 5 patients, no definite cause of stroke was found,
although several possibly contributing factors were identified (Table 4.1). In these patients,
atherosclerosis as the cause of the arteriopathy cannot be excluded, but no new vascular events
suggestive of generalized atherosclerosis occurred during follow-up.

Discussion
This study shows that unilateral intracranial arteriopathy, according to the childhood AIS
standardized classification and diagnostic evaluation criteria classified as focal cerebral
arteriopathy, is a rare cause of AIS in young adults. None of our patients had a progressive
arteriopathy and the arteriopathy improved or normalized over time in 57%. In the majority,
onset of symptoms was not abrupt. Late recurrences were rare and clinical outcome was good
in 71% of patients.
When unilateral focal cerebral arteriopathy is diagnosed in children without risk factors
for stroke, only 6% have progressive arterial disease over time, whereas in 94%, TCA can be
diagnosed [6]. The nonabrupt mode of onset of symptoms and the nonprogressive nature of
the arteriopathies that we found in young adults are comparable to what has been observed in
children with TCA [14]. In children with TCA, follow-up vascular imaging shows complete
normalization in 23%, stabilization in 32%, and improvement in 45% [6]. Late recurrences are
rare and clinical outcome is good in 41% of patients [6, 7]. In our small series of young adults,
late recurrent stroke occurred in only 1 of the 14 patients. Based on the similarities in clinical
presentation, and radiological characteristics, we suggest that TCA can cause ischemic stroke
also in young adults. The design of our study does not allow a reliable estimation of the frequency
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of TCA in young adults with AIS. If a monophasic inflammatory process is the underlying cause
of arteriopathy in at least a subset of these adult patients, as has been suggested in children
with TCA, further studies are needed to determine whether immunosuppressive treatment
can improve outcome. Other causes of intracranial arteriopathies that may improve over time
are the “reversible cerebral vasoconstriction syndromes,” [16] characterized by thunderclap
headache (94%), often with seizures, a “string of beads” appearance of cerebral arteries, and
intracranial hemorrhage. Ischemic stroke is a rare complication of this syndrome (1%–31%)
[16]. Postpartum angiopathy is described as part of reversible cerebral vasoconstriction
syndromes [17]. Patient 2 with postpartum angiopathy never had headache before her stroke.
Patients 10 and 14 presented with severe headache in the week before stroke onset. However,
both patients had a stable arteriopathy after a follow-up duration of 12 years and therefore
did not have “reversible vasoconstriction.” Apart from reversible cerebral vasoconstriction
syndromes, the differential diagnosis of AIS associated with unilateral intracranial arteriopathies
in young adults also includes dissection [18], unilateral moyamoya disease [19], postradiation
vasculopathy [20], fibromuscular dysplasia [21], primary angiitis of the central nervous system
[22], drug-induced vasoconstriction [23], Sneddon syndrome [24], and recanalization of a
thromboembolic occlusion. Although none of these conditions could be diagnosed in the
described patients, we cannot exclude these with certainty because pathological studies of
the vessel wall were not performed. A recent study showed that dissection of the intracranial
internal carotid artery may mimic TCA [25]. Possibly, dedicated vessel wall imaging may help
to establish the underlying cause of intracranial arteriopathies in the future [26].
The strength of our study is that we were able to collect young adults with AIS from a prospective
database over a long period of time. In these patients we performed extensive diagnostic
investigations, including vascular imaging at the time of follow-up and clinical evaluation in
person to evaluate recurrence of vascular events.
Our study also has limitations. We may have missed the diagnosis of unilateral nonprogressive
intracranial arteriopathy, because not in all patients in the Utrecht Stroke Database were the
intracranial arteries visualized. Therefore, our study cannot reliably estimate the frequency of
TCA in young adults with AIS.
Another limitation is that investigations for inflammatory causes of stroke including cerebrospinal
fluid analysis were not routinely assessed in young adults with an unknown cause of stroke.
Furthermore, in 4 patients, the MR angiogram at follow-up had to be compared with DSA
because MR angiography was not performed at the time or presentation. However, because MR
angiography may overestimate arterial stenosis compared with DSA, it is unlikely that this has
affected the observation that the arteriopathy improved or stabilized in the majority of patients.
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This study shows that in none of the described patients was unilateral intracranial arteriopathy
progressive. A nonprogressive, inflammatory arteriopathy may cause AIS in young adults,
similar to the entity that has been found in children, and a high index of suspicion may reveal
more cases in the future. Intracranial vascular imaging should be performed in young adults
with AIS when the cause of stroke is not found in the heart or the extracranial arteries. When
vascular imaging shows nonatherosclerotic unilateral focal cerebral arteriopathy, the risk of
late recurrences is small and clinical outcome is good in the majority of patients. It is important
to search for inflammatory causes and to repeat intracranial vascular imaging, differentiating
between a nonprogressive or possibly reversible arteriopathy and progressive arteriopathies

Unilateral intracranial arteriopathy in adults

Summary and Conclusions

as in atherosclerosis, vasculitis, or moyamoya disease.

Source of funding
This study was financially supported by the Wilhelmina Children’s Hospital Research Fund.
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Outcome measures in childhood ischemic stroke

Abstract
Background: Assessment of outcome after childhood stroke is important both for clinical
practice and for research purposes. The objective of this study was to compare two frequently
used outcome measures.
Methods: In 40 children with arterial ischemic stroke (AIS), dichotomized outcome obtained
from the Pediatric Stroke Outcome Measure (PSOM) was compared with a dichotomized
modified Rankin Scale (mRS) combined with information on type of school attendance.
In addition, we compared dichotomized outcome, obtained from the PSOM and the mRS
combined with school attendance, with the results of pediatric quality of life (PedsQL)
questionnaires and the impressions of the child’s general functioning on a visual analogue
scale (VAS) that was filled out by parents and investigators.
Results: In 35 children (88%), outcome classification was concordant between the two
outcome measures. Five children had a poor outcome according to the PSOM and good
outcome with the mRS including school performance. In these patients, mRS outcome
classification agreed better with the impression of the investigators, as reflected by VAS
scores ≥7.5. For both the PSOM and mRS in combination with school performance, patients
with a good outcome had significantly higher PedsQL and VAS scores than those with a
poor outcome (p-values <0.01 for all comparisons). VAS scores of investigators and parents
correlated significantly with PedsQL.
Conclusions: In children with AIS, both PSOM and mRS combined with school type
correlated significantly with quality of life and VAS scores of general functioning. The mRS
combined with school type is easier to obtain than the PSOM, reflects function rather than
deficits, includes an important measure of cognitive outcome, and corresponds better with
the doctor’s impression of outcome.
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The reported outcome after childhood arterial ischemic stroke (AIS) is variable with lasting
neurological deficits or disability in more than half of childhood stroke survivors [1–12].
Childhood stroke is therefore a major problem of public health. Neurological deficits do not
necessarily indicate poor functional outcome. Measuring outcome should ideally include all
aspects of physical, neurological, psychological and social deficits and disability, as well as
their influence on functioning, as suggested by the 2007 WHO International Classification of
Functioning Disability and Health for Children and Youth (ICF-CY), which can be used as a
framework for assessing functioning, impairment and disability of an individual.
Outcome assessment in childhood stroke differs fundamentally from that in adults, because
functional outcome is not only determined by the degree of recovery, but also by age-related

Outcome measures in childhood ischemic stroke

Background

levels of functioning [13] and cerebral plasticity. In addition, outcome measures are not
static in children as many young patients grow into neurological and neuropsychological
deficits with increasing age [9, 14, 15]. For the purpose of large clinical studies, stroke
outcome is often dichotomized as ‘good’ or ‘poor’. However, the clinical relevance of outcome
dichotomization into ‘good’ and ‘poor’ is not always clearly stated in relation to the specific
purpose of the study. To what extent outcome classification relates to the severity of deficits
or functional impairments often remains unspecified. Furthermore, such a simplification of
measuring outcome carries the risk of being arbitrary or subjective, based on an interpretation
of the severity of the child’s deficits. Two frequently used dichotomized outcome measures
in childhood stroke are the Pediatric Stroke Outcome Measure (PSOM) and the modified
Rankin Scale (mRS), both measuring different aspects of outcome. The PSOM is based on
deficits found during neurological examination and includes simple items that globally assess
cognitive and behavioral performance. The PSOM is widely used in pediatric stroke studies
[11, 16, 17]. It is based on a thorough neurological examination and takes 20 minutes to
complete.
The mRS is a functional outcome scale and is a well-validated measure of disability in adults
[18]. Its value in children has not yet been established, even though it has been used in several
pediatric studies [2, 7–10, 19]. After stroke, one third of all children attend special education
in The Netherlands, in contrast to 2.8% of Dutch children in general (Statistics Netherlands,
February 2009) [2, 10, 20]. However, in both outcome measures the type of school attendance
as an indication of cognitive outcome in children is not accounted for. Children with little or
no motor deficits, but with learning disabilities that require special schooling, are classified as
having a good outcome when the PSOM or mRS is used.

77

Chapter 5

Outcome measures in childhood ischemic stroke

Although several outcome instruments are based on visual analogue scales (VAS) [2, 21],
to our knowledge a VAS has never been used to express overall functioning of a child after
stroke. A VAS was used in a long-term follow-up study on ischemic stroke in childhood, to
score ‘health’ on a rating scale from 0 to 10. After a mean follow-up time of 7.1 years, parents
rated their child a surprisingly high average score of 8 for health; the children gave themselves
an average score of 9 [2].
A relation between the severity of stroke and (health-related) quality of life (HR-QoL) has
been investigated before, using different questionnaires [2, 9, 16, 22–24]. HR-QoL instruments
evaluate the physical, emotional, social and behavioral dimensions of well-being, which often
are important items for the child and family.
The objectives of this study were: (1) to compare pediatric stroke outcome obtained from
the PSOM and outcome obtained from the combination of mRS and information on type of
school attendance; (2) to assess if the classification into good and poor outcome, according to
both outcome measures, correlated with quality of life reported by the child and parents, and
with the intuitive assessment of overall functioning of the child, by parents and investigators.

Methods
This study was approved by the institutional Medical Ethics Committee. Written informed
consent for participation and publication was obtained from all patients and their parents.
Children who had been diagnosed with and survived AIS in the Wilhelmina’s Children
Hospital, aged 1 month to 18 years between February 1995 and August 2007, were approached
to participate in this study if the treating physician agreed on contacting the child and parents,
and follow-up duration after stroke was more than 6 months. For each patient who agreed
to participate, we obtained the following information from the medical records: gender, past
medical history, age at AIS, age at follow-up, etiological diagnosis, location of stroke and
recurrence of stroke.
In the outpatient clinic, all patients underwent a standardized neurological examination
according to the PSOM, by the same investigator (M.M.M.B.) in the presence of a second
investigator (P.M.H.). The PSOM and mRS were completed by the two investigators as detailed
below. We asked whether the child attended a special or regular school. Parents filled out the
validated Dutch translation of the Parent Report of the Pediatric Quality of Life (PedsQLparents) 4.0 Generic Core Scales, consisting of questions about physical, emotional, social
and school functioning [25].
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were asked by the interviewers, and children aged 8–18 completed this questionnaire themselves.
Answers were scored and transformed to a 0–100 scale, in which a higher score indicates better
HR-QoL. Parents were asked to score their child’s general functioning at the time of follow-up
on a visual analogue scale (VAS parents), with the lower limit of the scale marked with ‘unable
to function at all’ (score 0) and the upper limit ‘functioning completely normal’ (score 10).
The two investigators (M.M.M.B. and P.M.H.) together scored their impression of the child’s
general functioning on a VAS after having reached consensus (VAS doctor).

Outcome measures and dichotomization
PSOM [11]

Outcome measures in childhood ischemic stroke

In children aged 5–7, the questions of the Child Report of the PedsQL (PedsQL-child) Scales

After completing a detailed neurological examination, a deficit score ranging from 0 to 2 (0
= no deficit; 0.5 = mild deficit but no impact on function; 1 = moderate deficit with some
functional limitations; 2 = severe deficit with missing function; Table 5.1) was assigned for each
of the following 5 ‘spheres’: (a) right sensorimotor and (b) left sensorimotor (both including
visual, hearing, motor and somatosensory function); (c) language production; (d) language
comprehension; (e) cognitive and behavioral performance. With the PSOM, outcome was
dichotomized according to previously defined criteria [11], and classified as ‘good’ if the child
had no impairments, or if the child had a mild deficit (score 0.5 in only one of five domains).
In all other instances, outcome was categorized as ‘poor’ (i.e. two or more 0.5 scores, or at least
one score of 1 or 2; Table 5.1).

mRS, combined with the type of school attendance
A Dutch translation of the mRS was used to score disability [18, 26]. The two investigators
(M.M.M.B. and P.M.H.) together completed the mRS after reaching consensus. Outcome was
categorized as ‘good’ when the child had a mRS score ≤2 and attended regular school. Outcome
was categorized as ‘poor’ if the child had a mRS ≥3 or attended a special school because of
learning disabilities (Table 5.1) [10]. Thus children who attended special schooling were
classified as having a poor outcome regardless of their other disabilities. When children were
too young to attend school, mRS outcome was determined without taking school into account.

Statistical analysis
We determined the proportion of patients who were classified as having a good or poor outcome
according to the PSOM and the mRS combined with school type. For both outcome measures,
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Table 5.1

Dichotomization according to the PSOM and mRS combined with school performance

Outcome
classification

PSOM

mRS combined with the type of school
attendance

Good outcome

Normal: score = 0 in all 5 spheres

Normal school and 0 (no symptoms at
all), 1 (no significant disability despite
symptoms, able to carry out all activities)1
or 2 (unable to perform all activities but
able to look after own affairs without
assistance)

Mild deficit: score = 0.5 in 1 sphere only

Poor outcome

Moderate deficit: score = 0.5 in 2, 3 or 4
spheres; score = 1 in 1 sphere only; score
= 1 in 1 sphere and 0.5 in 1 sphere
Severe deficit: score = 0.5 in all 5 spheres;
score = 1 in 1 sphere and 0.5 in 2 or more
spheres; score = 1 in at least 2 spheres;
score = 2 in at least 1 sphere

Special school or 3 (moderate disability:
requiring some help but able to walk
without assistance), 4 (moderately
severe disability: unable to walk without
assistance and needs extra help) or
5 (severe disability: bedridden, and
requiring constant nursing care and
attention)

PSOM: score 0 = no deficit; 0.5 = mild deficit but no impact on function; 1 = moderate deficit with some functional
limitations; 2 = severe deficit with missing function. 1 Activities as compared to other healthy children of similar age.

we analyzed the differences in scores of the VAS doctor, VAS parents, PedsQL-parents and
the PedsQL-child, between the good and poor outcome groups with an independent sample
t test. Differences between the groups were presented in boxplots. Correlations between the
VAS parents and VAS doctor, VAS and PedsQL scores and between PedsQL-parents and
PedsQL-child, were determined with a Pearson correlation coefficient. SPSS 15.0 was used
for all statistical analysis.

Results
Patient characteristics
Of the 56 eligible patients, 40 were included in the study. Eleven children or their parents did
not consent, and 5 were lost to follow-up. Twenty-three were boys (58%), and the median age at
the time of the stroke was 5.6 years (range 0.3–15.9). Nineteen children suffered from stroke in
the left hemisphere, 11 children had a right-sided stroke, 4 children had bilateral AIS and 6 had
a brainstem or cerebellar stroke. Thirty-four children (85%) were healthy before stroke and 6
had a medical history (Down syndrome, juvenile chronic arthritis, HIV infection without other
cerebral complications, Non-Hodgkin lymphoma, endocarditis with aortic valve insufficiency,
and migraine). In 32 children, an arteriopathy was diagnosed: transient cerebral arteriopathy in

80

Chapter 5

in 3 patients, and vasculitis in 2. In 2 children, stroke was caused by cardiac disease, 1 child
had a prothrombotic disorder and another had a lenticulostriate infarction secondary to a
hemorrhage from a cavernoma in the basal ganglia. In the remaining 4 children, arteriopathies,
cardioembolic causes and prothrombotic disorders had been excluded and the cause of stroke
remained unknown.
The median age at time of participation in the study was 9.2 years (range 1.8–19.8) with a
duration of follow-up of 3.1 years (range 0.6–13.1). Ten children (25%) had a recurrence of
ischemic symptoms during follow-up. Five had one or more recurrent TIA’s, 5 others had a
recurring stroke. In half of these patients, the recurring symptoms had occurred within the
first months after initial stroke. At the time of follow-up, 5 children were under the age of 4

Outcome measures in childhood ischemic stroke

16, extracranial dissection in 7, moyamoya in 4, an unspecified non-progressive arteriopathy

and did not attend school yet. Seven of thirty-five (20%) children of school-going age attended
special schooling because of learning disabilities.

Comparison of the two dichotomized outcome measures
It took approximately 20 min per patient to complete the PSOM, and less than 5 min to complete
the mRS combined with school type. In 35 children, the PSOM and mRS with school type
showed concordant results (24 children with good and 11 with poor outcome according to both
measures). Sixteen children (40%) had a poor outcome according to the PSOM, compared to
11 (28%) according to the mRS combined with school type (χ2 test; difference 13%, 95% CI
-8 to 33).

Five patients with discordant outcome dichotomization
Five children had a poor outcome according to the PSOM and a good outcome with the mRS
combined with school type. In these patients, mRS outcome classification agreed better with
the impression of general functioning by the investigators, as reflected by a VAS doctor score
≥7.5. The first child was a 9-year-old girl who had had a stroke in the left hemisphere caused
by transient cerebral arteriopathy. Despite moderate dystonic posturing of her right hand and
foot with normal tone and strength in the proximal muscles of her arm and leg, she plays soccer
and goes horseback riding every week. She had a PSOM sensorimotor deficit score of 1 in a
single domain and was therefore classified as poor outcome. However, she attends a regular
school and had no recurrences. Her mRS was 2 and outcome was classified as good. She scored
63 on the PedsQL-parents and 69 on the PedsQL-child with a VAS parents and VAS doctor of
8.0, mainly based on her impressive functional and social coping strategies.
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The second child, a 14-year-old boy, suffered from an ischemic cerebellar stroke in the first year
of life. He plays soccer and wants to become a carpenter. He had a mild right-sided sensorimotor
deficit and mild cognitive and behavioral deficits with minor impact on functioning (deficit
score 0.5 in two domains of the PSOM; poor outcome). Outcome is good according to the
mRS with school performance (mRS 2). His parents assessed his functioning as 7.5 on the
VAS. The doctors scored his functioning as VAS 8.5. On the PedsQL-child the boy scored 84
and on the PedsQL-parent 89 points.
The third patient was an 8-year-old boy with severe dystonic posturing of his left hand and
foot (PSOM deficit score 2 in one domain) who did not need extra help in daily life (mRS 2).
His VAS parents was 7.5, VAS doctor 8.0, PedsQL-parents 83 and PedsQL-child 64.
One 4-year-old girl had a poor outcome according to the PSOM with a decreased fine
motor function on the left side (PSOM deficit scores 0.5) and a moderate delay in language
development (PSOM deficit scores 1.0). At the time of investigation, her mRS was 2, mainly
because her language deficit did not yet limit her compared to other 4-year-old children. She
had a PedsQL-parents of 88 and a VAS parents of 8.0. The VAS doctor was 7.5.
The last child was a 17-year-old boy with poor PSOM outcome because of mild cognitive and
behavioral deficits (PSOM deficit score 0.5) and a moderate left-sided hemisensory deficit
(PSOM deficit score 1). He did not need extra help in daily life and continued his normal
education despite his moderate deficits (mRS 2). He scored 70 on the PedsQL-parents and 69
on the PedsQLchild with a VAS parents of 6.5 and VAS doctor of 7.5.

Dichotomized outcome measures in relation to PedsQL and VAS
For both outcome measures, patients with a good outcome had significantly higher PedsQL
and VAS scores than patients in whom outcome was classified as poor (p-values <0.001 for the
VAS doctor, VAS parents and PedsQL-parents in relation to the two outcome measures; p=0.002
for PedsQL-child in relation to the PSOM and p=0.007 for the PedsQL-child in relation to the
mRS combined with type of school attendance; Figure 5.1). Overlap in doctors’ VAS scores
between children with good and poor outcome was less, when outcome was assessed with the
mRS as compared with the PSOM (Figure 5.1, upper row). In the group of 24 children with
good outcome according to both outcome measures, the median VAS parents was 8.0 (range
5.0–10.0), median VAS doctor 9.0 (range 6.0–10.0), median PedsQL-parents 86 (range 55–100)
and median PedsQL-child 82 (range 52–97). In the group of 11 children with poor outcome
according to both measures, the median VAS parents was 6.0 (range 5.0–8.0), median VAS
doctor 6.0 (range 5.0–7.0), median PedsQL-parents 60 (range 41–73) and median PedsQL-
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Discussion
When we dichotomized outcome with the PSOM and the mRS combined with the type of
school attendance in 40 children with AIS, no significant difference in ‘good’ and ‘poor’ outcome
classification was found (χ2 test; difference 13%, 95% CI -8 to 33).
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and doctor-reported VAS scores than patients in whom outcome was classified as poor. In 5
children, however, outcome dichotomization was discordant. The mRS outcome classification
agreed better with the investigator’s intuitive outcome assessment, as reflected in a high VAS
doctor. For the whole cohort, the parents’ assessment of overall functional outcome of their
child was highly concordant with that of the investigators.
Causes and risk factors of AIS in this cohort were similar to those recently reported in the
literature [27, 28]. Of our patients, 28% were classified as having a poor functional outcome
according to the mRS combined with school attendance; 40% were classified as having a poor
outcome according to the PSOM, which both seems low in comparison with the reported
proportion of children with lasting neurological deficits or disability [1–12]. However, in our

Outcome measures in childhood ischemic stroke

For both measures, patients with a good outcome had significantly higher PedsQL and parents-

cohort, 67% of children had lasting neurological deficits of varying severity, which illustrates that
lasting neurological deficits after childhood stroke is not necessarily related to poor functional
outcome. Studies on childhood stroke that assessed outcome from a physical (deficits) point
of view have reported persisting neurological deficits in 49–74% of survivors [3, 4, 8, 11].
The studies that evaluated outcome from a functional point of view have described residual
disabilities in 59–88% of children [2, 7, 9, 10, 12].
The PSOM is based on deficits found during neurological examination, while the mRS is a
functional outcome scale that represents a measure of disability. Measuring outcome is an
important part of stroke research and should ideally be based on an objective assessment of
deficits and disability, as well as their influence on all aspects of functioning. However, for the
purpose of follow-up investigations of children at an outpatient clinic or in a research setting,
outcome should also be easy to assess, and a dichotomization of overall outcome into ‘good’
or ‘poor’ is often wanted when statistical analyses are required, e.g. in randomized controlled
treatment trials.
The PSOM has been demonstrated to be a reliable and valid outcome tool with a 91%
concordance rate between investigators [29]. An inverse correlation of the PSOM scores with
multiple functional measures of the PedsQL has been found before, suggesting that neurological
deficits were related to a reduction in overall quality of life after stroke [24]. Other studies
showed similar findings, although some used other outcome instruments [2, 9, 16, 23]. In
a recent study, quality of life self-assessment and parent/proxy-assessment were compared
between healthy controls on the one hand and children and adolescents after stroke on the other
hand [22]. This study clearly showed that the degree of neurological deficit, measured with
the PSOM, was a significant predictor of poor overall well-being and that children after stroke
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reported lower overall well-being, compared to healthy controls. Outcome was dichotomized
into moderate-severe neurological deficit or normal-mild deficit, identical to dichotomization
into poor and good outcome in our study.
In a recent study, the interobserver agreement of the mRS in pediatric stroke was high (kappa
0.68) [30]. The mRS is very easy to obtain, taking only a few minutes to complete, but its
application in very young children can be questioned because the daily activities that are
assessed for this scale are not necessarily applicable to children of all ages. It has not yet been
investigated from what age the mRS can be reliably applied. Items like ‘able to look after own
affairs’ and ‘able to walk without assistance’ could make it difficult to classify outcome with the
mRS in a child younger than 2 years of age. In this study, all children were 21 months or older
at the time of investigation, and therefore had reached the age at which independent walking
(necessary to qualify for a score of 3 or lower) could be expected.
Cognitive and social functioning are difficult items to assess in a short period of time when
the child visits the outpatient clinic. However, cognitive functioning is often shifted towards
lower levels in children after stroke, and one third of these children attend special education in
The Netherlands, in contrast to 2.8% of Dutch children in general [2, 10, 20]. From the age of
4 onwards, Dutch children attend primary school. Children who require specialized care and
support because of physical disabilities, psychiatric or severe behavioral problems or mental
retardation attend special (primary or secondary) education. Of the 7 children in our study
that attended special schooling, all had cognitive problems and learning disabilities.
The PSOM only assesses behavior and cognitive status globally during a neurological
examination and does not take into account the need for special education because of learning
disabilities. Information on the type of school attendance, however, can provide a reasonable
impression of overall cognitive and social functioning. Combining the mRS with the actual
school situation of the child is therefore relevant and has been done before [9, 10]. Comparing
dichotomized outcome scores of the PSOM and the mRS with neuropsychological findings of
each individual child would have been valuable but, unfortunately, these data were not available.
In this study, we compared for the first time two frequently used pediatric stroke outcome
measures that focus on different aspects of outcome; neurological deficits (PSOM) and
functional impairments (mRS). The currently used dichotomy thresholds cause discordant
outcome classification in a considerable number of children. With the PSOM, children with a
mild deficit in two domains of neurological functioning who do not suffer from any limitations
in their daily life are classified as having a poor outcome, which seems counterintuitive. At
the same time, children with little or no motor deficits, but with learning disabilities that
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mRS combined with the type of school attendance, at least in children >4 years of age, is that
it is easy to obtain in clinical practice, reflects functioning in daily life rather than deficits at
neurological examination, and corresponds better with subjective interpretation of overall
functional outcome by parents and investigators. It is important to realize that the choice for
an outcome instrument in clinical studies on childhood stroke can influence outcome results
in large groups. In future trials in which functional outcome after pediatric stroke is assessed,
the mRS combined with the type of school attendance may be an easy but reliable and relatively
comprehensive outcome measure to be considered.
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ASL perfusion in young stroke patients

Abstract
Background: Little is known about cerebral blood flow (CBF) in young patients with
ischemic stroke caused by an intracranial arteriopathy. Arterial Spin Labeling (ASL)
perfusion is a non-invasive technique for measuring CBF. We aimed to investigate whether
in young patients with unilateral intracranial arteriopathy and previous ischemic stroke,
CBF is compromised in noninfarcted brain areas of the symptomatic hemisphere, related
to the severity of the arteriopathy.
Methods: Patients aged 5–50 years, with previous middle cerebral artery (MCA) territory
infarction and a unilateral intracranial arteriopathy, underwent magnetic resonance (MR)
imaging, MR angiography and pseudocontinuous ASL perfusion MR imaging. We assessed
the severity of stenosis of arteries that fed the symptomatic MCA territory, quantified CBF
in the noninfarcted cortex of both MCA territories and generated CBF maps for visual
CBF interpretation.
Results: Seventeen patients were included (median age 29 years, range 5–49, 29% male).
We found a similar median quantified CBF in the symptomatic and asymptomatic MCA
territories (86 mL⋅100g-1⋅min-1). CBF maps showed hypoperfusion in the symptomatic MCA
territory in 59% of patients, in comparison with 18% based on quantified CBF. Patients
with a severe arteriopathy more often showed hypoperfusion on CBF maps, than patients
with a mild arteriopathy. In 53% of patients small focal areas of increased signal intensity
were visible on CBF maps, in or around a noninfarcted cortical area of hypoperfusion,
indicating vascular artifacts. In these patients we found large intra-individual variation in
the quantified measurements of CBF in the symptomatic hemisphere. In 47% of patients,
the visual interpretation of perfusion did not corresponded with the quantified CBF.
Conclusions: This study shows that more than half of young patients with previous ischemic
stroke in the MCA territory and a unilateral intracranial arteriopathy have hypoperfusion
in the noninfarcted cortex of the symptomatic hemisphere when CBF is visually assessed
using a CBF map, in particular in patients with a severe arteriopathy. In the same patients,
quantification of CBF shows hypoperfusion in the symptomatic hemisphere in only 18%.
However, quantified CBF values should be interpreted with caution, since artifacts due
to intravascular labeled blood can cause overestimation of the quantified CBF, possibly
obscuring areas of true hypoperfusion. Further research should focus on elucidating whether
cerebral perfusion deficits in young stroke patients with intracranial arteriopathy might
help to identify patients who are at risk of poor outcome or stroke recurrence.
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Unilateral intracranial cerebral arteriopathies are found in 17–34% of children with arterial
ischemic stroke (AIS) [1, 2]. Outcome after childhood AIS may vary according to the cause
of the arteriopathy [1]. If follow-up vascular imaging demonstrates a non-progressive
arteriopathy (e.g. transient cerebral arteriopathy, TCA) clinical outcome is better and stroke
recurrence rates are lower than in patients with a progressive intracranial arteriopathy,
such as vasculitis or moyamoya. Non-atherosclerotic unilateral intracranial large artery
arteriopathy may also cause ischemic stroke in young adults but occurs less frequently than
in children [3, 4].

ASL perfusion in young stroke patients

Introduction

Little is known about the effect of a unilateral intracranial arteriopathy on cerebral blood flow
(CBF) in young patients after AIS. Brain areas that appear structurally intact on magnetic
resonance imaging (MRI) may not function normally due to decreased perfusion [5, 6].
Knowledge of cerebral perfusion deficits in young stroke patients might help to identify
patients who are at risk of poor outcome or stroke recurrence.
Arterial Spin Labeling (ASL) perfusion MRI is a technique that allows quantitative measurements of CBF in a non-invasive fashion, without the need for intravenously administered
contrast agents [7]. Recent studies showed that ASL perfusion is clinically applicable in
patients with stroke [8-11].
The aims of this study were to investigate in young patients with a previous ischemic stroke
that was caused by a unilateral intracranial large artery arteriopathy with ASL perfusion MRI
whether CBF is compromised in noninfarcted cortical areas of the symptomatic hemisphere
and related to the severity of the arteriopathy.

Materials and methods
This study was approved by the institutional Medical Ethics Committee. Written informed
consent for participation was obtained from all patients or their parents.

Patient characteristics
Children, aged 5–18 years, and young adults, aged 18–50, with a previous AIS in the middle
cerebral artery (MCA) flow territory caused by a non-atherosclerotic unilateral intracranial
arteriopathy of the proximal MCA or distal internal carotid artery (dICA), were included.
All patients had been diagnosed between 1994 and 2011 and were included in the current
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study more than one month after stroke onset. Children who needed sedation for MRI were
excluded. For each patient we obtained information on sex, age at the time of stroke, medical
history, presumed cause of stroke, duration of follow-up, and the modified Rankin Score
(mRS) at follow-up.

Imaging protocol
All patients underwent MRI to determine the location of AIS, MR angiography to assess the
severity of arterial stenosis, and ASL perfusion to study CBF. Studies were performed on a 3
Tesla MRI scanner (Achieva, Philips Medical Systems, The Netherlands), equipped with locally
developed software to enable ASL perfusion imaging. The imaging protocol was standardized
and included diffusion-weighted imaging (DWI), T2-weighted fluid attenuation inversion
recovery imaging, transverse dual turbo spin echo (TSE), time of flight MRA of the circle of
Willis, and an ASL perfusion sequence.
ASL perfusion images were acquired using a pseudocontinuous labeling technique according
to a previously published protocol [12]. In short, ASL was performed by employing a train
of radiofrequency pulses at an interval of 1 millisecond (ms) for the duration of 1650 ms.
Control images were acquired by adding 180º to the phase of all even radiofrequency pulses.
Seventeen slices were acquired with an in-plane resolution of 3 x 3 mm2 with single shot echo
planar imaging in combination with background suppression and parallel imaging (SENSE
factor 2.5), 1525 ms after the labeling stopped. Other ASL MRI parameters were: repetition
time 4000 ms; echo time 14 ms; pairs of control/label 38; field of view 240 × 240 × 119 mm;
matrix 80 x 79; scan time 2½ minutes.

Data analysis
Infarcts were categorized as “cortical”, “subcortical”, or both. MR angiographies were scored
by three investigators (MMB, CJMK, KPJB) during a consensus meeting, blinded to the ASL
perfusion results. We classified complete arterial occlusion or subtotal focal or segmental arterial
stenosis of vessels that supplied the MCA territory as “severe arteriopathy”, and moderate
stenosis with significant residual lumen as “mild arteriopathy”. In patients with mild or normal
MCA findings but severely stenosed dICA and anterior cerebral artery (ACA) the arteriopathy
was classified as “severe”. In patients with a severely affected dICA with mild or normal MCA
findings, in whom the MCA territory was supplied via a normal or only mildly affected ACA
and anterior communicating artery the arteriopathy was classified as “mild”.
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(Wellcome Trust Centre for Neuroimaging, Oxford, United Kingdom). CBF was quantified
(mL⋅100g-1⋅min-1) in the cortical MCA territory of both hemispheres by manually outlining the
flow territory based on previously published probabilistic maps of the blood flow distribution
of the MCA [13]. To avoid partial volume of white matter, a grey matter probability map was
segmented from the transverse dual TSE sequence and a corrective threshold was applied
to ensure maximal exclusion of white matter. The grey-matter probability images were
co-registered to the CBF map using SPM8. Infarcts in the symptomatic hemisphere were
manually excluded from the regions of interest to ensure that CBF measurements were done
in noninfarcted cortex in the MCA territory. A CBF asymmetry index was calculated for each

ASL perfusion in young stroke patients

Blood flow data were analyzed with Matlab (The MathWorks, Mass, version 7.5) and SPM8

patient by dividing the CBF in the symptomatic MCA territory by the CBF in the contralateral
asymptomatic MCA territory and expressed as percentage. We considered CBF to be symmetric
when the CBF asymmetry index was between 80 and 120%. To assess intra-individual variability
of CBF values within the symptomatic MCA territory, we calculated a standard deviation (SD)
asymmetry index for each patient by dividing the SD of CBF within the cortical MCA territory
in the symptomatic hemisphere by the SD of CBF within the cortical MCA territory in the
asymptomatic hemisphere and expressed this as percentage.
For the visual interpretation of CBF, maps (in mL⋅100g-1⋅min-1) were obtained according to
a previously published model [12]. CBF maps were visually assessed by four investigators
(MMMB, RPHB, CJMK and KPJB) during a consensus meeting, blinded to the severity
of the arteriopathy. Regional or more diffuse areas of decreased or increased CBF in the
noninfarcted cortex of the symptomatic MCA territory, as compared to the contralateral MCA
territory, were described as hypoperfusion or hyperperfusion, respectively. The presence of
foci of highly increased signal intensity was noted, possibly reflecting so called arterial transit
artifacts [14, 15].
We compared the median CBF between the noninfarcted cortex of both MCA territories,
and compared the CBF and SD asymmetry indices between patients with mild and severe
arteriopathy using Mann-Whitney U tests. For each patient, the quantified CBF was categorized
as hypoperfusion, normal perfusion or hyperperfusion (CBF asymmetry index ≤80%, between
80 and 120% and ≥120%) and compared with a similar categorization based on visual
interpretation of the CBF map. Visually assessed CBF was compared between patients with a
mild and severe arteriopathy using a Fisher’s Exact test.
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Age
AIS
(yrs)

35

35

30

3

31

3

3

5

35

6

1; M

2; F

3; F

4; M

5; F

6; F

7; M

8; F

9; F

10; F

2

0.4

0.5

4

8

1

13

9

14

5

Duration
FU (yrs)

Left subcortical

Right
subcortical

Left cortical and
subcortical

Left subcortical

Right
subcortical

right cortical
and subcortical

Right cortical
and subcortical

Right cortical
and subcortical

Left cortical and
subcortical

Right cortical
and subcortical

Area of AIS

Mild stenosis dICA
Severe stenosis MCA

Severe stenosis dICA, MCA
Mild stenosis ACA

Severe stenosis MCA, ACA

Occlusion dICA, severe
stenosis MCA
Mild stenosis ACA

Occlusion dICA, MCA, ACA

Severe stenosis dICA, MCA
Occlusion ACA

99

85

107

118

143

90

85

54

Occlusion dICA, MCA, ACA
Severe stenosis dICA,
MCA, ACA

61

42

CBF MCA
symptomatic
hemisphere
(ml/100g/
min)

Severe stenosis dICA,
MCA, ACA

Severe stenosis dICA, mild
stenosis MCA
Severe stenosis ACA

Severity of arteriopathy

106

86

94

126

113

75

87

59

77

62

CBF MCA
asymptomatic
hemisphere
(ml/100g/
min)

93

99

114

94

127

120

98

92

79

68

CBF
asymm
index
(%)

78

96

114

127

209

252

168

220

106

174

SD
asymm
index
(%)

Hypoperfusion

Hypoperfusion

Hyperperfusion

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

Visual interpretation of
the cortical noninfarcted
MCA territory on CBF
maps

Clinical and radiological characteristics of young patients with ischemic stroke and a unilateral intracranial arteriopathy

Nr;
Gender

Table 6.1
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32

14

30

27

8

9

12; F

13; F

14; F

15; F

16; M

17; F

6

7

2

0.1

1

15

14

Left subcortical

Right
subcortical

Right
subcortical

Left subcortical

Right
subcortical

Left subcortical

Right cortical
and subcortical

Mild stenosis MCA
Hypoplastic ACA

Mild stenosis MCA
Hypoplastic ACA

Mild stenosis MCA, ACA

Mild stenosis dICA
Severe stenosis ACA

Mild stenosis dICA, MCA
Severe stenosis ACA

Severe stenosis dICA
Normal MCA, ACA

Mild stenosis dICA, MCA
Severe stenosis ACA

86

93

79

86

103

76

47

90

91

72

78

91

65

61

96

102

110

110

113

117

77

88

95

112

120

107

112

183

Symmetric

Symmetric

Symmetric

Symmetric

Symmetric

Symmetric; foci of
increased signal intensity

Hypoperfusion; foci of
increased signal intensity

ASL perfusion in young stroke patients

ACA indicates anterior cerebral artery; AIS, arterial ischemic stroke; asymm, asymmetry; CBF, cerebral blood flow; FU, follow up after stroke; MCA, middle cerebral artery;
SD, standard deviation. Upper dark grey area: patients with severe arteriopathy; lower light grey area: patients with mild arteriopathy.

23

11; M
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Results
We included 17 patients (five male), eight were children (median age 13 years, range 5–16
years) and nine young adults (median age 37 years, range 29–49 years) (Table 6.1). The median
time between stroke and inclusion was 5.0 years (range 0.1–15.0). All children had TCA as
the cause of stroke. In all adult patients the cause of the arteriopathy was unknown. None of
the patients had infarcts in the asymptomatic hemisphere. At the time of the MR assessment,
mRS was zero in two patients, one in three, two in eight patients, and four patients had a mRS
of three. Ten of 17 patients had a severe arteriopathy, of whom nine of the MCA and one of
the ICA (patient 1). Seven patients had a mild arteriopathy.

Cerebral blood flow quantification
Median CBF in the noninfarcted cortical symptomatic MCA territories was 86 mL⋅100g-1⋅min-1
(IQR 69–101) and 86 mL⋅100g-1⋅min-1 (IQR 69–93) in the asymptomatic hemispheres. In five
patients (29%) CBF quantification showed asymmetric cortical perfusion in the MCA territories:
three patients had a CBF asymmetry index ≤80% and in two the CBF asymmetry index was
≥120%. Twelve patients had symmetric cerebral perfusion. One patient had a SD asymmetry
index ≤80%, eight patients between 80 and 120% and eight ≥120%.

Association between the severity of arteriopathy and quantified CBF
CBF asymmetry indices did not differ between patients with severe and mild arteriopathy
(Figure 6.1a, p=0.536). Also, SD asymmetry indices were not significantly different in patients
with severe and mild arteriopathy (Figure 6.1b, p=0.230). Six of 10 patients (60%) with a
severe arteriopathy had a SD asymmetry index ≥120%, indicating large variability in CBF, as
compared to two of seven patients (29%) with a mild arteriopathy (difference 31%, 95% CI -14
to 77).

Visual interpretation of the CBF map in relation to the CBF asymmetry index
Visual interpretation of the CBF maps showed hypoperfusion in the symptomatic MCA
territory in 10 patients (59%), hyperperfusion in one (6%) and symmetric cortical perfusion
in six (35%) (Figures 6.2–6.4). In three of ten patients in whom visual interpretation showed
hypoperfusion, the CBF asymmetry index was ≤80%, in two ≥120% and in five between 80
and 120% (Table 6.2). Four of the ten patients with cortical hypoperfusion had a subcortical
infarct, without structural damage of the cortex on MRI. One patient (patient 8) had a large
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A

B
Figure 6.1 A–B Relation between severity of arteriopathy and CBF asymmetry index (A), and SD
asymmetry index (B).
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Figure 6.2 Symmetric CBF map. Patient with a left sided basal ganglia infarction and a mild stenosis
of the left distal ICA and severe stenosis of the ACA (patient 14).

Figure 6.3 CBF map with hypoperfusion and small foci of increased signal intensity around the
infarction. Patient with infarction of the right ACA and MCA cortex, subcortical white matter and basal
ganglia and an occlusion of the right distal ICA, ACA and MCA (patient 3).

Figure 6.4 Large area of hyperperfusion around infarction. Patient with a left sided cortical and
subcortical infarction and a severe stenosis of the left MCA and ACA (patient 8).
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Results of visual interpretation of the CBF maps, compared to quantified CBF
Visual interpretation of the cortical noninfarcted MCA
territory on CBF maps

CBF
asymmetry index
(%)

Hypoperfusion

Symmetric perfusion

Hyperperfusion

≤ 80

3

0

0

3

80 < index < 120

5

6

1

12

≥ 120

2

0

0

2

10

6

1

17

Numbers in the table correspond with the amount of patients. AIS indicates arterial ischemic stroke; CBF, cerebral
blood flow.

ASL perfusion in young stroke patients

Table 6.2

area of increased CBF around her infarct on visual inspection (Figure 6.4). Her CBF asymmetry
index of 114% still indicated normal symmetric perfusion. All six patients in whom visual
interpretation showed symmetric cortical perfusion had a CBF asymmetry index between 80
and 120%. In eight patients (47%), the visual interpretation of CBF in the noninfarcted cortex,
did not correspond with the CBF asymmetry index.
In nine patients (53%) we observed small focal areas of highly increased signal intensity on the
CBF maps in the cortex of the symptomatic hemisphere (Table 6.1). In all but one (patient 12) of
the nine patients these foci were seen in or around a noninfarcted cortical area of hypoperfusion
(Table 6.1). In two of these eight patients with clear hypoperfusion, the asymmetry index
was ≥120%, three had an asymmetry index between 80 and 120% and in the remaining three
patients the asymmetry index was ≤80%. In seven of these eight patients the SD asymmetry
index was >120%. Small foci of increased signal intensity were found in seven out of ten (70%)
patients with severe arteriopathy, and in two out of seven (29%) patients with mild arteriopathy
(difference 41%, 95% CI -2 to 85).

Association between severity of the arteriopathy and visual interpretation
of the CBF map
Of ten patients with a severe arteriopathy, the CBF maps showed hypoperfusion in the
symptomatic hemisphere in nine patients, and hyperperfusion in one. Of the seven patients with
a mild arteriopathy six patients had symmetric cortical perfusion and one had hypoperfusion
in the noninfarcted cortex of the symptomatic hemisphere (difference 76%, 95% CI 44
to 108).
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Discussion
This study shows that in young patients with previous AIS in the MCA territory associated
with unilateral intracranial arteriopathy, visually assessed CBF in the noninfarcted MCA cortex
of the symptomatic hemisphere is compromised in more than half of patients, in particular in
patients with a severe arteriopathy.
Our study also shows that half the patients had small foci of increased signal intensity in or
around a noninfarcted cortical area of hypoperfusion compatible with vascular artifacts. In
these patients we found large intra-individual variation in the quantified measurements of CBF
in the symptomatic hemisphere. In 47% of patients, the visual interpretation of perfusion did
not correspond with the quantified CBF.
Over the years, numerous techniques for assessing brain perfusion have evolved, including
positron emission tomography, single photon emission computerized tomography, Xenonenhanced computerized tomography (CT), and perfusion CT. Dynamic susceptibility contrastenhanced (DSC) MR imaging techniques have been the main MR perfusion imaging method
used in AIS [16]. Previous studies have suggested that ASL perfusion MRI can be an alternative
method for invasive CBF assessments in patients with stroke [8–11]. This is the first ASL
perfusion study in children and young adults with previous ischemic stroke and unilateral
intracranial arteriopathy. In contrast to gadolinium enhanced perfusion MRI techniques, ASL
perfusion imaging uses magnetically labeled blood without the need for exogenous contrast [7].
A recent study showed that ASL perfusion and DSC MR imaging provided largely consistent
results in delineating hypoperfusion lesions in acute AIS [16].
Compared to acute stroke, the understanding of cerebral perfusion in chronic stroke is far
less clear [6]. In a recent study of 17 patients with chronic stroke due to a variety of causes,
quantified CBF measured with ASL MRI was consistently lower in the grey matter around the
infarct as compared to a similar contralateral area [6]. The authors concluded that the function
of structurally intact brain might be disturbed in patients with a stable ischemic stroke. We
could not confirm these differences with quantitative CBF measures, but visual interpretation
of the CBF maps indeed showed an area of hypoperfusion in the noninfarcted cortex of the
symptomatic hemisphere in 59% of patients. We found that in about half of the patients,
quantified CBF did not correspond with the visual interpretation of perfusion. Similarly,
we found that patients with a severe arteriopathy more often showed hypoperfusion in the
noninfarcted cortex of the symptomatic hemisphere when perfusion was assessed on the CBF
maps but not with quantitative CBF measures.
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with acute AIS found an association between the degree of intracranial arterial stenosis and
perfusion deficits in the region of infarct [9]. This study differs from ours in that the infarct
area was the region of interest, determined by restricted diffusion from the DWI [9], and not
the surrounding noninfarcted area of the symptomatic hemisphere.
The most probable explanation for the discrepancy between the quantified CBF and the visual
interpretation of CBF that we found is that small focal areas of increased signal intensity can
average out true areas of hypoperfusion in quantified CBF values of a particular region of
interest. Small areas of increased signal intensity may reflect true hyperperfusion or artifacts

ASL perfusion in young stroke patients

A recent study investigating the feasibility and utility of ASL perfusion MRI in children

caused by inflow of labeled arterial blood into the major arteries [17]. Ideally, there should not
be any remaining labeled blood within the vasculature when CBF is measured. However, this
assumption can often not be met in patients with an intracranial arteriopathy and collateral
blood supply. When the postlabeling transit time is too short and the labeled blood needs
more time to reach the brain tissue through collateral vessels, true tissue perfusion may
be underestimated and the measured CBF overestimated because of the measurement of
intravascular signal. Focal loss of autoregulation in some of the arteries in or nearby an infarct
can also cause the labeled blood to spend more time within the vasculature, causing arterial
transit artifacts [14, 15]. As a result, differences in CBF can be observed within a certain
region of interest, including small foci of increased signal intensity that may be an indication
of the presence of collateral vessels. Increasing the postlabeling transit time is an option, but
may be offset by loss of signal due to the relatively short tracer half-life determined by the
T1 of blood [16, 18, 19]. It is possible to suppress intravascular signal by applying bipolar
(crusher) gradients prior to imaging. However, removing any signal will lower the quality of
the CBF image [15].
A strength of our study is that we for the first time applied ASL perfusion MRI to measure CBF in
this group of young patients with previous MCA territory infarction and a unilateral intracranial
arteriopathy. A limitation of our study is its relatively small sample size. Nevertheless, with
this sample size we were able to show decreased CBF in the MCA territory distal to a severely
stenosed or occluded ICA or MCA in the chronic stage by visual interpretation of the CBF
maps and demonstrate potential pitfalls in the interpretation of quantified CBF values.
Based on our results we conclude that qualitative analysis of ASL perfusion MRI can be used to
assess cortical CBF in young patients with previous AIS and a unilateral intracranial arteriopathy.
Quantified CBF values should be interpreted with caution, since artifacts due to intravascular
labeled blood can cause overestimation of the quantified CBF, possibly obscuring areas of
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true hypoperfusion. Further research should focus on elucidating whether cerebral perfusion
deficits in young stroke patients with intracranial arteriopathy might help to identify patients
who are at risk of poor outcome or stroke recurrence.

Source of funding
This study was financially supported by the Wilhelmina Children’s Hospital Research Fund.

References

106

1.

Braun KP, Bulder MM, Chabrier S, Kirkham FJ, Uiterwaal CS, Tardieu M, Sebire G. The course
and outcome of unilateral intracranial arteriopathy in 79 children with ischaemic stroke. Brain
2009;132:544–557.

2.

Mackay MT, Wiznitzer M, Benedict SL, Lee KJ, Deveber GA, Ganesan V. Arterial ischemic stroke
risk factors: the International Pediatric Stroke Study. Ann Neurol 2011;69:130–140.

3.

Bigi S, Fischer U, Wehrli E, Mattle HP, Boltshauser E, Burki S, Jeannet PY, Fluss J, Weber P, Nedeltchev
K, El-Koussy M, Steinlin M, Arnold M. Acute ischemic stroke in children versus young adults.
Ann Neurol 2011;70:245–254.

4.

Bulder MM, Braun KP, Leeuwis JW, Lo RT, van Nieuwenhuizen O, Kappelle LJ, Klijn CJ. The
course of unilateral intracranial arteriopathy in young adults with arterial ischemic stroke. Stroke
2012;43:1890–1896.

5.

Fridriksson J, Rorden C, Morgan PS, Morrow KL, Baylis GC. Measuring the hemodynamic response
in chronic hypoperfusion. Neurocase 2006;12:146–150.

6.

Richardson JD, Baker JM, Morgan PS, Rorden C, Bonilha L, Fridriksson J. Cerebral perfusion
in chronic stroke: implications for lesion-symptom mapping and functional MRI. Behav Neurol
2011;24:117–122.

7.

Detre JA, Rao H, Wang DJ, Chen YF, Wang Z. Applications of arterial spin labeled MRI in the
brain. J Magn Reson Imaging 2012;35:1026–1037.

8.

Chalela JA, Alsop DC, Gonzalez-Atavales JB, Maldjian JA, Kasner SE, Detre JA. Magnetic
resonance perfusion imaging in acute ischemic stroke using continuous arterial spin labeling.
Stroke 2000;31:680–687.

9.

Chen J, Licht DJ, Smith SE, Agner SC, Mason S, Wang S, Silvestre DW, Detre JA, Zimmerman RA,
Ichord RN, Wang J: Arterial spin labeling perfusion MRI in pediatric arterial ischemic stroke:
initial experiences. J Magn Reson Imaging 2009;29:282–290.

10.

Detre JA, Alsop DC, Vives LR, Maccotta L, Teener JW, Raps EC. Noninvasive MRI evaluation of
cerebral blood flow in cerebrovascular disease. Neurology 1998;50:633–641.

Chapter 6

Viallon M, Altrichter S, Pereira VM, Nguyen D, Sekoranja L, Federspiel A, Kulcsar Z, Sztajzel R,
Ouared R, Bonvin C, Pfeuffer J, Lovblad KO. Combined use of pulsed arterial spin-labeling and
susceptibility-weighted imaging in stroke at 3T. Eur Neurol 2010;64:286–296.

12.

Bokkers RP, Bremmer JP, van Berckel BN, Lammertsma AA, Hendrikse J, Pluim JP, Kappelle LJ,
Boellaard R, Klijn CJ. Arterial spin labeling perfusion MRI at multiple delay times: a correlative
study with H(2)(15)O positron emission tomography in patients with symptomatic carotid artery
occlusion. J Cereb Blood Flow Metab 2010;30:222–229.

13.

Kim SJ, Kim IJ, Kim YK, Lee TH, Lee JS, Jun S, Nam HY, Lee JS, Kim YK, Lee DS. Probabilistic
anatomic mapping of cerebral blood flow distribution of the middle cerebral artery. J Nucl Med
2008;49:39–43.

14.

Deibler AR, Pollock JM, Kraft RA, Tan H, Burdette JH, Maldjian JA. Arterial spin-labeling in routine
clinical practice, part 1: technique and artifacts. AJNR Am J Neuroradiol 2008;29:1228–1234.

15.

Pollock JM, Tan H, Kraft RA, Whitlow CT, Burdette JH, Maldjian JA. Arterial spin-labeled MR
perfusion imaging: clinical applications. Magn Reson Imaging Clin N Am 2009;17:315–338.

16.

Wang DJ, Alger JR, Qiao JX, Hao Q, Hou S, Fiaz R, Gunther M, Pope WB, Saver JL, Salamon N,
Liebeskind DS. The value of arterial spin-labeled perfusion imaging in acute ischemic stroke:
comparison with dynamic susceptibility contrast-enhanced MRI. Stroke 2012;43:1018–1024.

17.

Petersen ET, Zimine I, Ho YC, Golay X. Non-invasive measurement of perfusion: a critical review
of arterial spin labelling techniques. Br J Radiol 2006;79:688–701.

18.

Calamante F, Ganesan V, Kirkham FJ, Jan W, Chong WK, Gadian DG, Connelly A. MR perfusion
imaging in Moyamoya Syndrome: potential implications for clinical evaluation of occlusive
cerebrovascular disease. Stroke 2001;32:2810–2816.

19.

Zaharchuk G, Do HM, Marks MP, Rosenberg J, Moseley ME, Steinberg GK. Arterial spin-labeling
MRI can identify the presence and intensity of collateral perfusion in patients with moyamoya
disease. Stroke 2011;42:2485–2491.

ASL perfusion in young stroke patients

11.

107

Chapter 6

108

ASL perfusion in young stroke patients

Chapter 7

Cerebrovascular reactivity
measured with ASL perfusion
MR imaging and its relation with
regional tissue vascularization
in moyamoya vasculopathy
M.M.M. Bulder
R.P.H. Bokkers
N.S. Hartkamp
J. Hendrikse
E.J. Vonken
L.J. Kappelle
C.J.M. Klijn*
K.P.J. Braun*
*Authors contributed equally.

Submitted.

Chapter 7

ASL perfusion in moyamoya vasculopathy

Abstract
Background: Understanding cerebral haemodynamics in patients with moyamoya vasculopathy (MMV) is important in determining the best treatment strategy. Measurements of
cerebrovascular reactivity (CVR) have been used to identify patients who may benefit from
surgical revascularization. Arterial spin labelling (ASL) perfusion MR imaging (MRI) can
be applied to measure cerebral blood flow in patients with MMV. We aimed to investigate
whether in patients with MMV before revascularization surgery, this MR perfusion technique can also be applied to measure CVR, and whether CVR is related to regional tissue
vascularization.
Methods: Digital subtraction angiographies (DSA) of patients with MMV were reviewed,
and we assessed hemispheric severity of the MMV according to the modified Suzuki grading
system, and tissue vascularization in ten regions of each hemisphere. Patients underwent
pseudo-continuous ASL perfusion MRI with acetazolamide challenge to assess regional
CVR in the above mentioned regions.
Results: We studied 204 brain regions of eleven patients and found that in 90 of 185 (49%)
of the regions with good vascularization on DSA, CVR was abnormal. When ASL perfusion
MRI showed good CVR, DSA revealed abnormal vascularization in only 2 of 97 (2%) of
the regions.
Conclusions: This study showed that ASL perfusion MRI can be applied to determine
regional CVR in patients with MMV. DSA is the gold standard for the diagnosis of MMV,
but it does not provide adequate information on the haemodynamic status of brain tissue.
Regions with the same vascularization status on DSA may have completely different CVR.
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Moyamoya vasculopathy (MMV) is characterized by an intracranial arteriopathy, leading
to progressive bilateral narrowing of the supraclinoid internal carotid artery (ICA) and its
branches, and the formation of a vascular network of moyamoya vessels at the base of the brain
[1, 2]. The majority of patients are children and young adults, presenting with symptoms of
cerebral ischaemia or haemorrhagic stroke, seizures, cognitive deterioration or headache [1].
The incidence of MMV is highest in countries in east Asia, but awareness of its existence in
the Western world is increasing [3].
Cerebral angiography is the gold standard for the diagnosis of MMV [1], but there is often

ASL perfusion in moyamoya vasculopathy

Introduction

a disparity between the angiographical severity of arteriopathy and the severity of clinical
symptoms. This could reflect the complex interplay of many factors that influence the
haemodynamic state of the brain [4, 5]. Changes in vascular resistance of arterioles and the
presence of collateral flow pathways play important compensatory roles to maintain regional
cerebral blood flow (CBF) and tissue viability [6]. Measurements of the CBF change in response
to a vasodilatory stimulus (cerebrovascular reactivity, CVR) have been used to identify patients
with MMV who may benefit from surgical revascularization [7, 8], and to predict postoperative
clinical outcome [9].
Arterial spin labelling (ASL) perfusion MR imaging (MRI) can be used for CBF assessment in
patients with MMV [10-13]. It does not require contrast agents and also allows the measurement
of CVR in response to a vasodilatory stimulus.
The aim of this study was to investigate in patients with MMV (1) whether ASL perfusion
MRI can be applied to measure CVR; and (2) whether regional tissue vascularization, as
determined by digital subtraction angiography (DSA) is related to CVR, as measured with
ASL perfusion MRI.

Methods
This study was approved by the institutional Medical Ethics Committee. Written informed
consent for participation was obtained from all patients or their parents.

Patient characteristics
We included patients who had been diagnosed with definite moyamoya disease or syndrome
in the UMCU between 2009 and 2012 [14]. All patients had symptoms consistent with a TIA
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Table 7.1 The modified Suzuki grading system
Modified Suzuki stages
I

Mild-to moderate stenosis around carotid bifurcation with absent or slightly developed moyamoya
vessels.

II

Severe stenosis or occlusion around carotid bifurcation with well-developed moyamoya vessels. At
least several of ACA or MCA branches remain opacified in antegrade fashion.

III

Occlusion of both proximal ACA and MCA with well-developed moyamoya vessels. Only a few of either
ACA or MCA branches are faintly opacified in antegrade fashion.

IV

Complete occlusion of both proximal ACA and MCA with absent or small number of moyamoya vessels.

or ischaemic stroke and underwent DSA. We excluded patients (1) with symptoms due to
intracranial haemorrhage; (2) who previously underwent cerebral revascularization surgery;
and (3) who needed to be sedated for MR imaging. For each patient we obtained information
on sex, medical history, age at first symptoms, clinical symptoms at the time of ASL perfusion
MRI and duration of follow-up.
DSAs were reviewed independently by two investigators (CJMK, EJV) who were blinded
for the ASL perfusion results. Discrepancies were resolved in a consensus meeting (CJMK,
EJV, MMMB). Hemispheric severity of the MMV was classified according to the modified
Suzuki grading system for each hemisphere individually (Table 7.1) [15]. Regional tissue
vascularization, reflected by the presence or absence of anterograde flow through the branches
of the circle of Willis and the presence and intensity of collateral blood vessels, was scored in ten
regions of each hemisphere (Figure 7.1A), using a 4-point vascularization scale according to a
previously published method: 0, indicating absence of capillary blush, no visible collaterals; 1,
filling through mild to moderate collaterals; 2, complete irrigation of the region via collateral
flow; or 3, normal antegrade flow without visible collaterals [16]. We dichotomized DSA
vascularization scores 0 and 1 as “abnormal vascularization” and scores 2 and 3 as “good
vascularization”.

Magnetic Resonance Imaging
MR imaging (MRI) was performed on a 3 Tesla MR scanner (Achieva, Philips Medical Systems,
Best, The Netherlands), equipped with a sixteen-channel coil and locally developed software to
enable ASL perfusion imaging. The imaging protocol was standardized and included diffusionweighted imaging (DWI), T2-weighted fluid attenuation inversion recovery (FLAIR) imaging,
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Figure 7.1A FLAIR images illustrating the location of the ten regions of interest in each hemisphere.
Tissue vascularization on DSA, CVR and the presence of arterial transit artefacts were scored in each
region.
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Figure 7.1B

CVR map and CBF maps before and after administration of acetazolamide.
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imaging sequence before and 15 minutes after intravenous administration of one bolus of
acetazolamide (ACZ; 20mg/kg; 1 gram maximum).
ASL perfusion images were acquired using a pseudo-continuous labelling technique according
to a previously published protocol [17]. In short, ASL was performed by employing a train of
radiofrequency pulses at an interval of 1 millisecond (ms) for the duration of 1650 ms. Control
images were acquired by adding 180° to the phase of all even radiofrequency pulses. Seventeen
slices were acquired in ascending fashion with an in-plane resolution of 3 x 3 mm2 with single
shot echo planar imaging in combination with background suppression and parallel imaging
(SENSE factor 2.5), 1525 ms after the labelling stopped. The other ASL MRI parameters were:

ASL perfusion in moyamoya vasculopathy

transverse dual turbo spin echo (TSE), fast field echo (FFE) and an ASL perfusion-weighted

repetition time 4000 ms; echo time 14 ms; pairs of control/label 38; field of view 240 × 240 ×
119 mm; matrix 80 x 79; scan time 2½ minutes. All patients received intravenous fluids before
and after ASL perfusion MRI, and capillary blood gas and clinical observation for several hours
after imaging, according to a clinical protocol.
The presence of infarction was assessed on the FLAIR sequence. For visual assessment of
regional CVR, we obtained CBF maps (in mL⋅100g-1⋅min-1) before and after administration of
ACZ, and a CVR map (Figure 7.1B). Two investigators (RPHB, MMMB) who were blinded for
the DSA results, visually scored the CVR on a 3-point scale: 0, indicating CVR absent or steal
(defined as a decrease of CBF after ACZ); 1, indicating moderate CVR; and 2, good CVR in
ten regions of each hemisphere (Figure 7.1A). We classified “abnormal CVR” as CVR scores
0 and 1. The presence or absence of cortical arterial transit artefacts (ATAs) on the CBF map
before ACZ administration was noted for each region [18].

Data analysis
To measure the agreement between the two investigators who independently scored tissue
vascularization on DSAs, we calculated a kappa score. Dichotomized DSA vascularization
scores (where abnormal was defined as score 0 or 1) were compared between hemispheres
with Suzuki grades I to IV, using Suzuki score I as a reference, by chi-square tests. In the same
way, we assessed the relation between dichotomized CVR scores (with abnormal being defined
as score 0 or 1) and Suzuki grades. To assess the relation between DSA vascularization scores
and ASL perfusion parameters, we assessed the proportion of regions with absent, moderate
and good CVR, and the proportion of regions with and without ATAs, for regions with DSA
vascularization scores 0 to 3.
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Results
Patient characteristics
We performed ASL perfusion MRI in 13 patients. In two patients, the perfusion scans were
of poor quality, showing a large region with high signal intensity at the base of the brain, and
large areas of absent signal in the cortex. These patients were excluded from further analysis.
Of the remaining 11 patients (one male), three were children (median age 7 years, range 5–14
years) and eight young adults (median age 36 years, range 18–43 years). Medical history,
clinical symptoms at the time of ASL perfusion and MRI findings are summarized in Table
7.2. Eight patients had an ischaemic stroke, three patients had TIAs only. Eight patients had
moyamoya disease, three patients were diagnosed with moyamoya syndrome (sickle cell disease,
resection of and radiotherapy for an ependymoma (WHO 3), and neurofibromatosis type I).
There were clear ischaemic lesions (white matter lesions (WML) or infarcts) in all but one
hemisphere.
The right hemisphere of a patient with complete right hemispheric ischaemic stroke, for which
a hemicraniectomy was performed one year before inclusion, was excluded from further
analysis (patient 2). Because patient 8 underwent a resection of an ependymoma in the left
frontal lobe, the two left frontal regions (APF and FP) were excluded. In patient 10, collateral
flow could not be assessed in the posterior regions (PC, PPC) of both hemispheres on DSA
due to absence of essential pictures. For further analysis we therefore used 204 brain regions
(both hemispheres of eight patients (160 regions), one complete hemisphere of patients 2 and
8, eight regions in both hemispheres of patient 10, and eight regions in the left hemisphere of
patient 8).

Severity of MMV and DSA vascularization scores
The modified Suzuki grading system was assessed for 21 hemispheres and was scored as stage
1 in four hemispheres, stage 2 in six, stage 3 in nine and stage 4 in two hemispheres (Table 7.2).
There was substantial agreement between the two investigators (kappa 0.74) in the scoring of
tissue vascularization with DSAs.
DSA vascularization scores were assessed for the 204 brain regions. There were 19 regions (9%)
with mild to moderate collaterals (score 1), 103 regions (50%) in which there was complete
irrigation via collaterals (score 2), 82 regions (40%) with normal antegrade flow (score 3), and
no regions in which a visible capillary or collateral blush was absent (score 0). Good tissue
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History

SCD.
R MCA AIS 3
and 1 yr before.
Headache.

Complete R
hemispheric AIS
1 yr before.
Hemispherectomy.

R MCA TIAs.
R caudate
nucleus infarct
3 yr before.
Cognitive
problems.

No

Pt
Sex
(age)

1
F (14)

2
F (38)

3
F (39)

4
M (7)

Multiple WML

Multiple WML

L hemispheric
TIAs since 5
months

Atrophy
L frontal CWS infarct
Multiple WML

R hemispheric
TIAs since 5
months

L MCA TIAs

Atrophy
Multiple WML
R BG and SC infarct

L IWS infarcts
Small cortical ACA, MCA infarcts

L MCA TIAs

L: 3

R: 2

L: 2

R: 2

L: 3

–

L: 1

L occipital SC infarct
Multiple WML
Infarct complete R hemisphere
Signs of craniotomy

R: 3

mSs

Cortical atrophy
R frontal SC MCA infarct
Multiple WML

MRI findings per hemisphere

Signs of
complete R
hemispheric AIS

L pyramidal
tract signs

Clinical
symptoms#

Clinical and radiological characteristics

20

20

20

10

20

–

0

10

Abnormal
vascul. ^
(%)

40

50

60

60

20

-

0

20

Abnormal
CVR$
(%)

60

40

0

10

0

-

0

20

4

1

<1

7

Time
ASL-DSA
(wks)

L STA-MCA
bypass and
indirect
revascularization
after 6 months

L STA-MCA
bypass after 3
months
L MCA AIS 5
months after
bypass

L STA-MCA
bypass after 4
months

Stable for 2 yr

Follow-up

Table 7.2 continues on next page

Cortical
ATAs*
(%)
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History

R MCA AIS 10, 9
and 7 yr before.
Headache.
Cognitive
problems.

Headache.

L MCA-PCA AIS
1 yr before.
R hemianopia.

Resection
L frontal
ependymoma
(WHO3) 3 yr
before.
Radiotherapy.

5
F (41)

6
F (43)

7
F (35)

8
F (18)

Continued

Pt
Sex
(age)

Table 7.2

L MCA TIAs
since wks

IWS infarcts
L frontal resection cavity with
surrounding gliosis

IWS infarcts

L occipital cortical infarct
IWS infarcts

IWS infarcts

L frontal CWS infarcts
IWS infarcts

L MCA TIAs
since 1 yr

L MCA TIAs
since 1 yr

R frontal CWS infarcts
IWS infarcts

Atrophy
Multiple WML

R pyramidal
tract signs
R MCA TIAs
since 1 yr

Atrophy
R frontal cortical MCA infarct
Multiple WML

MRI findings per hemisphere

L pyramidal
tract signs

Clinical
symptoms#

L: 3

R: 2

L: 3

R: 3

L: 1

R: 1

L: 3

R: 3

mSs

0

0

30

10

0

0

0

0

Abnormal
vascul. ^
(%)

75

70

100

90

10

70

100

100

Abnormal
CVR$
(%)

13

10

0

30

20

10

20

20

Cortical
ATAs*
(%)

4

<1

10

7

Time
ASL-DSA
(wks)

Indirect
revascularization
after 2 months
No tumor
recurrence

L STA-MCA
bypass after 2
months

Stable during
1 yr

Stable during
2 yr

Follow-up
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NF1.
Cerebral
hamartomas.
Radiotherapy
for optic glioma
15 yr before.
Cognitive
problems.

Headache.
L MCA AIS 6 yr
before.

10
F (19)

11
F (27)
R sided sensory
disturbances

R pyramidal
tract signs

R MCA TIAs
since 1 yr

L cortical ACA infarct
IWS infarcts

IWS infarcts

Atrophy
L cortical and SC ACA, MCA infarcts

L: 1

Multiple WML

L: 4

R: 4

L: 2

R: 2

R: 3

Atrophy
R frontal CWS and IWS infarcts
Multiple WML

0

0

10

0

0

40

20

30

75

13

0

100

30

20

0

13

10

20

22

28

<1

Stable during 1
yr follow-up

Stable during 4
yr follow-up

R STA-MCA
bypass after 7
months
L STA-MCA
bypass after 25
months
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#, clinical symptoms at the time of ASL MRI; ^, the proportion of regions (in %) per hemisphere with abnormal vascularization (defined as vascularization score 0 or 1); $, the
proportion of regions (in %) per hemisphere with moderate or absent CVR (score 0 or 1); *, the proportion of regions with arterial transit artefacts (ATAs) per hemisphere.
ACA, anterior cerebral artery; AIS, arterial ischaemic stroke; BG, basal ganglia; CWS, cortical watershed; IWS, internal watershed; L, left; MCA, middle cerebral artery;
mSs, modified Suzuki stages; NF, neurofibromatosis; PCA, posterior cerebral artery; R, right; SCD, sickle cell disease; SC, subcortical; STA, superficial temporal artery; Wks,
weeks; WML, white matter lesion; yr, year

R ACA infarct 1
yr before.

9
F (5)
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Table 7.3 The proportions of regions with abnormal DSA vascularization and abnormal CVR for
each region

Regions

Abnormal DSA vascularization per
region n (%)

Abnormal CVR per
region n (%)

3/20 (15%)
5/20 (25%)
1/21 (5%)
2/21 (10%)
3/21 (14%)
1/21 (5%)
0/21 (0%)
2/21 (10%)
0/19 (0%)
2/19 (11%)

11/20 (55%)
13/20 (65%)
16/21 (76%)
12/21 (57%)
12/21 (57%)
15/21 (71%)
10/21 (48%)
8/21 (38%)
5/19 (26%)
5/19 (26%)

APF
FP
MFS
MMS
MPS
MFI
MMI
MPI
PC
PPC

Total

19/204

107/204

Abnormal DSA vascularization scores: score 0 and 1; Abnormal CVR scores: score 0 and 1.

vascularization (score 2 and 3), was found in 185 of 204 (91%) regions. The proportions of
regions with abnormal DSA vascularization for each region are shown in Table 7.3. The relative
number of regions with abnormal DSA vascularization scores in hemispheres with Suzuki
score 2 and 3, was significantly higher than the number of regions in hemispheres with Suzuki
score 1 (Figure 7.2).

Arterial spin labelling CVR
CVR maps showed good CVR after administration of ACZ in 97 of the 204 regions (48%), and
abnormal or absent CVR in 107 regions (52%). The proportions of regions with abnormal CVR
for each region are shown in Table 7.3. In the vascularization territory of the posterior cerebral
artery, CVR was normal in the majority of regions. Of the 107 regions with abnormal CVR,
CVR was moderate in 80 (75%) and absent or showing steal in 27 regions (25%).
ATAs were present in 34 of 204 regions (17%), and were visible in all but one patient (Table 7.2).

Relation between digital subtraction angiography findings and arterial spin
labelling CVR
In 20 of 82 (24%) regions with normal antegrade flow, and in 70 of 103 (68%) regions with
complete irrigation via collateral flow, CVR was abnormal. Of the 185 regions with good DSA
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CVR. In 95 of the 97 regions (98%) with good CVR, there was good DSA vascularization (Table
7.4). Of regions with absence of capillary blush or mild to moderate collaterals (score 0 or 1)
on DSA, 10% had a good CVR on ASL perfusion images.
In 29 of the 34 regions (85%) with cortical ATAs, collaterals were found on DSA (Table 7.5).
In 29 of the 122 regions (24%) with mild to moderate collaterals or complete irrigation of the
region via collateral flow, ATAs were visible. Regions with good and poor CVR were seen in
each of the four hemispheric Suzuki grades. Nevertheless, the relative number of regions with
abnormal CVR scores in hemispheres with Suzuki score 2 and 3, was significantly higher than
the number of regions in hemispheres with Suzuki score 1, but not in hemispheres with Suzuki

ASL perfusion in moyamoya vasculopathy

vascularization (score 2 or 3), CVR was moderate in 38%, and in 10% we found steal or absent

score 4 (p=0.66) (Figure 7.3).

Table 7.4

DSA vascularization scores in relation to cerebrovascular reactivity in 204 brain regions
Cerebrovascular reactivity (CVR)

DSA
vascularization
score

3: Normal antegrade flow
without collaterals
2: Complete irrigation of the
region via collateral flow
1: Mild to moderate
collaterals
0: No visible capillary or
collateral blush

Total

Table 7.5

Total

2: Good CVR

1: Moderate CVR

0: No CVR

62

12

8

82

33

59

11

103

2

9

8

19

0

0

0

0

97

80

27

204

DSA vascularization scores in relation to cortical arterial transit artefacts
ATAs

DSA
vascularization
score

Total

3: Normal antegrade flow
without collaterals
2: Complete irrigation of the
region via collateral flow
1: Mild to moderate collaterals
0: No visible capillary or
collateral blush

Total

No ATAs

Cortical ATAs

77

5

82

79

24

103

14
0

5
0

19
0

170

34

204
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P = 0.01

100
90
number of regions

80
70

P = 0.03

60

vasc3

50

vasc2

40

vasc1

30

vasc0

20
10
0
1

2
3
modified Suzuki grading system

4

Figure 7.2 The modified Suzuki Grading system per hemisphere in relation to the DSA vascularization
scores. Abnormal DSA vascularization scores: score 0 and 1.

100

P < 0.01

90

number of regions

80
P < 0.01

70
60
50

cvr2

40

cvr1
cvr0

30
20
10
0
1

2
3
modified Suzuki grading system

4

Figure 7.3 The modified Suzuki Grading system per hemisphere in relation to the CVR scores.
Abnormal CVR scores: score 0 and 1.
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We performed pseudo-continuous ASL perfusion MRI in young patients with MMV before
revascularization surgery, and found that in almost half of the assessed brain regions with good
vascularization on conventional angiography, cerebrovascular reactivity (CVR) was abnormal.
When perfusion MRI showed good CVR, DSA rarely revealed abnormal vascularization in
those regions. Arterial transit artefacts were shown to be associated with the presence of
collaterals. Finally, the relative number of regions with abnormal CVR scores and abnormal
DSA vascularization scores in hemispheres with Suzuki score 2 and 3, was significantly higher
than the number of regions in hemispheres with Suzuki score 1.

ASL perfusion in moyamoya vasculopathy

Discussion

A previous study found a significant positive correlation between the severity of stenoocclusive changes of the distal ICA and the number of infarcted brain regions [19]. However,
angiographical severity of arteriopathy is often not related to the severity of clinical symptoms.
Some patients present with progressive stroke, while others, incidentally diagnosed with MMV
by MR angiography, are free of symptoms. This variability in the clinical presentation might
reflect the complex interplay of many factors that influence the haemodynamic status of the
brain [4, 5].
Only few studies investigated the relationship between cerebral angiography findings and
haemodynamic parameters in patients with MMV [15, 20–22]. One study showed that patients
with extensive basal moyamoya vessels exhibited significantly lower CBF, measured with CT
perfusion, than normal controls [15]. Other investigators found a tendency for hemispheric
CBF to decrease with advancing stages of moyamoya disease [22]. CBF alone, however, is an
insufficient measure of haemodynamic compromise of brain tissue and CVR may be more
informative [23, 24]. In patients with MMV, CVR has been used to identify patients who may
benefit from surgical revascularization [7, 8], and to predict postoperative clinical outcome [9].
In a recent study, using BOLD MRI, investigators found a correlation between CVR and the
presence of pial and moyamoya collateral vessels per vascular territory, and with the degree of
MMV as graded by the modified Suzuki score in 11 patients [20]. For each vascular territory,
a mean CVR was calculated and the presence of moyamoya or leptomeningeal collaterals was
assessed using a binary system (present or absent).
For our study, we chose to select much smaller regions of interest. We hypothesized that
angiographic scoring of the basal moyamoya vessels, reflected in the modified Suzuki grading
system, not necessarily reflects the vascularization in ‘downstream’ tissue. For this reason
we assessed tissue vascularization and the presence and intensity of mainly distal meningeal
collateral blood vessels in ten regions per hemisphere.
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Acetazolamide (ACZ) is a carbonic anhydrase inhibitor, which dilates intracranial vessels and
increases cerebral blood flow (CBF) under physiologic conditions [25]. When the cerebral
vascular bed has reached its maximum vasodilatation to preserve blood flow in compensation
for reduced cerebral perfusion pressure, no further dilatation is possible in response to ACZ,
and CVR is absent [26]. The presence of collateral flow pathways to brain regions in chronic
haemodynamic stress, plays an important compensatory role in trying to maintain regional
tissue viability [6]. The exact relation between CVR and these collateral flow pathways and
regional vascularization remains unclear [27].
We found that in almost half of the assessed brain regions with good vascularization, based
on scoring of DSA, CVR was disturbed. In other words, DSA alone does not provide adequate
information on the haemodynamic status of brain tissue in patients with MMV. Regions with
the same vascularization status, reflected by angiographical patterns of anterograde flow and
distal collateralization, may have completely different CVR. The reason for this is not clear.
In almost 70% of regions with complete irrigation via collateral flow (score 2), CVR was poor
or absent. It could be that some of the collaterals visible on DSA, are unable to dilate to ACZ.
Perhaps the presence of these collaterals is a sign of haemodynamic stress and vessels in some
regions have already reached maximum vasodilatation.
A strength of our study is that we evaluated the relation between regional vascularization based
on DSA, and CVR, as measured with ASL perfusion MRI, which is a non-invasive technique
that can also be used in children. Other studies showed that ASL perfusion MRI can be applied
to measure CBF in patients with MMV [10, 12, 13]. There are, however, limitations of ASL
perfusion MRI in the evaluation of patients with MMV [11, 28]. In ASL perfusion MRI, an
image is acquired after a post-label delay time (PLD), during which the tagged blood flows to
the region of interest. When blood travels through a collateral network of vessels, the delay
between tagging and the time it reached the region of interest (transit delay, TD) increases.
ASL perfusion MRI fails in regions with very long TD [28, 29]. This most likely was the case in
2 (15%) of our 13 patients. Increasing the PLD is an option, but may be offset by loss of signal
due to the relatively short tracer half-life determined by the T1 of blood [11, 28]. Labelled
arterial blood still travelling through the arteries when the ASL image is acquired causes ATAs
[23]. These were found in almost all of our patients. Investigators of a recent study concluded
that the identification of ATAs on CBF flow maps can predict the presence and intensity of
collateral flow in patients with MMV [11]. Our study confirms that the detection of ATAs is
highly correlated with the presence of collaterals. ATAs actually contain important information
about late arriving flow [11], but they also make quantification of regional CBF less reliable
since they can average out regions with hypoperfusion [11]. We therefore refrained from
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is that it provides a relative measure of CBF changes, that is independent on quantitative ASL
perfusion CBF values, in patients with vascular disease that have ATAs due to the presence of
collaterals. In our study, good quality ASL perfusion MRI scans with ACZ challenge could be
acquired in 85% of moyamoya patients.

Conclusion
This study shows that ASL perfusion MRI can be applied to determine regional CVR in patients
with MMV and may prove valuable in the presurgical evaluation of brain tissue at risk. DSA

ASL perfusion in moyamoya vasculopathy

determining regional absolute CBF values in our patients. The advantage of evaluating CVR

does not provide adequate information on the haemodynamic status of brain tissue. Suzuki
grading of hemispheric MMV severity does not sufficiently reflect the perfusion state of
individual tissue regions. Furthermore, angiographical patterns of tissue vascularization did
not correlate well with regional tissue CVR.

Source of funding
This study was financially supported by the Wilhelmina Children’s Hospital Research Fund.
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Summary and general discussion

Stroke in young people has important public health consequences because it carries the
potential for a lifetime burden of disability [1, 2]. Nevertheless, there is a considerable delay
to a correct diagnosis in young patients with stroke, and awareness among both the general
population and health care professionals is low [3, 4]. Improved knowledge about the mode
of presentation, stroke mimics, causes and risk factors for stroke in the young, may lead to
earlier diagnosis and treatment.
With the studies described in this thesis, we tried to further elucidate the clinical course,
outcome, radiological evolution, and haemodynamic consequences of intracranial arteriopathies
in young patients with ischaemic stroke.

Course and cause of unilateral intracranial arteriopthy
Children
Increased availability and better quality of vascular imaging techniques have improved
our understanding of childhood stroke aetiology. Of 372 children with arterial ischaemic
stroke (AIS) from three consecutive cohorts in London, Paris and Utrecht, 243 (65%) had an
arteriopathy (chapter 2). Investigators of a recent international study on children with AIS,
found an arteriopathy in 53% of children who underwent vascular imaging [5].
In a publication 13 years ago, reviewing risk factors for AIS in children, investigators described
“stenosis or occlusion of the distal internal carotid or middle cerebral arteries, dissection,
moyamoya vasculopathy (MMV), and occasionally rarer patterns such as vasculitis”, as typical
abnormalities found on vascular imaging in childhood ischaemic stroke [6]. From two large
cohort studies, we now know that arterial dissection is diagnosed in only 8%, MMV in 8–9%,
and vasculitis in 2–5% of all children with AIS [5, 7], accounting for only 13–20%, 13–22%,
and 3–12% of the subgroup of children with arteriopathic stroke respectively [5, 7]. This leaves
many children with ischaemic stroke in whom no apparent cause of arteriopathy is found.
The International Pediatric Stroke Study (IPSS) group introduced the term focal cerebral
arteriopathy (FCA) to label a focal cerebral arterial stenosis or occlusion with no specified
cause [5]. Although FCA was shown to be the most common type of arteriopathy observed
in their large international cohort, it remains a descriptive and radiological diagnosis at time
of presentation, that provides no information on the pathogenesis, time course and outcome
of vascular disease.
In our study cohort described in chapter 2, 128 children (34%) had a unilateral intracranial
arteriopathy in the anterior circulation. We investigated the course of this arteriopathy subtype
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children (6%) were shown to have progressive arteriopathy, with increasing unilateral disease or
bilateral involvement. In all others (94%), the course of arteriopathy was non-progressive, and
these children fulfilled the diagnostic criteria of so-called transient cerebral arteriopathy (TCA),
an arteriopathic entity that had only recently been described [8]. TCA is characterized by a
non-abrupt onset of neurological deficits caused by a predominantly lenticulostriate infarction
due to unilateral intracranial arterial wall disease that affects the distal internal carotid artery
(ICA), proximal middle and/or anterior cerebral artery (MCA, ACA) [8–10]. TCA cannot
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in 79 previously healthy children who underwent repeated vascular imaging. Only five of 79

be diagnosed in the acute phase of stroke, since follow-up vascular imaging is required to
evaluate the time course of arteriopathy. In time, the arteriopathy stabilizes, improves or even
completely resolves, sometimes after initial worsening during the first few months. Of the
children with TCA, described in chapter 2, normalization of the arteriopathy was seen in 23%.
The remaining 77% had residual arterial abnormalities on follow-up vascular imaging, with
improvement of the arteriopathy in 45% and stabilization in 32%. The IPSS group considers
TCA as a subset of FCA.
Varicella zoster virus (VZV) infection was shown to precede stroke only in our group of patients
with TCA (44%); no children in the progressive arteriopathy subgroup had chickenpox in the
12 months prior to stroke. When TCA is preceded by VZV infection in the year prior to AIS,
the arteriopathy is called post-varicella angiopathy (PVA) [5, 10–13].
Since its first description in 1998 [8], TCA is increasingly recognized as an important cause of
AIS in previously healthy children. The pathophysiological mechanisms that may be responsible
for TCA are described in chapter 2. Many arguments favour post-infectious monophasic
(transient) inflammation, affecting the arterial wall of the distal internal carotid artery and
its proximal branches. Some investigators have previously diagnosed patients with infarct
localization, angiographical abnormalities and a course of arterial disease that is typical for
TCA/PVA, as a large-vessel subtype of ‘primary angiitis of the central nervous system’ (PACNS)
[14–17]. Although an arteriopathy that is caused by vessel wall inflammation may indeed
be categorized as “vasculitis” or “angiitis”, we believe the term PACNS should be reserved
for a different disease entity that in children has distinct clinical and radiological findings.
PACNS was first described in adults in 1959 as a granulomatous small-vessel vasculitis [18].
Patients present with headache, seizures or other signs of diffuse cerebral dysfunction, or
focal neurological deficits [17]. In children, PACNS typically affects very small vessels, with
a progressive or multiphasic course, causing multifocal, often bilateral, brain lesions that
affect gray and white matter, and normal (MR and even digital subtraction) angiography. In
contrast to adults, the inflammatory process is lymphocytic and non-granulomatous [15, 16,
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19]. The term PACNS should better be reserved for children with these typical small-vessel
angiopathy characteristics, to avoid confusion with the relatively benign course of TCA. Since
there is an ongoing semantic debate between neurologists and rheumatologists about the best
term to classify this most frequent and non-progressive unilateral intracranial “large-artery”
vasculopathy in children (TCA versus PACNS respectively), we need strict diagnostic criteria for
intracranial arteriopathies. A correct aetiological classification of AIS is essential, as recurrence
risk, outcome and therapeutic decisions vary by aetiology. PACNS should be treated with longterm immunosuppressive therapy [16], while the best treatment for TCA remains unclear.
As stated in chapter 2, it cannot be excluded that intracranial arterial dissection is at least partly
responsible for the vascular abnormalities seen in some children with TCA [8, 20]. In 12 of
the 74 children with TCA, described in chapter 2, medical charts reported an insignificant
trauma or minor head injury one hour to two weeks preceding stroke. In the literature, three
cases were recently described with an initial diagnosis of TCA, while post-mortem pathology
demonstrated intracranial carotid artery dissection without signs of vessel wall inflammation
[21]. However, TCA and dissection probably are not mutually exclusive, since an inflamed
arterial wall could be more vulnerable to the development of dissecting lesions.
Despite the fact that the quality of vascular imaging techniques has improved in recent years,
demonstration of an intramural haematoma or an intimal flap as a sign of dissection in relatively
small intracranial arteries is difficult and unreliable with MR angiography, and differentiating
TCA from intracranial arterial dissection is challenging [21]. Possibly, dedicated vessel wall
imaging may help to establish the underlying cause of intracranial arteriopathies in the future
[22].

Young adults
When we pool data from seven studies on ischaemic stroke in young adults, 26% of 1566 patients
had an arteriopathy; 11% atherosclerotic and 15% non-atherosclerotic in [23–29]. From these
series it became evident that dissection, which is most often extracranial, accounts for 12% of
ischaemic stroke in young adults, and moyamoya, by definition a bilateral entity, for 2.2%. The
incidence of unilateral intracranial arteriopathy in young adults with AIS is unknown, but is
assumed to be less than in children (chapter 4) [23, 29].
We wondered whether TCA also exists in young adults. Long-term follow-up imaging of the
intracranial arteries has rarely been reported in young adults with arteriopathic ischaemic
stroke. For this reason we performed the study described in chapter 4, and first analyzed
the results of vascular imaging in a cohort of 356 patients between 16 and 50 years of age
with anterior circulation AIS, registered in the Utrecht Stroke Database. Vascular imaging of
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which is 5% of the total cohort) had a documented unilateral intracranial arteriopathy. To
acknowledge the course of vascular disease, repeated MR angiography was performed in 14
patients, of whom none showed progressive arteriopathy after a median follow-up duration
of 8.8 years. Follow-up vascular imaging showed that arteriopathy improved or normalized
over time in 57% of young adults. In the other 43%, the severity of the arteriopathy remained
unchanged. The non-abrupt mode of onset of symptoms and the non-progressive nature of the
arteriopathies were comparable to what has been observed in children with TCA. According
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both extracranial and intracranial arteries was available in 152 patients, of whom 17 (11%;

to the definition of TCA, we concluded that TCA also exists in young adults. This study did
not allow a reliable estimation of the frequency of TCA in young adults with AIS, since not all
patients in the Utrecht Stroke Database underwent vascular imaging of intracranial arteries,
and arteriopathies may have been missed.
The question remains what the exact nature of this stabilizing or improving intracranial
young adult arteriopathy is. In adults above 50 years of age many of the risk factors for stroke
are also risk factors for atherosclerosis (hypertension, cigarette-smoking, diabetes mellitus,
hypercholesterolemia). Recent studies showed that these factors also were the most common
coexisting conditions among adolescents and young adults (aged 15–44 years) hospitalized
with acute ischaemic stroke [30, 31]. This might lead to the wrong conclusion that intracranial
arteriopathies in young adults are most often atherosclerotic. The same studies, however, found
large-artery atherosclerosis and small-vessel disease in less than 10% of patients, suggesting that
vascular risk factors increase the susceptibility to stroke from other causes [31]. In our series,
only 14% of patients had recurrent symptoms from cerebral ischaemia, and no other vascular
events suggestive of generalized atherosclerosis were reported. Monophasic inflammation of
the vessel wall could have been the underlying cause of arteriopathy in at least a subset of our
young adult patients. Unfortunately, investigations for inflammatory causes of stroke, including
cerebrospinal fluid analysis, were not routinely assessed at the time of stroke.

Outcome of unilateral intracranial arteriopathy
Compared to children with idiopathic AIS, children with cerebral arteriopathies have an
increased risk of recurrent ischaemic events [32, 33]. In our study, described in chapter 2,
18% of children with TCA had a recurrent stroke or TIA during follow-up. Patients with a
progressive arteriopathy had significantly more recurrences than those with TCA (p = 0.007).
In the progressive group, 80% had recurrent neurological events. Antithrombotic medication
(aspirin) was prescribed to 78% of patients with TCA. Reanalysis of the original data showed
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that of the ten children who had a recurrent stroke, only four recurred on aspirin. Thirty of
74 TCA patients (41%) had a good neurological outcome, compared to none of the patients
with progressive arteriopathy.
There are no publications in the literature on outcome and recurrence in the specific population
of young adults with unilateral intracranial arteriopathy. Fourteen percent in the series of
young adults, described in chapter 4, had recurrent ischaemic symptoms from the hemisphere
ipsilateral to the arteriopathy during follow-up. Functional outcome at the time of follow-up
was good in 71% of patients.
However, outcome between both age groups cannot be compared readily, since different
outcome measures have been used in the paediatric and adults series. Outcome assessment in
childhood stroke differs fundamentally from that in adults, because functional outcome is not
only determined by the degree of recovery, but also by age-related levels of functioning [34].
In addition, outcome measures are not static in children as many young patients grow into
neurological and neuropsychological deficits with increasing age [35–37].
Measuring outcome after stroke is important both for clinical practice and for research
purposes, and should ideally include all aspects of physical, neurological, psychological and
social deficits and disability, as well as their influence on functioning and quality of life. Two
frequently used dichotomized outcome measures in childhood stroke are the Paediatric Stroke
Outcome Measure (PSOM) and the modified Rankin Scale (mRS), both measuring different
aspects of outcome. The PSOM is based on deficits found during neurological examination
and the mRS is a functional outcome scale [38, 39].
Cognitive and social functioning are difficult items to assess in a short period of time when
the child visits the outpatient clinic. However, cognitive functioning is often shifted towards
lower levels in children after stroke, and one third of all children who have had a stroke
attend special education in The Netherlands, in contrast to 2.8% of Dutch children in general
(Statistics Netherlands, February 2009) [40, 41]. The type of school attendance can be used as
an indication of cognitive outcome.
In chapter 5, we compared childhood stroke outcome obtained from the PSOM and outcome
as determined with the combination of mRS and information on type of school attendance.
We found no significant difference in “good” and “poor” outcome classification (Chi square
test; difference 13%, 95% CI -8 to 33). Parents and investigators scored “overall functioning of
a child after stroke” on a visual analogue scale (VAS), and paediatric quality of life (PedsQL)
questionnaires were completed by parents. For both the PSOM and mRS combined with the
type of school attendance, patients with a good outcome had significantly higher PedsQL and
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related quality of life) than patients in whom outcome was classified as poor.
We concluded that in children over 4 years of age, the mRS combined with the type of school
attendance is reliable, easy to obtain in clinical practice and reflects functioning in daily life
rather than deficits at neurological examination. For these reasons we would recommend to
use the adapted mRS in future trials in which functional outcome after childhood stroke needs
to be assessed.
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parents- and doctor-reported VAS scores (indicating better overall functioning and health

Prediction of outcome
Some of the most difficult questions for a (child) neurologist to answer, are related to the
outcome of a patient who has just been admitted to the stroke unit. To what extent will the
disabilities improve over time? What is the chance of stroke recurrence? Unfortunately, the
prediction of stroke outcome and recurrence is difficult in the acute stage of stroke. Prognostic
indicators are needed to distinguish young patients with a high risk of stroke recurrence and
poor functional outcome from those in whom this risk is relatively low. These predictors could
in the future help to guide therapeutic choices, such as indications for immunosuppressive
therapy or revascularization surgery in patients with arteriopathic stroke.
In chapter 2, we describe that cortical infarct localization in children with AIS and a unilateral
intracranial arteriopathy was significantly associated with poor neurological outcome (OR
6.14, 95% CI 1.29–29.22, p=0.02). Risk factors at presentation for poor outcome in childhood
AIS in general are: young age; low level of consciousness; fever; (right) middle cerebral artery
territory infarction; bilateral cerebral ischaemia and intracranial arteriopathy [36, 41, 42]. Other
investigators found that stroke severity on admission, measured with the PedNIHSS or NIHSS,
is a predictor of outcome at three to six months among children and young adults [23, 43].
The current knowledge on predictors of outcome is based on clinical symptoms, localization of
infarct and the presence of arteriopathy. Knowledge of perfusion deficits in brain tissue that is
not primarily affected by ischaemic stroke (non-infarcted areas) might help to identify young
stroke patients who are at risk of poor outcome or stroke recurrence.

Cerebral blood flow and cerebrovascular reactivity
Brain areas that appear structurally intact on magnetic resonance imaging (MRI) may not
function normally due to decreased perfusion [44, 45]. Little is known about the effect of an
intracranial arteriopathy on cerebral blood flow (CBF) in young patients with AIS.
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The aim of our study, described in chapter 6, was to investigate in young patients with previous
AIS and unilateral intracranial arteriopathy, whether CBF is compromised in non-infarcted
cortical areas of the symptomatic hemisphere and relates to the severity of the arteriopathy.
We used Arterial Spin Labeling (ASL) perfusion MRI, a technique that allows assessment of
CBF in a non-invasive fashion, without the need for intravenously administered contrast agents
[46–49]. As such, it is a promising tool to obtain CBF, specifically in children.
More than half of the patients seemed to have hypoperfusion in non-infarcted cortex of the
symptomatic hemisphere when CBF maps were visually assessed, in particular in patients with
a severe arteriopathy. However, quantification of regional CBF showed hypoperfusion in only
18% of patients. In 47% of all patients, visual interpretation of CBF maps did not correspond
with quantified CBF. We found small foci of increased signal intensity on the CBF maps in or
around a non-infarcted cortical area of hypoperfusion in half of the patients, compatible with
vascular artifacts. These artifacts have been described before in ASL perfusion MR studies and
probably are due to inflow of labelled arterial blood into arteries [50]. Ideally, there should not
be any remaining labelled blood within the vasculature when CBF is measured. However, this
assumption can often not be met in patients with an intracranial arteriopathy and extensive
collateral blood supply. When the labelled blood needs more time to reach the brain tissue
through collateral vessels, true tissue perfusion may be underestimated and these so-called
arterial transit artifacts (ATAs) can be seen on the CBF map. In ASL perfusion MRI, an image
is acquired after a post-label delay time (PLD), during which the tagged blood flows to the
region of interest. Increasing the PLD is an option to reduce ATAs, but may be offset by loss
of signal due to the relatively short tracer half-life determined by the T1 of blood [51, 52].
One may wonder which assessment of cortical CBF more closely reflects true tissue perfusion;
either visual assessment on CBF maps of areas outside the ATAs, or quantified region of interest
(ROI) based analysis of CBF values, including ATA voxels. The first may underestimate tissue
perfusion, the latter may overestimate true tissue perfusion, since high signals from intravascular
labelled blood (ATAs) artificially increase the average ROI CBF values. On the other hand, this
labelled blood will most probably eventually contribute to regional perfusion, albeit arriving
too late to be detected in tissue voxels.
The best way to assess CBF with ASL perfusion MRI remains to be established, and may be a
semantic discussion. However, it is expected that ASL perfusion techniques will further improve
in the near future, making quantitative and qualitative assessment of CBF more reliable.
Given the problems we encountered in quantifying CBF, as described above, other methods were
considered to assess with ASL perfusion MRI a possible compromise of brain tissue perfusion
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vasodilatory stimulus (cerebrovascular reactivity, CVR) have been used to identify patients with
moyamoya vasculopathy (MMV) who may benefit from surgical revascularization [53, 54], and
to predict postoperative clinical outcome [55]. We hypothesized that evaluating CVR with ASL
perfusion MRI, would be an advantage over CBF assessment, since it provides a relative measure
of CBF changes, that is independent on quantitative ASL perfusion CBF values. Acetazolamide
(ACZ) is a carbonic anhydrase inhibitor, which dilates intracranial vessels and increases CBF
under physiologic conditions [56]. When the cerebral vascular bed has reached its maximum

Summary and general discussion

in patients with arteriopathy and collaterals. Measurements of the CBF change in response to a

vasodilatation to preserve blood flow in compensation for reduced cerebral perfusion pressure,
no further dilatation is possible in response to ACZ [57, 58].
Moyamoya vasculopathy (MMV), one of the most well-known and recognized arteriopathic
entities in children and young adults with AIS, is characterized by a bilateral intracranial
arteriopathy, leading to progressive narrowing of the supraclinoid internal carotid arteries
and its branches, and the formation of a vascular network of moyamoya vessels at the base of
the brain [59, 60]. We investigated in chapter 7, whether ASL perfusion MRI can be applied
to measure CVR in children and young adults with MMV before revascularization surgery,
and whether CVR is related to regional tissue vascularization. We studied 204 brain regions of
eleven patients and found that in almost half of the regions with seemingly good vascularization
on digital subtraction angiography, CVR was disturbed. When ASL perfusion showed good
CVR, DSA rarely revealed abnormal vascularization in those regions. Arterial transit artifacts
were visible on the CBF maps before administration of ACZ in 34 of 204 regions (17%), and
were visible in all but one patient. We concluded that ASL perfusion MRI can be applied to
determine regional CVR in patients with MMV. DSA is the gold standard for the diagnosis
of MMV, but it does not provide adequate information on the haemodynamic status of brain
tissue. Regions with the same vascularisation status, may have completely different CVR.
Finally, ATAs were shown to be associated with the presence of collaterals on DSA, giving
further support to the hypothesis that ATAs are due to inflow of labelled arterial blood into
arteries and collaterals.

Future perspectives
Further elucidation is necessary on the causes underlying intracranial arteriopathies in children
and young adults. Could improved vessel wall imaging, perhaps with 7 Tesla MRI [22], help to
differentiate between different causes of intracranial arteriopathy in the acute phase of stroke?
Research is needed to investigate the role of infection and vessel wall inflammation. Is there a
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genetically mediated vulnerability for arteriopathy in patients with TCA? Are there single gene
disorders affecting the normal anatomy of the arterial wall, reducing its stabilization, increasing
vascular smooth muscle cell proliferation or changing its response to injury [61, 62]? What
is the role of the known risk factors for atherosclerosis in young patients with arteriopathic
stroke? Is it true that these risk factors increase the susceptibility to ischaemic stroke from other
causes than atherosclerosis, as suggested by other investigators [31]?
More research is needed to study the role of these mechanisms and to develop therapeutic
targets or primary preventive strategies. Current treatment approaches in childhood stroke are
based on expert opinions and results from adult stroke studies. However, adults have different
risk factors and stroke aetiology. For management of childhood AIS, randomized controlled
trials are lacking. One of the goals of the International Pediatric Stroke Study group is to design
such a trial to assess the safety and efficacy of treatment strategies [42].
Further research on prognostic indicators is needed to distinguish young patients with a high
risk of stroke recurrence and poor functional outcome from those in whom this risk is relatively
low. Is there a role for assessment of cerebral perfusion, or for biomarkers, like circulating
markers of vascular injury and thrombin activation?
Improvement of the ASL perfusion technique is necessary for further studies on CBF and
CVR in young patients with arteriopathic stroke and intracranial collaterals. Does visual
assessment of CBF maps, or quantification of CBF more closely reflects true tissue perfusion?
Is it possible and necessary to eliminate arterial transit artifacts? Perhaps, if these questions
can be resolved, ASL perfusion MRI may in the future prove valuable in the assessment of
brain regions at risk for ischaemic stroke, and to identify patients who may benefit from
surgical revascularization.
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•

“Think vascular” (Kirkham FJ. Personal communication), because arteriopathies are frequent
in children (>50%) and young adults (>25%) with ischaemic stroke. Always perform both
extra- and intracranial vascular imaging in young patients with AIS.

•

If vascular imaging of intracranial arteries is normal in the acute phase of stroke in young
patients, it should be repeated within three months, since vascular abnormalities might become
visible after some time due to initial progression of the inflammatory vessel wall abnormalities.

•

In patients with an intracranial arteriopathy, vascular imaging should be repeated three to six
months after AIS, and again at six to twelve months to investigate the course of arteriopathy;
differentiating monophasic and stabilizing or improving vasculopathy (TCA, PVA) from
progressive arteriopathy, such as moyamoya vasculopathy and vasculitis.

•

Try to correctly classify the exact subtype of arteriopathy in young patients with AIS, as
recurrence risk, outcome and therapeutic decisions vary by aetiology.

•

Although adolescents and young adults with acute AIS and intracranial arteriopathy may
have risk factors for atherosclerosis, the cause of intracranial arteriopathy in young patients
rarely is atherosclerosis.

•

When a child presents with hemichorea or hemidystonia, basal ganglia infarction should be
included in the differential diagnosis. TCA and its subset PVA should then be considered, even
if there is no recent history of a viral infection and cerebrospinal fluid is normal.

•

In children over 4 years of age, the mRS combined with the type of school attendance is reliable,
easy to obtain in clinical practice and reflects functioning in daily life rather than deficits at
neurological examination. For this reason it can be used in future trials in which functional
outcome after childhood stroke needs to be assessed.

•

When ASL perfusion MRI is used to assess cerebral perfusion, there often is a discrepancy
between the quantified CBF and the visual assessment of CBF. Which assessment of cortical
CBF more closely reflects true tissue perfusion remains to be established. Arterial transit
artifacts reflect intravascular signal due to delayed arrival of labelled blood, and can average
out true areas of hypoperfusion in quantified CBF values of a particular region of interest.
However, visually assessed CBF may underestimate tissue perfusion, as labelled blood needs
more time to reach the brain tissue.

•

Acetazolamide-challenged ASL perfusion MR imaging can be applied to determine regional
cerebrovascular reactivity (CVR) in patients with moyamoya vasculopathy. Digital subtraction
angiography (DSA) does not provide adequate information on the haemodynamic status of
brain tissue, since regions with the same vascularization status on DSA may have completely
different CVR.
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Main conclusions of this thesis and clinical recommendations
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Als gesproken wordt over een patiënt met een beroerte (herseninfarct of hersenbloeding),
neemt men vaak aan dat deze persoon op hoge leeftijd zal zijn. De kans op een beroerte neemt
immers toe op hogere leeftijd en meer dan 70% van de patiënten met een beroerte is ouder
dan 65 jaar [1]. Deze ziekte kan echter ook voorkomen bij kinderen en jong-volwassenen en
er zijn zelfs aanwijzingen dat mensen onder het 50ste levensjaar in het afgelopen decennium
steeds vaker een beroerte doormaakten [2-4]. Een beroerte bij kinderen werd lange tijd beschouwd als een zeldzaamheid, maar recente studies toonden een incidentie tussen 2.3 en 13.0
per 100.000 kinderen per jaar [5, 6], waaruit geconcludeerd mag worden dat dit toch niet zo
zeldzaam is als gedacht werd. Veel mensen, inclusief zorgverleners, weten niet dat een beroerte
ook bij jonge mensen voor kan komen en de diagnose wordt daardoor vaak pas laat gesteld
[7, 8]. Betere kennis over de manier van presentatie, oorzaken, risicofactoren en ziekten die
dezelfde verschijnselen kunnen geven, kan ervoor zorgen dat de diagnose eerder gesteld wordt
en daarmee samenhangend kan dit leiden tot snellere behandeling.
De patiënten die deelnamen aan onze studies, maakten een herseninfarct door en waren ten
tijde van het infarct tussen één maand en 18 jaar oud (kinderen) of tussen de 18 en 50 jaar
oud (jong-volwassenen). Met de studies, die in dit proefschrift beschreven zijn, hebben wij
geprobeerd om meer duidelijkheid te verkrijgen over het klinische beloop, het herstel op lange
termijn, radiologische kenmerken en metingen van de doorbloeding van de hersenen van jonge
mensen met een herseninfarct en een ziekte van de slagaders in het hoofd.

Terminologie en anatomie van de slagaders in hals en hoofd
De meeste mensen hebben vier slagaders (arteriën), die de hersenen van zuurstofrijk bloed
voorzien: de arteria carotis vóór in de hals, zowel links als rechts van luchtpijp en slokdarm,
en twee slagaders (arteria vertebralis links en rechts) achter in de hals. Deze slagaders komen
in de schedel (intracranieel) samen en vormen in de schedelbasis de cirkel van Willis. Vanuit
deze cirkel ontspringen arteriën die elk een bepaald hersengebied van bloed voorzien. Bij een
aandoening van de wand van een arterie wordt gesproken over een arteriopathie. Beeldvormend onderzoek toont een vernauwing of een afsluiting van de arterie en als dit heeft geleid
tot een langdurige doorbloedingsstoornis van een hersengebied, kan schade van hersenweefsel
(herseninfarct) zichtbaar gemaakt worden met MRI-onderzoek.
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Kinderen
Verbeterde kwaliteit en toegenomen beschikbaarheid van beeldvormende onderzoeken van
slagaders hebben een belangrijke bijdrage geleverd aan onze huidige kennis van oorzaken van
herseninfarcten bij kinderen. Van 372 kinderen uit Londen, Parijs en Utrecht, die met een
doorbloedingsstoornis van de hersenen werden opgenomen in een ziekenhuis, bleken 243
(65%) kinderen een aandoening te hebben van de slagaders (arteriopathie) die de hersenen
van bloed voorzien (hoofdstuk 2). Onderzoekers van een recente internationale studie naar
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herseninfarcten bij kinderen vonden een arteriopathie bij 53% van de kinderen met een herseninfarct bij wie beeldvormend onderzoek van de slagaders verricht was [9]. Ondanks het feit
dat in het afgelopen decennium dankzij verschillende onderzoeken meer bekend is geworden
over oorzaken van een arteriopathie [9-11], blijft bij veel kinderen met een herseninfarct en
een arteriopathie de precieze oorzaak van de vernauwing of de afsluiting van de slagader(s)
onbekend.
Van de 372 kinderen uit Londen, Parijs en Utrecht, waarover geschreven wordt in hoofdstuk 2,
hadden er 128 (34%) een eenzijdige intracraniële arteriopathie. Wij onderzochten het beloop
van dit type arteriopathie in de tijd bij 79 kinderen, die voordat zij het herseninfarct kregen
gezond waren. Bij herhaling van de beeldvorming van slagaders, bleek dat maar vijf van de
79 kinderen (6%) een progressieve arteriopathie had, waarbij een vernauwing was verergerd
of was overgegaan in een afsluiting of waarbij andere slagaders betrokken waren geraakt in
het ziekteproces. Bij alle andere kinderen (94%) was de arteriopathie niet-progressief en werd
de diagnose transient cerebral arteriopathy (TCA) gesteld, een entiteit die pas 15 jaar geleden
voor de eerste keer beschreven is [12]. TCA wordt gekarakteriseerd door het optreden van
neurologische uitval door een herseninfarct in vooral diepe hersenstructuren (lenticulostriataal
infarct) en een arteriopathie van de grote arteriën aan één zijde in het hoofd (laatste deel van
de a. carotis interna, eerste deel van a. cerebri media en a. cerebri anterior) [12-14]. Omdat
alleen van TCA gesproken mag worden als de arteriopathie niet-progressief is in de tijd, kan
deze diagnose niet gesteld worden in de acute fase van het herseninfarct. Beeldvorming van de
slagaders moet herhaald worden. In de eerste maanden kan er kortdurend progressie optreden
ten gevolge van een actief ziekteproces in de slagaderwand, maar in de loop van de tijd blijft de
arteriopathie bij patiënten met TCA stabiel, verbetert de afwijking in de vaatwand of treedt zelfs
volledige normalisatie op. Van de kinderen met TCA, die wij beschreven hebben in hoofdstuk
2, trad bij 23% normalisatie op van de slagaderwand. Bij 77% bleef dus een afwijking zichtbaar
bij herhaling van de beeldvorming van slagaders, met verbetering bij 45% en stabilisatie bij 32%.
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Van de kinderen met TCA, had 44% in het jaar voorafgaand aan het herseninfarct een waterpokken (varicella zoster virus) infectie. Per definitie wordt dan gesproken over een post-varicella
arteriopathie (PVA) [9, 14-17]. Geen van de kinderen met een progressieve arteriopathie had
waterpokken in de voorafgaande 12 maanden.
Sinds de eerste beschrijving van TCA in 1988 [12], is steeds duidelijker geworden dat dit een
belangrijke oorzaak is van herseninfarcten bij kinderen, vooral bij kinderen die vóór het herseninfarct gezond waren. De meest waarschijnlijke onderliggende ziekteprocessen bij TCA
worden beschreven in hoofdstuk 2. Veel argumenten pleiten voor een (kortdurende) reactieve
ontsteking in de bloedvatwand van slagaders (in de buurt) van de cirkel van Willis, na een
doorgemaakte infectie. Een scheur in de binnenste lagen van de slagaderwand (dissectie) kan
ook leiden tot een vernauwing of afsluiting van een slagader. Deze vorm van arteriopathie heeft
zoals TCA een niet-progressief beloop en kan spontaan optreden, bijvoorbeeld bij een bindweefselaandoening, of veroorzaakt worden door een trauma. Een scheur in de binnenste lagen
van de slagaderwand zou een oorzaak kunnen zijn van de vernauwing of afsluiting bij kinderen
met TCA [12, 18]. Bij 12 van de 74 kinderen met TCA stond in de medische status beschreven
dat zij in de twee weken voorafgaand aan het herseninfarct een (licht) trauma van het hoofd
hadden doorgemaakt. Recent werd een artikel gepubliceerd waarin drie cases beschreven zijn
over kinderen bij wie de diagnose TCA gesteld was, maar waarbij de patholoog na overlijden
een dissectie van de bloedvatwand van een grote slagader in het hoofd vond, zonder tekenen
van ontsteking van de bloedvatwand [19]. Een dissectie en een ontsteking sluiten elkaar waarschijnlijk niet uit, zeker niet met de theorie dat een ontstoken slagaderwand vatbaarder is voor
scheuring. Beeldvorming van slagaders is sterk verbeterd de afgelopen jaren, maar dergelijke
details van de bloedvatwand blijven onbetrouwbaar te beoordelen met een MRI-scan en het is
nog moeilijk om een dissectie van TCA te onderscheiden [19]. Heel specifiek en gedetailleerd
MR-onderzoek van de bloedvatwand met een hoge veldsterkte MR-scanner zou in de toekomst
kunnen helpen om de oorzaak van een arteriopathie met grotere zekerheid vast te stellen [20].
Niet iedereen gebruikt dezelfde criteria voor TCA. Hierdoor zijn patiënten in studies niet altijd
goed met elkaar te vergelijken, wat onderzoek naar de exacte oorzaak, beste behandeling, de kans
op goed herstel en de kans op een tweede herseninfarct bemoeilijkt. Het formuleren van strikte
diagnostische criteria om het juiste type arteriopathie te benoemen is dus van groot belang.

Jong-volwassenen
Als gegevens van zeven bekende studies naar herseninfarcten bij jong-volwassenen worden
samengenomen, blijkt dat bij 26% van 1.566 patiënten een arteriopathie gevonden werd; 11%
op basis van atherosclerose (aderverkalking) en 15% op basis van een andere oorzaak [21-27].
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herseninfarct is onbekend, maar aangenomen wordt dat dit minder vaak voorkomt dan bij
kinderen [21, 27]. Een belangrijke vraag voorafgaand aan ons onderzoek, beschreven in hoofdstuk 4, was of TCA ook voorkomt bij jong-volwassenen. Bij patiënten tussen de 18 en 50 jaar
die een herseninfarct hebben doorgemaakt en een arteriopathie hebben, wordt beeldvorming
van de slagaders in het hoofd meestal niet herhaald en in de literatuur waren geen gegevens
bekend over het beloop van een arteriopathie bij patiënten in deze leeftijdscategorie. Van 356
patiënten uit de Utrecht Stroke Database, in de leeftijdscategorie 16–50 jaar, onderzochten wij
de uitslagen van scans van de slagaders in hals en hoofd. Beeldvorming van deze bloedvaten
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Hoe vaak een eenzijdige intracraniële arteriopathie voorkomt bij jong-volwassenen met een

was beschikbaar van 152 patiënten, waarvan er 17 (11%) een gedocumenteerde unilaterale
intracraniële arteriopathie hadden.
Veertien van de 17 patiënten wilden deelnemen aan ons onderzoek en ondergingen een MRIscan van de slagaders in het hoofd (MR angiografie). Na een mediane follow-upduur van
8,8 jaar bleek er geen patiënt geïncludeerd te zijn met een progressieve arteriopathie. In 57%
van de patiënten vonden we verbetering of normalisatie van arteriopathie en bij 43% was de
arteriopathie stabiel. Dit beloop komt overeen met de bevindingen bij kinderen met TCA.
Volgens de meest gebruikte criteria voor TCA, kan daarom gesteld worden dat TCA ook bij
jong-volwassenen bestaat. Met onze studie is het echter niet mogelijk om een uitspraak te doen
over hoe vaak TCA de oorzaak is van herseninfarcten bij jong-volwassenen. In de Utrecht
Stroke Database zijn ook patiënten opgenomen die geen beeldvorming van arteriën in het
hoofd ondergingen en een arteriopathie zou dus gemist kunnen zijn bij een deel van de patiënten. De vraag blijft wat de oorzaak is van deze stabiliserende of verbeterende arteriopathie
bij jong-volwassenen. Een ontsteking van de slagaderwand kan bijgedragen hebben aan het
ontstaan van het herseninfarct bij tenminste een deel van de jong-volwassenen. Helaas werd
bij het grootste deel van de patiënten geen onderzoek gedaan naar een ontsteking in bloed en
de liquor cerebrospinalis.
Bij mensen boven het 50ste levensjaar zijn de meeste van de bekende risicofactoren voor beroerte ook risicofactoren voor aderverkalking (hoge bloeddruk, roken, suikerziekte, verhoogd
cholesterol). Recente studies hebben aangetoond dat deze risicofactoren ook vaak gevonden
worden bij jonge patiënten (15–44 jaar) met een herseninfarct [28, 29], waardoor ten onrechte
geconcludeerd zou kunnen worden dat aderverkalking de belangrijkste oorzaak is voor een
intracraniële arteriopathie bij patiënten in deze leeftijdscategorie. In dezelfde onderzoeken
werd echter aderverkalking (large-artery atherosclerosis en small vessel disease) gevonden
bij maar 10% van de patiënten. Het is mogelijk dat deze risicofactoren dus bijdragen aan het
ontstaan van een beroerte door andere oorzaken [29]. Bij maar 14% van onze patiënten trad
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een tweede herseninfarct op en er waren geen patiënten die tijdens de follow-up andere aandoeningen meldden die het gevolg zijn van aderverkalking (etalagebenen; hartinfarct of angina
pectoris). Er zijn dus weinig aanwijzingen dat aderverkalking de oorzaak is van de intracraniële
arteriopathie bij onze patiënten.

Het herstel na een herseninfarct (outcome) bij patiënten met een eenzijdige
intracraniële arteriopathie
Kinderen met een herseninfarct en een arteriopathie hebben een grotere kans op een tweede
doorbloedingsstoornis in de hersenen (infarct of TIA) dan kinderen waarbij geen oorzaak
voor het herseninfarct wordt gevonden [30, 31]. Van de groep TCA-patiënten, beschreven in
hoofdstuk 2, maakte 18% een tweede doorbloedingsstoornis door. Patiënten met een progressieve arteriopathie hadden significant meer nieuwe doorbloedingsstoornissen dan patiënten
met TCA (p=0.007). In de ‘progressieve groep’ maakte 80% een nieuwe doorbloedingsstoornis
door. Aspirine werd voorgeschreven aan 78% van de kinderen met TCA. Van de 10 kinderen
met een tweede herseninfarct, kregen maar vier kinderen aspirine voorgeschreven. Bij 30 van
de 74 TCA-patiënten (41%) trad goed neurologisch herstel op na het herseninfarct. Geen van
de kinderen met een progressieve arteriopathie herstelde goed.
In de literatuur zijn geen gegevens bekend over de kans op een tweede herseninfarct en de kans
op goed herstel bij jong-volwassenen met een herseninfarct en een eenzijdige intracraniële
arteriopathie. Veertien procent van de jong-volwassenen, beschreven in hoofdstuk 4, onderging een tweede doorbloedingsstoornis in de hersenhelft waarin eerder een infarct optrad. Wij
vonden goed herstel na het herseninfarct bij 71% van de patiënten. Bovenstaande getallen over
outcome na een herseninfarct bij kinderen en jong-volwassenen zijn echter niet betrouwbaar
te vergelijken, omdat de manier waarop herstel bepaald werd bij kinderen en jong-volwassenen
verschillend is geweest. Functioneel herstel wordt namelijk niet alleen bepaald door de mate van
verbetering van (neurologische) functies, maar ook door leeftijdsafhankelijke factoren [32]. Het
testen van bijvoorbeeld taalfunctie na een doorgemaakt herseninfarct is bij een 40-jarige patiënt
anders dan bij een 4-jarige patiënt. Herstel is ook afhankelijk van het pre-existent functioneren
en bij kinderen worden sommige beperkingen pas merkbaar als zij een bepaalde leeftijd bereiken
(geheugenproblemen worden steeds duidelijker als kinderen ouder worden en naar school gaan,
een taalstoornis pas als zij zinnen gaan spreken en een loopstoornis wordt pas duidelijk op de
leeftijd dat kinderen gaan lopen). Kinderen groeien dus vaak naar hun beperkingen toe [33-35].
Het betrouwbaar bepalen van herstel (outcome) na een ziekte is dus niet eenvoudig, terwijl
het heel belangrijk is, omdat het effect van een ziekte en een behandeling alleen te bepalen is
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of er neurologische en psychologische beperkingen zijn, hoe iemand omgaat met deze beperkingen, het effect op beroepsmatig en sociaal functioneren en het effect op de kwaliteit van
leven. Twee veel gebruikte uitkomstschalen om herstel na beroerte bij kinderen te bepalen
zijn de Paediatric Stroke Outcome Measure (PSOM) en de modified Rankin Scale (mRS), die
beide verschillende aspecten van outcome meten. De PSOM is gebaseerd op beperkingen die
gevonden worden tijdens het neurologisch onderzoek en de mRS is een functionele schaal
[36, 37]. Het cognitieve en sociale functioneren van een kind is vaak moeilijk te bepalen
tijdens een bezoek aan de polikliniek. Dit zijn echter belangrijke functies, die bij kinderen na
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als de outcome betrouwbaar bepaald wordt. Daarbij zou idealiter beoordeeld moeten worden

een doorgemaakt herseninfarct vaak aangedaan zijn. Eén derde van de Nederlandse kinderen
die een beroerte hebben doorgemaakt volgt speciaal onderwijs, vergeleken met 2,8% van de
algemene Nederlandse bevolking (Centraal Bureau voor de Statistiek, februari 2009) [38, 39].
Het soort onderwijs dat kinderen volgen, zou gebruikt kunnen worden als maat voor cognitief en sociaal functioneren. In hoofdstuk 5 wordt een studie beschreven waarin wij outcome
vergelijken bij 40 kinderen die een herseninfarct hebben doorgemaakt. Bij alle kinderen werd
outcome bepaald met de PSOM en met de mRS, waarin het soort onderwijs dat het kind volgt
betrokken is. Wij vonden geen significant verschil in ’goede‘ en ’slechte‘ outcome tussen de twee
uitkomstschalen (Chi-kwadraattest; verschil 13%, 95% CI -8–33). Ouders en de onderzoekers
scoorden het ‘algeheel functioneren’ van het kind met een visual analogue scale (VAS) en ouders
vulden vragenlijsten in die betrekking hebben op de kwaliteit van leven (paediatric quality of
life (PedsQL) questionnaires). Kinderen met een goede outcome, bepaald met de PSOM of
met de mRS met betrokkenheid van school, hadden significant hogere PedsQL- en VAS-scores
(wijzend op beter algeheel functioneren en een betere kwaliteit van leven) dan kinderen met
een slechte outcome. De mRS waarin het soort onderwijs dat het kind volgt betrokken is, is
niet betrouwbaar bij kinderen jonger dan 4 jaar, maar wij concludeerden dat deze schaal bij
kinderen ouder dan 4 jaar betrouwbaar is, informatie geeft over functioneren in het dagelijks
leven na een herseninfarct, en heel eenvoudig te bepalen is in een korte tijd. Daarom zouden
wij deze schaal willen aanraden voor onderzoek met kinderen die een herseninfarct hebben
doorgemaakt waarbij functionele outcome bepaald moet worden.

Het voorspellen van herstel
Patiënten en familieleden willen uiteraard graag zo snel mogelijk duidelijkheid over de te
verwachte restverschijnselen na een doorgemaakt herseninfarct, de kans op een tweede doorbloedingsstoornis en de kans op goed functioneel herstel. Het blijft voor een (kinder)neuroloog
echter moeilijk om een goede voorspelling te doen over deze vragen.
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Prognostische factoren zijn nodig om jonge patiënten met een hoge kans op slecht herstel te
onderscheiden van de patiënten die zeer waarschijnlijk goed zullen herstellen. In de toekomst
zouden keuzes voor behandeling daarop gebaseerd kunnen worden. Bij patiënten met een
hoge kans op een tweede doorbloedingsstoornis of slecht herstel zal de indicatie voor een
behandeling met risico’s op complicaties, bijvoorbeeld immuunmodulerende behandeling of
een bypassoperatie in de schedel, anders zijn dan bij patiënten waarvan verwacht mag worden
dat de kans op spontaan en volledig herstel heel groot is.
In hoofdstuk 2 wordt beschreven dat betrokkenheid van de hersenschors in het gebied van
infarcering bij kinderen met een eenzijdige intracraniële arteriopathie geassocieerd is met
slecht neurologisch herstel (OR 6.14, 95% CI 1.29–29.22, p=0.02). Andere bekende factoren
die geassocieerd zijn met slecht herstel na een herseninfarct bij kinderen zijn: jonge leeftijd,
een verlaagd bewustzijn bij het ontstaan van het infarct, koorts, een infarct in het stroomgebied
van de rechter a. cerebri media, bilaterale cerebrale infarcering en een arteriopathie [34, 39,
40]. Andere onderzoekers vonden dat de ernst van symptomen bij opname in het ziekenhuis,
gemeten met de PedNIHSS of NIHSS, een voorspeller is van herstel bij kinderen en jongvolwassenen, bepaald tussen de drie en zes maanden na de eerste symptomen [21, 41].
Bij de zoektocht naar voorspellers van outcome is tot op heden vooral gekeken naar klinische
symptomen, kenmerken van het geïnfarceerde gebied en de afwijkingen in slagaders van de
hersenen. Kennis over doorbloeding van hersengebieden die niet direct betrokken lijken te
zijn bij het herseninfarct (niet-geïnfarceerde gebieden) zou in de toekomst kunnen helpen bij
het identificeren van jonge patiënten die een groot risico hebben op een nieuw herseninfarct
en slecht herstel.

Cerebrale bloeddoorstroming en cerebrovasculaire reactiviteit
Met een MRI-scanner kan beoordeeld worden of hersengebieden structureel intact zijn. Dit
zegt echter niet alles over de functie van hersengebieden. Gebieden die structureel intact lijken,
kunnen een gestoorde functie vertonen, bijvoorbeeld door een verminderde doorstroming van
bloed in dat hersengebied (cerebral blood flow; CBF) [42, 43]. Er is niet veel bekend over het
effect van een eenzijdige intracraniële arteriopathie op CBF bij jonge mensen die een herseninfarct hebben doorgemaakt.
Een doel van onze studie, beschreven in hoofdstuk 6, was om bij jonge mensen die een herseninfarct hebben doorgemaakt te onderzoeken of CBF gestoord is in hersengebieden in de
aangedane hersenhelft rondom het herseninfarct. Het betrof dus gebieden die op de MRI-scan
structureel intact leken. Verder hebben we onderzocht of er een relatie bestaat tussen door-
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Spin Labeling (ASL) perfusie-MRI, een techniek waarmee CBF te bepalen is zonder toediening
van contrast [44-47], wat een groot voordeel is bij kinderen.
Bij meer dan de helft van de onderzochte patiënten vonden we hypoperfusie (een verlaagde
CBF) in niet-geïnfarceerde gebieden van de aangedane hersenhelft bij visuele beoordeling
van de CBF-plaatjes, vooral bij patiënten met een ernstige arteriopathie. Als we CBF kwantificeerden in deze gebieden, vonden we hypoperfusie bij maar 18% van de patiënten. Bij 47%
van de patiënten vonden we dat de visuele beoordeling van CBF niet overeen kwam met de
gekwantificeerde bepaling van CBF. Bij de visuele beoordeling van de CBF-plaatjes vonden
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bloeding van die gebieden en de ernst van de arteriopathie. We maakten gebruik van Arterial

we bij meer dan de helft van de patiënten kleine gebieden met hoog signaal in en rondom
niet-geïnfarceerde hersengebieden met hypoperfusie. Deze kleine gebieden zijn artefacten,
waarover in de ASL-perfusieliteratuur vaker is geschreven. Artefacten worden waarschijnlijk
veroorzaakt door gelabeld bloed dat zich nog in de slagaders bevindt [48]. Bij ASL-perfusieonderzoek hoort idealiter al het bloed dat in de halsslagaders gelabeld is en veel signaal bevat,
uitgewisseld te zijn met water uit de hersenen. De mate waarin dat gebeurt wordt gebruikt
als maat voor doorbloeding van het weefsel. Er dient dus voldoende lang gewacht te worden
alvorens de CBF-data verzameld worden om voldoende tijd te geven voor uitwisseling, maar
als er te lang gewacht wordt, gaat signaal verloren, omdat het label van het bloed vervalt [49,
50]. Als de CBF-data te snel na het labelen verzameld worden, is er nog gelabeld bloed met veel
signaal in de slagaders. Bij patiënten met een vernauwing of afsluiting van de bloedvaten naar
de hersenen zoekt het bloed een omweg via andere routes (collateralen) om bij de hersenen
te komen. Omdat het bloed via een omweg meer tijd nodig heeft om bij het hersenweefsel te
komen, wordt op het moment dat de CBF-data verzameld worden vaak nog gelabeld bloed
met hoog signaal in de collateralen gevonden. De doorbloeding van het hersenweefsel wordt
hierdoor op de CBF-plaatjes onderschat. Als je de CBF gaat kwantificeren in een bepaald gebied
waarin ook een slagader ligt met daarin nog gelabeld bloed, zal de gemiddelde CBF-waarde in
dat gebied hoger zijn dan de werkelijke CBF van het weefsel. Dit technische probleem leidt dus
tot een discrepantie tussen visuele CBF-bepaling en gekwantificeerde CBF-bepaling. Ondanks
het feit dat ASL-perfusie-MRI een goede techniek lijkt bij kinderen met een herseninfarct en
een arteriopathie, dient rekening gehouden te worden met bovenstaande beperking. Ook hiervoor zal in de toekomst dankzij wetenschappelijk onderzoek een oplossing gevonden worden
en de bepaling van CBF zal in de toekomst dus een steeds betere weerspiegeling zijn van de
werkelijke weefseldoorbloeding in de hersenen.
Met bovenstaande beperking van ASL-perfusie-MRI in het achterhoofd, werd gezocht naar
andere manieren om hersengebieden aan te kunnen tonen die bedreigd zijn door een vermin-
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derde doorbloeding bij patiënten met een arteriopathie en collateralen. Metingen van CBFveranderingen na toediening van een vaatverwijdende stof (cerebrovasculaire reactiviteit, CVR)
zijn in verschillende studies gebruikt om patiënten met de ziekte van moyamoya te identificeren,
die gebaat zouden kunnen zijn bij een bypassoperatie van de bloedvaten in het hoofd [51, 52],
en om het herstel na een bypassoperatie te kunnen voorspellen [53].
Volgens onze hypothese zou bepaling van CVR met ASL-perfusie-MRI een voordeel zijn in vergelijk met bepaling van CBF, omdat CVR een maat is voor CBF-verandering, die onafhankelijk
is van gekwantificeerde CBF-waarden. De stof acetazolamide (ACZ) zorgt voor vaatverwijding
van bloedvaten in het hoofd onder normale omstandigheden [54]. Als de hersenen bedreigd
worden door een verminderde doorbloeding van weefsel, zullen bloedvaten ter compensatie
verwijden met als doel om CBF zo optimaal mogelijk te houden. Als deze bloedvaten al maximaal gedilateerd zijn, is geen verdere verwijding mogelijk na toediening van ACZ [55, 56].
De ziekte van moyamoya is een bekende oorzaak van herseninfarcten bij kinderen en jongvolwassenen en wordt gekenmerkt door een tweezijdige intracraniële arteriopathie, die leidt
tot progressieve vernauwing van het laatste deel van de voorste halsslagaders (distale a. carotis
interna beiderzijds) met zijn aftakkingen en het ontstaan van een netwerk van kleine collaterale
vaten (moyamoya-vaten) in de schedelbasis [57,58].
Met het onderzoek beschreven in hoofdstuk 7, hebben we onderzocht of ASL-perfusie-MRI
ook gebruikt kan worden om cerebrovasculaire reactiviteit (CVR) te meten bij kinderen en
jong-volwassenen met de ziekte van moyamoya voordat zij een bypassoperatie van de bloedvaten in het hoofd moesten ondergaan. Verder hebben wij onderzocht of er een relatie bestaat
tussen CVR en de vaatvoorziening in hersengebieden. We bestudeerden 204 hersengebieden
van 11 moyamoya-patiënten en vonden dat bij bijna de helft van de gebieden met een goede
vaatvoorziening bij bloedvatonderzoek (conventionele angiografie) de CVR toch gestoord was.
Als de ASL-perfusie-scan goede CVR toonde, was de vaatvoorziening in dat gebied ook bijna
altijd normaal. In de conclusie van deze studie is beschreven dat ASL-perfusie-MRI gebruikt
kan worden om regionale CVR te bepalen bij patiënten met de ziekte van moyamoya. Een
conventionele angiografie wordt verricht bij alle patiënten met moyamoya, maar geeft geen
adequate informatie over bedreiging van hersenweefsel door een verminderde doorbloeding.
Gebieden met een vergelijkbare vaatvoorziening, kunnen een heel verschillende CVR hebben.
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•

“Denk vasculair”, want een onderliggende arteriopathie komt frequent voor bij kinderen
(>50%) en jong-volwassenen (>25%) met een herseninfarct. Er hoort beeldvorming verricht
te worden van zowel de intracraniële slagaders als de halsslagaders bij elke jonge patiënt
met een herseninfarct.

•

Als beeldvorming van de intracraniële slagaders normaal is in de acute fase van een herseninfarct bij jonge mensen, dient deze beeldvorming herhaald te worden binnen drie maanden,
omdat afwijkingen in de bloedvatwand soms pas na een tijdje zichtbaar worden.

•

Bij kinderen met een intracraniële arteriopathie dient beeldvorming van de slagaders herhaald
te worden drie tot zes maanden én opnieuw zes tot 12 maanden na de eerste symptomen
om het beloop van de arteriopathie in de tijd te vervolgen. Op deze manier kan een nietprogressieve arteriopathie (TCA, PVA, dissectie) onderscheiden worden van een progressieve
arteriopathie (ziekte van moyamoya, vasculitis).

•

Het is belangrijk om het type arteriopathie correct te classificeren, omdat de kans op een
tweede doorbloedingsstoornis, outcome en de keuze van behandeling afhankelijk is van de
soort arteriopathie.

•

Ondanks het feit dat jong-volwassenen met een herseninfarct en een intracraniële arteriopathie frequent risicofactoren hebben voor atherosclerose, is atherosclerose zelden de oorzaak
van de intracraniële arteriopathie bij patiënten jonger dan 50 jaar.

•

Als een kind zich presenteert met hemichorea of hemidystonie, hoort een lenticulostriataal
infarct in de differentiële diagnose voor te komen. Er moet dan gedacht worden aan TCA en
PVA, zelfs als er geen recente voorgeschiedenis is met huiduitslag en onderzoek van liquor
cerebrospinalis geen afwijkingen toont.

•

Bij kinderen ouder dan 4 jaar, is de mRS waarin het soort onderwijs dat het kind volgt betrokken is, betrouwbaar. Bovendien zegt deze schaal iets over functioneren in het dagelijks leven
na een herseninfarct en is het heel eenvoudig te bepalen in een korte tijd. Daarom zou deze
schaal gebruikt kunnen worden voor nieuw onderzoek met kinderen die een herseninfarct
hebben doorgemaakt waarbij functionele outcome bepaald moet worden.

•

Als ASL-perfusie-MRI gebruikt wordt om CBF te bepalen, is er vaak een discrepantie tussen de
resultaten van visuele beoordeling van CBF-plaatjes en gekwantificeerde CBF. Visueel bepaalde
CBF geeft vaak een onderschatting van de weefseldoorbloeding. Kwantificeren van CBF kan
overschatting van CBF geven als er collateralen in het betreffende gebied voorkomen, waarin
nog gelabeld bloed stroomt op het moment dat de CBF-data verzameld worden.

•

Met de toediening van acetazolamide tijdens ASL-perfusieonderzoek kan regionale cerebrovasculaire reactiviteit bepaald worden bij patiënten met de ziekte van moyamoya. Een
conventionele angiografie geeft geen adequate informatie over bedreiging van hersenweefsel door een verminderde doorbloeding. Gebieden met een vergelijkbare vaatvoorziening,
kunnen een heel verschillende CVR hebben.

Samenvatting en algemene discussie

Belangrijkste conclusies uit dit proefschrift en klinische aanbevelingen

157

Chapter 9

Samenvatting en algemene discussie

ReferenTIes

158

1.

Kelly-Hayes M. Influence of age and health behaviors on stroke risk: lessons from longitudinal
studies. J Am Geriatr Soc 2010;58 Suppl 2:S325–S328.

2.

Sultan S, Elkind MS. Stroke in young adults: on the rise? Neurology 2012;79:1752–1753.

3.

Kissela BM, Khoury JC, Alwell K, Moomaw CJ, Woo D, Adeoye O, et al. Age at stroke: temporal
trends in stroke incidence in a large, biracial population. Neurology 2012;79:1781–1787.

4.

George MG, Tong X, Kuklina EV, Labarthe DR. Trends in stroke hospitalizations and associated
risk factors among children and young adults, 1995-2008. Ann Neurol 2011;70:713–721.

5.

Amlie-Lefond C, Sebire G, Fullerton HJ. Recent developments in childhood arterial ischaemic
stroke. Lancet Neurol 2008;7:425–435.

6.

Giroud M, Lemesle M, Gouyon JB, Nivelon JL, Milan C, Dumas R. Cerebrovascular disease in
children under 16 years of age in the city of Dijon, France: a study of incidence and clinical features
from 1985 to 1993. J Clin Epidemiol 1995;48:1343–1348.

7.

McGlennan C, Ganesan V. Delays in investigation and management of acute arterial ischaemic
stroke in children. Dev Med Child Neurol 2008;50:537–540.

8.

Rafay MF, Pontigon AM, Chiang J, Adams M, Jarvis DA, Silver F, et al. Delay to diagnosis in acute
pediatric arterial ischemic stroke. Stroke 2009;40:58–64.

9.

Amlie-Lefond C, Bernard TJ, Sebire G, Friedman NR, Heyer GL, Lerner NB, et al. Predictors of
cerebral arteriopathy in children with arterial ischemic stroke: results of the International Pediatric
Stroke Study. Circulation 2009;119:1417–1423.

10.

Kirkham FJ, Prengler M, Hewes DK, Ganesan V. Risk factors for arterial ischemic stroke in children.
J Child Neurol 2000;15:299–307.

11.

Braun KP, Bulder MM, Chabrier S, Kirkham FJ, Uiterwaal CS, Tardieu M, et al. The course
and outcome of unilateral intracranial arteriopathy in 79 children with ischaemic stroke. Brain
2009;132:544–557.

12.

Chabrier S, Rodesch G, Lasjaunias P, Tardieu M, Landrieu P, Sebire G. Transient cerebral arteriopathy: a disorder recognized by serial angiograms in children with stroke. J Child Neurol
1998;13:27–32.

13.

Braun KP, Rafay MF, Uiterwaal CS, Pontigon AM, DeVeber G. Mode of onset predicts etiological
diagnosis of arterial ischemic stroke in children. Stroke 2007;38:298–302.

14.

Sebire G, Fullerton H, Riou E, DeVeber G. Toward the definition of cerebral arteriopathies of
childhood. Curr Opin Pediatr 2004;16:617–622.

15.

Askalan R, Laughlin S, Mayank S, Chan A, Macgregor D, Andrew M, et al. Chickenpox and stroke
in childhood: a study of frequency and causation. Stroke 2001;32:1257–1262.

16.

Lanthier S, Armstrong D, Domi T, DeVeber G. Post-varicella arteriopathy of childhood: natural
history of vascular stenosis. Neurology 2005;64:660–663.

Chapter 9

Sebire G, Meyer L, Chabrier S. Varicella as a risk factor for cerebral infarction in childhood: a
case-control study. Ann Neurol 1999;45:679–680.

18.

Sebire G. Transient cerebral arteriopathy in childhood. Lancet 2006;368:8–10.

19.

Dlamini N, Freeman JL, MacKay MT, Hawkins C, Shroff M, Fullerton HJ, et al. Intracranial dissection mimicking transient cerebral arteriopathy in childhood arterial ischemic stroke. J Child
Neurol 2011;26:1203–1206.

20.

van der Kolk AG, Zwanenburg JJ, Brundel M, Biessels GJ, Visser F, Luijten PR, et al. Intracranial
vessel wall imaging at 7.0-T MRI. Stroke 2011;42:2478–2484.

21.

Bigi S, Fischer U, Wehrli E, Mattle HP, Boltshauser E, Burki S, et al. Acute ischemic stroke in children
versus young adults. Ann Neurol 2011;70:245–254.

22.

Kittner SJ, Stern BJ, Wozniak M, Buchholz DW, Earley CJ, Feeser BR, et al. Cerebral infarction in
young adults: the Baltimore-Washington Cooperative Young Stroke Study. Neurology 1998;50:890–
894.

23.

Kristensen B, Malm J, Carlberg B, Stegmayr B, Backman C, Fagerlund M, et al. Epidemiology
and etiology of ischemic stroke in young adults aged 18 to 44 years in northern Sweden. Stroke
1997;28:1702–1709.

24.

Rasura M, Spalloni A, Ferrari M, De CS, Patella R, Lisi F, et al. A case series of young stroke in
Rome. Eur J Neurol 2006;13:146–152.

25.

Varona JF, Guerra JM, Bermejo F, Molina JA, Gomez dlC. Causes of ischemic stroke in young
adults, and evolution of the etiological diagnosis over the long term. Eur Neurol 2007;57:212–218.

26.

Williams LS, Garg BP, Cohen M, Fleck JD, Biller J. Subtypes of ischemic stroke in children and
young adults. Neurology 1997;49:1541–1545.

27.

Wraige E, Hajat C, Jan W, Pohl KR, Wolfe CD, Ganesan V. Ischaemic stroke subtypes in children
and adults. Dev Med Child Neurol 2003;45:229–232.

28.

George MG, Tong X, Kuklina EV, Labarthe DR. Trends in stroke hospitalizations and associated
risk factors among children and young adults, 1995-2008. Ann Neurol 2011;70:713–721.

29.

Ji R, Schwamm LH, Pervez MA, Singhal AB. Ischemic stroke and transient ischemic attack in young
adults: risk factors, diagnostic yield, neuroimaging, and thrombolysis. JAMA Neurol 2013;70:51–57.

30.

Fullerton HJ, Wu YW, Sidney S, Johnston SC. Risk of recurrent childhood arterial ischemic stroke in a
population-based cohort: the importance of cerebrovascular imaging. Pediatrics 2007;119:495–501.

31.

Strater R, Becker S, von EA, Heinecke A, Gutsche S, Junker R, et al. Prospective assessment of risk
factors for recurrent stroke during childhood--a 5-year follow-up study. Lancet 2002;360:1540–1545.

32.

Sofronas M, Ichord RN, Fullerton HJ, Lynch JK, Massicotte MP, Willan AR, et al. Pediatric
stroke initiatives and preliminary studies: What is known and what is needed? Pediatr Neurol
2006;34:439–445.

33.

Aarsen FK, Paquier PF, Reddingius RE, Streng IC, Arts WF, Evera-Preesman M, et al. Functional
outcome after low-grade astrocytoma treatment in childhood. Cancer 2006;106:396–402.

Samenvatting en algemene discussie

17.

159

Chapter 9

160

Samenvatting en algemene discussie

34.

Cnossen MH, Aarsen FK, Akker SL, Danen R, Appel IM, Steyerberg EW, et al. Paediatric arterial
ischaemic stroke: functional outcome and risk factors. Dev Med Child Neurol 2010;52:394–399.

35.

Kirton A, Westmacott R, DeVeber G. Pediatric stroke: rehabilitation of focal injury in the developing
brain. NeuroRehabilitation 2007;22:371–382.

36.

Banks JL, Marotta CA. Outcomes validity and reliability of the modified Rankin scale: implications
for stroke clinical trials: a literature review and synthesis. Stroke 2007;38:1091–1096.

37.

Deveber GA, Macgregor D, Curtis R, Mayank S. Neurologic outcome in survivors of childhood
arterial ischemic stroke and sinovenous thrombosis. J Child Neurol 2000;15:316–324.

38.

De Schryver EL, Kappelle LJ, Jennekens-Schinkel A, Boudewyn Peters AC. Prognosis of ischemic
stroke in childhood: a long-term follow-up study. Dev Med Child Neurol 2000;42:313–318.

39.

Delsing BJ, Catsman-Berrevoets CE, Appel IM. Early prognostic indicators of outcome in ischemic
childhood stroke. Pediatr Neurol 2001;24:283–289.

40.

Goldenberg NA, Bernard TJ, Fullerton HJ, Gordon A, DeVeber G. Antithrombotic treatments,
outcomes, and prognostic factors in acute childhood-onset arterial ischaemic stroke: a multicentre,
observational, cohort study. Lancet Neurol 2009;8:1120–1127.

41.

Nedeltchev K, der Maur TA, Georgiadis D, Arnold M, Caso V, Mattle HP, et al. Ischaemic stroke in
young adults: predictors of outcome and recurrence. J Neurol Neurosurg Psychiatry 2005;76:191–
195.

42.

Fridriksson J, Rorden C, Morgan PS, Morrow KL, Baylis GC. Measuring the hemodynamic response
in chronic hypoperfusion. Neurocase 2006;12:146–150.

43.

Richardson JD, Baker JM, Morgan PS, Rorden C, Bonilha L, Fridriksson J. Cerebral perfusion
in chronic stroke: implications for lesion-symptom mapping and functional MRI. Behav Neurol
2011;24:117–122.

44.

Bokkers RP, van Osch MJ, van der Worp HB, de Borst GJ, Mali WP, Hendrikse J. Symptomatic
carotid artery stenosis: impairment of cerebral autoregulation measured at the brain tissue level
with arterial spin-labeling MR imaging. Radiology 2010;256:201–208.

45.

Detre JA, Rao H, Wang DJ, Chen YF, Wang Z. Applications of arterial spin labeled MRI in the
brain. J Magn Reson Imaging 2012;35:1026–1037.

46.

Hendrikse J, Petersen ET, Golay X. Vascular disorders: insights from arterial spin labeling. Neuroimaging Clin N Am 2012;22:259–2xi.

47.

Williams DS, Detre JA, Leigh JS, Koretsky AP. Magnetic resonance imaging of perfusion using
spin inversion of arterial water. Proc Natl Acad Sci U S A 1992;89:212–216.

48.

Petersen ET, Zimine I, Ho YC, Golay X. Non-invasive measurement of perfusion: a critical review
of arterial spin labelling techniques. Br J Radiol 2006;79:688–701.

49.

Calamante F, Ganesan V, Kirkham FJ, Jan W, Chong WK, Gadian DG, et al. MR perfusion imaging
in Moyamoya Syndrome: potential implications for clinical evaluation of occlusive cerebrovascular
disease. Stroke 2001;32:2810–2816.

Chapter 9

Zaharchuk G, Do HM, Marks MP, Rosenberg J, Moseley ME, Steinberg GK. Arterial spin-labeling
MRI can identify the presence and intensity of collateral perfusion in patients with moyamoya
disease. Stroke 2011;42:2485–2491.

51.

Andaluz N, Choutka O, Vagal A, Strunk R, Zuccarello M. Patient selection for revascularization
procedures in adult Moyamoya disease based on dynamic perfusion computerized tomography
with acetazolamide challenge (PCTA). Neurosurg Rev 2010;33:225–232.

52.

Schubert GA, Weinmann C, Seiz M, Gerigk L, Weiss C, Horn P, et al. Cerebrovascular insufficiency
as the criterion for revascularization procedures in selected patients: a correlation study of xenon
contrast-enhanced CT and PWI. Neurosurg Rev 2009;32:29–35.

53.

So Y, Lee HY, Kim SK, Lee JS, Wang KC, Cho BK, et al. Prediction of the clinical outcome of pediatric moyamoya disease with postoperative basal/acetazolamide stress brain perfusion SPECT
after revascularization surgery. Stroke 2005;36:1485–1489.

54.

Hauge A, Nicolaysen G, Thoresen M. Acute effects of acetazolamide on cerebral blood flow in
man. Acta Physiol Scand 1983;117:233–239.

55.

Nariai T, Senda M, Ishii K, Wakabayashi S, Yokota T, Toyama H, et al. Posthyperventilatory steal
response in chronic cerebral hemodynamic stress: a positron emission tomography study. Stroke
1998;29:1281–1292.

56.

Vorstrup S, Brun B, Lassen NA. Evaluation of the cerebral vasodilatory capacity by the acetazolamide test before EC-IC bypass surgery in patients with occlusion of the internal carotid artery.
Stroke 1986;17:1291–1298.

57.

Kuroda S, Houkin K. Moyamoya disease: current concepts and future perspectives. Lancet Neurol
2008;7:1056–1066.

58.

Scott RM, Smith ER. Moyamoya disease and moyamoya syndrome. N Engl J Med 2009;360:1226–
1237.

Samenvatting en algemene discussie

50.

161

Chapter 9

162

Samenvatting en algemene discussie

Dankwoord
(Acknowledgements)

Dankwoord

Wetenschappelijk onderzoek doe je nooit alleen. De studies die in dit proefschrift zijn beschreven, zijn het resultaat van samenwerking. Dit proefschrift was er niet geweest zonder de
deelname van patiënten en steun van veel mensen. Een aantal mensen heeft een bijzondere
bijdrage geleverd en graag zou ik hen willen bedanken.
Professor Braun en Dr. Klijn, beste Kees en Karin. Jullie waren de belangrijkste sturende kracht
waaruit dit proefschrift is voortgekomen. Eindelijk is er een boekje waar ik erg trots op ben.
Jullie enthousiasme voor wetenschappelijk onderzoek en jullie creativiteit om van heel veel
data een belangrijke boodschap te maken, is van groot belang geweest voor ons onderzoek.
Het was niet altijd gemakkelijk om jullie tempo in denken en doen bij te houden. De ontelbare opmerkingen en suggesties in de vele versies van manuscripten brachten mij soms wat
frustratie, maar steeds moest ik concluderen dat het manuscript er toch weer beter van werd.
Lange tijd, voordat ik begon aan dit onderzoek, heb ik gedacht dat ik perfectionistisch was.
Onze samenwerking heeft mij geleerd dat dat eigenlijk best meevalt. Ik wil jullie danken voor
jullie begeleiding. Jullie hebben mij ontzettend veel geleerd over wetenschappelijk onderzoek.
Professor Kappelle, beste Jaap. Ik wil je hartelijk danken voor al je inzet en begeleiding. Ik ben erg
blij dat jij mijn tweede promotor bent. Ik vind het bijzonder dat je er steeds was op momenten
dat ik hulp nodig had. Als ik door alle bomen het bos niet meer kon zien of als ik me afvroeg of
dit boekje er ooit zou gaan komen vóór mijn pensioen, wist jij mij met optimisme en enthousiasme in een kort gesprek weer de goede kant op te sturen. Jouw bijdrage is cruciaal geweest in
de laatste fase van dit onderzoek, door mij een duwtje in de rug te geven richting de eindstreep.
Beste Reinoud en Jeroen. De intensieve samenwerking met jullie en vele medewerkers van de
afdeling Radiologie, heeft geleid tot de resultaten van de studies die beschreven zijn in deel 2
van dit proefschrift. Reinoud, het is een hele klus voor je geweest om mij iets te leren over de
analyse van de ASL-perfusie-MRI-data. Je eindeloze geduld waarmee je mij stap voor stap door
de grote hoeveelheden radiologische data en voor jou eenvoudige computerprogramma’s hebt
gestuurd, heb ik erg gewaardeerd. Ik ken niemand die zo handig is met computers als jij. Ik
wens je heel veel geluk in je wetenschappelijke carrière en met je werkzaamheden als radioloog.
Beste arts-assistenten neurologie. Ik vond het een voorrecht om acht jaar met jullie te mogen
werken! Zonder jullie gezelligheid had alles er anders uit gezien. Ik zal het assistentenweekend in croupet de moulin (beter bekend als ‘het neuro-huis’), het ‘jongens-tegen-de meisjes’
evenement, de Babinski en alle andere gezellige neuro-avonden nog heel lang missen! Met een
glimlach denk ik terug aan de Derrick, de Basket, speciale 4-tjes, en Westmalle met kipsaté.
Beste Jan, Nora, Dirk en Dennis, de ontelbare gezellige koffiepauzes zorgen ervoor dat ik jullie
hier graag wil noemen. Laten we snel weer eens een bakkie doen.
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geweest dan jullie je realiseren. Jullie hebben me maar zo weinig horen mopperen omdat er
altijd iemand was die kon relativeren. Yael, Sophie en Susanne, redders in nood, dank voor
jullie hulp bij statistische dilemma’s. Rachel, dank voor je hulp bij het maken van vele tabellen
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Geachte mede-onderzoekers van ‘kamertje 1’. Jullie bijdrage aan dit proefschrift is veel groter

en figuren. Alle andere kamergenoten, in het bijzonder Manon, Monique, Onno, Annette,
Aysun, Janneke en Janneke, Joyce, Casper, en Eduard, wil ik bedanken voor de gezelligheid,
de vele appelbollen en de paas- en kerstontbijtjes.
Professor van Gijn en professor Wokke. Dank voor het vertrouwen om mij aan te nemen voor
de opleiding tot neuroloog. Ik ben blij dat ik wetenschappelijk onderzoek heb ik mogen combineren met de opleiding tot neuroloog. U weet dat ik diep in mijn hart vooral een klinische
dokter ben. Mijn enthousiasme voor ons vak is voor een belangrijk deel door u ontstaan en ik
ben daarom trots dat u voor altijd mijn opleiders bent.
De leden van de beoordelingscommissie, te weten Prof. dr. W.P.T.M. Mali, Prof. dr. A. Algra,
Prof. dr. G.J. Biessels, Prof. dr. E.E.S. Nieuwenhuis en Dr. C.E. Catsman-Berrevoets, hartelijk
dank dat ik u mijn proefschrift ter beoordeling mocht voorleggen.
Geachte collega’s uit het Lievensberg ziekenhuis. Beste Bas, Gijs en Hilda. Het duurde een paar
maanden langer dan ik voorspelde tijdens onze eerste gesprekken, maar vanaf nu ben ik er
voorlopig alleen voor klinische werkzaamheden. Ik kijk ernaar uit om samen met jullie en de
collega’s uit Roosendaal zorg te dragen voor de patiënten in Bergen op Zoom en omstreken.
Lieve Ma. Eigenlijk heb ik alles aan jou te danken. Ik realiseer me dat ik je te weinig vertel hoeveel
respect ik voor je heb. Je bent de sterkste vrouw die ik ken. Dat jij na alles wat je meegemaakt
hebt nog zo optimistisch kunt zijn vind ik bijzonder. Jouw ongedwongenheid en eindeloze
vertrouwen in de keuzes die ik maakte, heeft mij gebracht waar ik nu ben. Bij de opvoeding
van Fedde zal ik mij nog heel vaak afvragen wat jij zou doen als je mij was.
Beste Toon. Wat ben je toch een goeie kerel! We kennen elkaar al vele jaren en altijd stond je
voor mij klaar. Vaak was je er al voordat ik je om je hulp wilde vragen.
Lieve zus Yvette en beste Pascal. Dank voor jullie steun. Wat een fantastische gedachte dat onze
kinderen samen zullen opgroeien. Ik kijk uit naar de vele gezamenlijke uitjes die gaan komen.
Lieve familie Van den Berk. Beste Ben, Maria, Sjoerd en Marije. Ook bij jullie voel ik mij thuis.
Ik wil jullie danken voor jullie begrip voor mijn drukke leven de afgelopen jaren. Maria en
Ben, ik ben blij dat jullie de laatste tijd zo regelmatig bij Fedde waren, als ik weer eens moest
werken aan dit proefschrift.
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Lieve Anouk, wat ben je toch een mooie vrouw. Bedank voor al je steun, je begrip en je liefde.
Ik ben blij dat je altijd bij me bent.
Lieve Fedde, je wordt als laatste genoemd in dit dankwoord. Je bent ook de laatste die zo’n
belangrijke bijdrage heeft geleverd aan dit proefschrift, vooral tijdens de eindsprint. Ondanks
het feit dat ik in zes maanden tijd nog nooit zo weinig heb geslapen, heb je mij zoveel energie
gegeven. Energie die ik hard nodig had om dit werk af te maken. Nu ik dit schrijf, zit je op
mijn schoot te brabbelen en realiseer ik mij wat echt belangrijk is in het leven. Wat maak je
mij toch gelukkig!
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Marcel Bulder werd geboren op 30 juni 1977 in Boxtel. Nadat hij in 1996 zijn VWOdiploma behaalde aan het Jacob-Roelandslyceum, studeerde hij twee jaar geneeskunde aan
de Universiteit van Antwerpen, België. Na het behalen van de eerste kandidatuur in 1998,
besloot hij terug te keren naar Nederland, waar hij zijn studie voortzette aan de Universiteit
Utrecht. In augustus 1999 behaalde hij zijn propedeuse. Tijdens zijn studie in Utrecht was
hij coördinator van Medisch Studenten Teams van verschillende divisies in het Universitair
Medisch Centrum (UMC) Utrecht. Daarnaast werkte hij als student-assistent bij de vakgroep
Anatomie. Tijdens zijn studie verrichtte hij wetenschappelijk onderzoek naar de ‘Excimer
Laser-Assisted Non-occlusive Anastomosis’ (ELANA) techniek bij de afdeling Neurochirurgie
(prof. dr. C.A.F. Tulleken). In het laatste jaar van zijn studie was hij lid van de VITATOPS
Trial Study Group en bezocht hij in het kader van een onderzoeksstage in 2005 gedurende vijf
maanden het Royal Perth Hospital (Perth, West-Australië) om full-time aan dit onderzoek
te werken (prof. dr. G.J. Hankey). In 2005, na zijn artsexamen, begon hij aan de opleiding tot
neuroloog (opleiders: prof. dr. J. van Gijn en prof. dr. J.H.J. Wokke). In dat jaar begon ook
zijn promotieonderzoek onder begeleiding van prof. dr. K.P.J. Braun, prof. dr. L.J. Kappelle
en dr. C.J.M. Klijn, waar dit proefschrift uit voortgekomen is. In mei 2013 rondde hij zijn
opleiding tot neuroloog af en sinds juni 2013 is hij werkzaam als neuroloog in het Lievensberg
ziekenhuis in Bergen op Zoom.
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