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ACA  anterior cerebral artery
ACoA  anterior communicating artery
ANOVA  analysis of variances
ASL  arterial spin labeling
AVM  arteriovenous malformation
BA  basilar artery
CAS  carotid angioplasty with stent placement
CBF  cerebral blood fl ow
CEA  carotid endarterectomy
CE MRA  contrast-enhanced magnetic resonance angiography
CTA  computed tomographic angiography
CTP  computed tomographic perfusion
D   dimensional
DSC  dynamic susceptibility contrast
ECA  external carotid artery
ECIC  extracranial-to-intracranial
EPI  echo planar imaging
GM  grey matter
iaDSA  intraarterial digital subtraction angiography
ICA  internal carotid artery
MR  magnetic resonance
MRA  magnetic resonance angiography
MCA  middle cerebral artery
MIP  maximum intensity projections
MRI  magnetic resonance imaging
MRP  magnetic resonance perfusion
NASCET  North American Symptomatic Carotid Surgery Trial
PC  phase contrast
PCA  posterior cerebral artery
PCoA  posterior communicating artery
PET  positron emission tomography
rCBF  regional cerebral blood fl ow
RF  radiofrequency
ROI  region-of-interest
RPI  regional perfusion imaging
SD  standard deviation
SNR  signal-to-noise ratio
SPECT  single photon emission computed tomography
T   tesla
TCD  transcranial Doppler
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Introduction

The presence of adequate cerebral circulation is essential to maintain brain 
perfusion and brain function (1-4). From the aortic arch upwards, arterial blood 
fl ows via the internal carotid arteries (ICAs) and vertebrobasilar arteries (VBA) to 
the brain and is distributed intracranially at the level of the circle of Willis into the 
anterior cerebral artery (ACA), middle cerebral artery (MCA) and posterior cerebral 
artery (PCA). Although it is widely acknowledged that large inter-individual 
variation exists in the anatomy of the cerebral circulation (5), less is known about 
the hemodynamical consequences of anatomical arterial variation in patients with 
steno-occlusive disease.
In this chapter we distinguish three levels of cerebral circulation: the fi rst level, 
blood fl ow to the brain (the arteries in the neck); the second level, distribution of 
blood fl ow in the brain (the circle of Willis); and fi nally the third level, perfusion of 
the brain. 
In the last thirty years a vast amount of studies have demonstrated the prognostic 
importance of anatomical and hemodynamical information obtained at the 
individual levels (3,4,6-11). The versatility of modern imaging methods allows 
integration of the information obtained at all three levels, enhancing the therapeutic 
decision in individual patients presenting with obstructive arterial disease (12). 
Intraarterial digital subtraction angiography (iaDSA) is considered the gold standard 
to investigate the distribution of blood fl ow from the vessels in the neck, via the 
circle of Willis towards the distal branches of the ACA, MCA and PCA. Currently 
available computed tomographic angiography (CTA) and magnetic resonance 
angiography (MRA) methods can also provide detailed morphological information 
over a long track of the neck arteries from the origin up to the major branches of 
the circle of Willis. In addition, Duplex ultrasound and transcranial Doppler (TCD) 
are available to acquire anatomical and functional information at the individual 
levels of the cerebral vasculature. The main imaging techniques dedicated to 
brain perfusion are positron emission tomography (PET), single photon emission 
computed tomography (SPECT), xenon-enhanced computed tomography (XeCT), 
computed tomographic perfusion (CTP) and magnetic resonance perfusion (MRP) 
techniques (13). 
Especially in the fi eld of magnetic resonance imaging (MRI), major progress has been 
made in optimizing MRA and MRP techniques to evaluate the cerebral circulation 
in occlusive disease. The purpose of this chapter is to enlighten the possibilities 
of MRI to assess the anatomical and hemodynamical aspects of the extra and 
intracranial cerebral circulation and to show the importance of the combination of 
both aspects in studying the cerebral circulation. In this respect we aim to focus on 
patients with large artery steno-occlusive disease. 
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Flow to the brain (fi rst level)

Adequate blood fl ow in the major brain feeding arteries in the neck is the basis 
to maintain cerebral blood fl ow. This section describes the available magnetic 
resonance (MR) techniques to investigate diff erences in anatomy of the ICAs and 
VBA and subsequent hemodynamic consequences.

Anatomy

For morphological evaluation of the ICAs and VBA three MRA methods are currently 
available; time-of-fl ight (TOF), phase contrast (PC) and contrast-enhanced (CE) 
MRA. The TOF method is a technique in which visualization of the arterial lumen 
is achieved by the infl ow of fresh (unsaturated) blood through an image section 
with pre-saturated static tissue (14). Either 2-dimensional (2D) or 3D TOF MRA 
techniques can be performed. In 2D TOF MRA thin slices are acquired one after 
the other, reducing the saturation eff ects of the MR pulses on the blood and 
increasing the sensitivity for arterial infl ow. Consequently, 2D TOF MRA is suited to 
visualize slow fl ow relative to 3D TOF in which a larger imaging volume is acquired 
simultaneously. In general, with 3D TOF MRA a larger trajectory of arteries is 
visualized with a high spatial resolution and a high signal-to-noise ratio (SNR). A 
drawback of TOF MRA based techniques is the potential occurrence of fl ow void 
artifacts, particularly distal to a severe arterial stenosis due to turbulence of the 
blood fl ow (15,16).
While TOF MRA depends on the refreshment of infl owing blood into a slice, PC MRA 
employs the phase shift in the signal that is induced by the fl owing blood. This 
phase shift is proportional to velocity and there is a direct correlation with signal 
intensity. Therefore, with PC MRA small vessels can be clearly visualized, even with 
slowly fl owing blood. PC MRA is applicable for both 2D and 3D acquisition. 2D 
PC MRA is especially valuable as a survey scan, and phase velocity maps can be 
constructed for quantitative measurements of blood volume (ml/min) fl owing 
through a vessel. A disadvantage of 3D PC MRA is the relative long acquisition time 
and the presence of venous overprojection. 
A relatively recent development in MRA is CE MRA (17-19). With the injection of 
an intravenous contrast bolus of gadolinium the T1 of the blood is shortened 
and larger fl ip angles can be used to generate a stronger signal with improved 
background suppression and less signal saturation. CE MRA provides morphological 
information over a long track of the neck arteries from the origin up to the circle 
of Willis. For CE MRA fast scan times and adequate timing based on a test bolus 
are required to avoid venous over projection of the jugular veins. After a test 
bolus current available CE MRA methods acquire high contrast arterial signal in 
the fi rst 10 seconds, within the time-window of arterial enhancement. Thereafter, 
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the acquisition is continued to increase the resolution of the depicted arteries. The 
obtained high spatial resolution allows excellent visualization of near-occlusions of 
the brain feeding arteries and fl ow related artefacts are strongly diminished.
After image acquisition, maximum intensity projections (MIPs) can be reconstructed 
from 3D TOF, 3D PC or CE MRA datasets. The MIP images can be projected in any 
plane to provide multiple views of the vascular anatomy (Figure 1). With the large 
reach of CE MRA even the origin of the common carotid arteries can be visualized. 
Furthermore, 3D TOF, 3D PC and CE MRA can demonstrate the anatomical 
variation of the ICAs and VBA such as vascular elongation, kinking and coiling. 
For measurements of ICA stenosis, a series of studies compared the diagnostic 
performance of MRA techniques relative to the gold standard, iaDSA (17,20,21). 
Most recent studies showed high sensitivities and specifi cities of especially CE 
MRA for the detection of a stenosis of >70% according to the North American 
Symptomatic Carotid Surgery Trial (NASCET) criteria (18,22). With the high 
resolution of CE MRA extracranial sources of collateral circulation can be visualized, 
for instance the arterial connections between the branches of the external carotid 
artery (ECA) and the intracranial vasculature. With respect to the VBA the variable 
origin of these arteries can be demonstrated in addition to the dominance of a 
single vertebral artery, hypoplasia of a vertebral artery or the presence of a 
subclavian steal syndrome (5,23).

Figure 1. Examples of MIPs of CE 
MRA investigations of the neck 
arteries. (a) An example of CE 
MRA investigation of the brain 
feeding arteries from the origin 
of the arteries at the aortic 
arch upwards intracranially 
to the circle of Willis. This 
image demonstrates a left-
sided ICA occlusion and an 
anatomical variation of the left-
sided vertebral artery, which 
terminates in the posterior 
inferior cerebellar artery. (b) 
This CE MRA image shows 
bilateral occlusion of the ICA 
and feeding of the brain via the 
VBA.
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Hemodynamics

Although vessels may be visualized on iaDSA or MRA, there are only limited 
methods available to evaluate quantitatively blood fl ow through the individual 
brain feeding vessels. Quantitative volume fl ow (ml/min) measurements in 
the ICAs and the basilar artery (BA) can be performed with 2D PC MRA (24-26).
Figure 2 illustrates the typical positioning of such a 2D PC MRA slice to measure fl ow 
in both ICAs and the BA simultaneously. This MRA fl ow measurements can either 
be performed with or without cardiac triggering and validation studies on the 
quantifi cation of volume fl ow values of both approaches have been performed (27-
30). 2D PC MRA studies showed that the total volume fl ow (ICAs and BA) in a normal 
population is on average 600 ml/min. About 40% of the total fl ow is distributed via 
a single ICA and 20% via the BA, however these relative contributions are changing 
with steno-occlusive disease of the ICAs or VBA (31). 

With a >70% stenosed ICA, the fl ow contribution of the contralateral ICA and BA rises 
signifi cantly (31). In the extreme example of patients with severe atherosclerotic 
disease and occlusion of both ICAs a 2.5 fold increase in fl ow of the BA has been 
documented (31). Even in patients without steno-occlusive disease, variations in the 
anatomy of the circle of Willis are highly correlated with the relative contributions 
of the ICAs and BA (32). In subjects with a missing A1 segment the volume fl ow in 

Figure 2. Typical positioning of a 2D PC MRA 
slice through the ICA and the BA. Quantitative 
volume fl ow (ml/min) measurements are 
obtained by integrating across manually 
drawn region-of-interest (ROIs) that enclose 
the vessels. 
Inset: 1 indicates right ICA; 2 indicates left 
ICA; 3 indicates BA.
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the contralateral ICA, feeding both ACAs, is signifi cantly higher compared with the 
volume fl ow of the ipsilateral ICA. Furthermore, with a unilateral or bilateral fetal 
type feeding of the PCA from the ipsilateral ICA, the volume fl ow in the ICA on the 
side of the fetal type PCA is increased and the BA fl ow is decreased. In subjects 
with a bilateral fetal type feeding of the PCA the volume fl ow in the BA is only 50% 
compared with subjects with a non-variant circle of Willis. This fi ndings indicate 
that large asymmetries in volume fl ow between the right and left ICA or decreased 
volume fl ow in the BA are not necessarily based on vascular pathology but may be 
due to variations in the anatomy of the circle of Willis. Absolute measurements of 
volume fl ow in the ICAs and BA should always be accompanied by an evaluation of 
the anatomy of the circle of Willis.

Circle of Willis (second level)

The circle of Willis is a vascular structure that is capable of rerouting blood fl ow at 
the level of the scull base from the posterior to anterior circulation via the posterior 
communicating artery (PCoA) or vice versa, or from one hemisphere to the other 
hemisphere via the anterior communicating artery (ACoA). The circle of Willis is 
considered a highly eff ective collateral pathway to maintain adequate cerebral 
perfusion in case of diminished arterial perfusion pressure in the ICAs and VBA in 
case of severe stenosis or occlusion. 

Anatomy

For the evaluation of the anatomy of the circle of Willis, TOF, PC and CE MRA 
methods can be applied. Most frequently, a 3D TOF MRA volume is acquired which 
provides morphological information of both the circle of Willis and its branching 
vessels. Population studies performed with TOF MRA have demonstrated a large 
inter-individual variability in the anatomy of the circle of Willis (33,34). The most 
frequent variation in the circle of Willis is the one in which the PCoA is hypoplastic 
or absent (up to 40%). Another frequently observed anatomical variation in the 
circle of Willis is unilateral dominant feeding of the PCA via the ipsilateral ICA. This 
so called fetal type PCA has a prevalence of 25% and the bilateral fetal type has 
a prevalence of approximately 10%. In the anterior part of the circle of Willis in 
about one-fi fth of all subjects an absent ACoA was found. In addition, in 10% a 
hypoplastic or absent A1 was found. In these cases, both ACAs were supplied from 
a single ICA via the ACoA. 
Diameter measurements of the component vessels of the circle of Willis have 
been performed on 3D TOF MRA, both in population studies and in presence of 
cerebrovascular disease (33,35-37). However, these diameter measurements should 
be interpreted with caution because the actual vessel lumen will be underestimated 
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because of very slow fl ow near the vessel wall (38). 
With the large reach of the current CE MRA protocols of the neck, the circle of Willis 
falls often within the scan range and can be evaluated. CE MRA of the intracranial 
vasculature alone can be performed to provide high contrast morphological 
information of the circle of Willis. Although PC MRA can be used for anatomical 
information of intracranial vasculature, 2D and 3D PC MRA methods are most 
commonly used to demonstrate the fl ow direction and presence of collateral fl ow 
via the circle of Willis. 

Hemodynamics

When blood fl ows in opposite directions, it causes opposite phase changes in MR 
signal on PC MRA, which property can be used to detect collateral fl ow via the 
anterior and posterior circle of Willis (36,39-41). PC MRA is most frequently used for 
fl ow encoding in two directions: anterior-posterior and left-right direction (42,43). 
The image plane encoded in the anterior-posterior and left-right direction enables 
straightforward interpretation on the basis of the black and white contrast of 
the blood fl owing in opposite directions (Figure 3). Collateral fl ow via the PCoA is 
best detected on the images phase encoded in the anterior-posterior direction. 
Collateral fl ow via the ACoA towards the MCA is demonstrated by the detection of 

Figure 3. Examples of MRA investigations of anatomy and function of the circle of Willis in two patients 
with a right-sided symptomatic ICA occlusion. Each row of images represents a patient. The fi rst column 
of drawings shows two patterns of collateral fl ow via the circle of Willis to the hemisphere ipsilateral to 
an occluded ICA. The second column shows MIPs of the circle of Willis as investigated with 3D TOF MRA. 
The third column shows 2D PC MRA images phase-encoded in the anterior-posterior direction: blood 
fl owing in the anterior direction is black and blood fl owing in the posterior direction is white. The last 
column shows the 2D PC MRA images phase-encoded in the left-right direction: blood fl owing to the 
right is black and blood fl owing to the left is white. Collateral fl ow via the A1 segment can be detected 
on the images encoded in the left-right direction (last column). Collateral fl ow via the PCoA can be 
detected on the images phase-encoded in the anterior-posterior direction. 
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retrograde fl ow via the A1 segment, which can be demonstrated both on the 2D 
PC MRA images phase encoded in the anterior-posterior and left-right direction. In 
practice, these 2D PC MRA images are interpreted in combination with the 3D TOF 
MRA images, demonstrating the anatomy of the circle of Willis. Similar to the 2D PC 
MRA quantitative volume fl ow (ml/min) measurements of the arteries in the neck, 
fl ow quantifi cation of the branches of the circle of Willis can be obtained (44). 
In addition to fl ow directional and fl ow volume measurements, the distribution 
of blood fl ow via the circle of Willis can be imaged dynamically (45-48). CE MRA 
with multiple acquisitions can be performed for evaluation of the passage of the 
contrast bolus through the cerebral vasculature (45,47). Furthermore, dynamic MRA 
measurements can be obtained with proximal labeling (saturation or inversion 
preparation) of the arterial blood, which is used as an endogenous tracer. After the 
labeling, image acquisition with a high temporal resolution can demonstrate the 
collateral fi lling of branches of the circle of Willis (48,49).

Brain perfusion (third level)

Cerebral perfusion is the basis for the delivery of oxygen and nutrients to maintain 
brain function. This section describes the available MR techniques to investigate 
the anatomy and hemodynamics of the brain tissue perfusion.

Anatomy

In addition to the anatomy of the circle of Willis the current available TOF and CE 
MRA methods can demonstrate the branching vessels of the circle of Willis and 
detect steno-occlusive lesions in the proximal parts of the ACA, MCA and PCA. 
Recently, MR perfusion territory imaging methods have been introduced which 
allow visualization of the extension of the distal branches of the ACA, MCA and PCA 
(50-53). These methods were diff erent implementations of arterial spin labeling 
(ASL) MRI. In ASL MRI the protons of the arterial water in the feeding vasculature of 
the brain are magnetically labeled and used as an endogenous tracer. A labeling 
delay allows the labeled arterial water protons to fl ow through the arterial vascular 
tree and exchange with the unlabeled brain tissue water. The subsequent change 
in tissue magnetization is restricted to the perfusion territory of the labeled artery. 
The fi rst selective ASL methods were based on the use of a local surface coil with 
selective labeling of a single ICA reached by the small penetration dept of this 
surface coil (54,55). Another selective ASL approach is based on the angulation of a 
labeling slab to reach selectivity for either a single ICA or the VBA (Figure 4) (51).
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Figure 4. Example of representative perfusion territory images investigated with selective ALS MRI of 
the individual ICAs and the VBA in a subject with a missing A1 segment of the ACA. (a) Corresponding 
MIPs of the circle of Willis with a missing A1 segment of the left ACA investigated with 3D TOF MRA. (b) 
Planning of the fi ve imaging slices parallel to the orbito-meatal angle. (c) Regional perfusion images of 
the perfusion territories of the ICAs and VBA. After labeling of the left ICA, perfusion signal is present 
only in the left MCA perfusion territory, while the ACA perfusion territory is absent. After labeling the 
right ICA, perfusion signal is present in the right MCA perfusion territory and both left and right ACA 
perfusion territories.
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Planning of these labeling slabs is based on anatomical MRA scans of the brain 
vasculature. Several other methods for selective labeling of the ICA have been 
introduced, however all these methods are both sensitive for variations at the 
level of the circle of Willis as well as the extension of the perfusion territory of the 
ACA, MCA and PCA (50,52,56). Recently, an ASL method for selective labeling of 
the ACA, MCA and PCA has been introduced based on a rotating labeling frame 
(53). In addition to perfusion territory measurements, the regional cerebral blood 
fl ow (rCBF)  contribution of each individual artery can be obtained. In patients with 
cerebrovascular disease, selective ASL may demonstrate a decrease in perfusion 
territory with presence of steno-occlusive disease and increase in perfusion 
territory with presence of compensatory collateral fl ow. 

Hemodynamics

For measurements of the rCBF (ml/min/100gr tissue) a method with injection of 
gadolinium, dynamic susceptibility contrast (DSC) MRI, or an ASL MRI approach as 
described above can be used (for reviews, see (57-59)).  DSC MRI monitors the fi rst 
passage of a bolus of intravenously injected contrast agent through the brain tissue. 
The presence of contrast agent results in a decay of the signal in a T2

*-weighted 
image, which enables the monitoring of the time evolution of the contrast agent 
concentration by acquiring dynamic images of the brain. Quantifi cation of the 
perfusion parameters requires measurements of the characteristics of the injected 
bolus (60-62). This is called arterial input function determination and is defi ned 
as the evolution in time of the contrast agent in the brain feeding arteries. After 
correction of the passage through the brain tissue for the arterial input function, the 
response function is obtained. This response function refl ects the hemodynamic 
properties of the microvasculature. From this response function both the cerebral 
blood perfusion and several timing parameters for the contrast passage as well 
as blood volume can be calculated. Even with the acquisition of the arterial input 
function, further dispersion of the contrast bolus will occur from the arteries in the 
neck towards the microvasculature. This dispersion will result in uncertainties with 
respect to CBF quantifi cation, especially in patients with steno-occlusive disease 
and delayed (collateral) fl ow (63,64). 
As described in detail in the previous anatomy section, with ASL the labeled protons 
pass through the arterial tree and exchange with the unlabeled brain tissue water. 
The change in tissue magnetization yields information on cerebral perfusion 
(Figure 5) (65,66). For CBF measurements a vast amount of ASL methods have been 
developed all using diff erent labeling approaches for non-selective labeling of 
the vasculature proximal to the imaging region. Two major entities of ASL can 
be distinguished, pulsed ASL and continuous ASL (57,58). Pulsed ASL is obtained 
with a large proximal labeling volume (saturation or inversion pulse) at a single 
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time point before imaging. With continuous ASL, a thin proximal labeling slice is 
applied during several seconds before imaging. The thin labeling slice is planned 
perpendicular to the ICAs and the VBA in the neck and blood passing through this 
labeling slice is magnetically labeled before imaging is performed. In patients with 
severe steno-occlusive disease the quantifi cation of CBF with ASL is complicated 
due to relatively large contribution of collateral fl ow to the cerebral perfusion. 
Labeled blood fl owing via these collateral pathways will have a delayed arrival at 
the brain tissue, which results in an underestimation of the CBF. Several methods 
have been proposed to either correct for these diff erences in arterial transit time or 
measure the arterial transit time (49,66-68).

Outline of thesis

In this chapter we focused on the main MRA and MRP techniques available to 
investigate in patients with steno-occlusive disease the anatomy and function 
of the cerebral circulation (Table 1). We follow the journey of the blood from the 
aortic arch upwards with distribution of blood fl ow from the vessels in the neck 
(fi rst level), via the circle of Willis (second level) and its major branches towards the 
microvasculature and fi nally the brain tissue perfusion (third level). The combined 
use of MRA and MRP techniques demonstrates that these three levels of the cerebral 
vasculature are closely related. To evaluate the cerebral hemodynamics in patients 
with obstructive arterial disease it is not suffi  cient to study one level of the cerebral 
circulation. It is important to investigate all three levels simultaneously in order 
to fully appreciate the role of collateral fl ow in the prognosis of these patients. In 
addition to the close relation between these three levels of the cerebral circulation, 
there is signifi cant inter-individual variability within these levels in the general 
population. The recently introduced selective ASL MRI method has the unique 
capacity to investigate all three levels of the cerebral circulation simultaneously. 
With this method the relation between the perfusion territories of the individual 
arteries in the neck, the anatomy and function of the circle of Willis, and the brain 
tissue perfusion can be investigated. 

Figure 5. Example of the rCBF map of a subject investigated with pulsed ASL MRI. Colors correspond to 
the color bar indicating the rCBF (ml/min/100gr tissue).
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The aim of this thesis was to investigate the variability of the perfusion territories 
of the brain feeding arteries in patients with and without obstructive arterial 
disease. Using selective ASL MRI, the relation between the perfusion territories of 
the arteries in the neck, the anatomy and function of the circle of Willis, and the 
brain perfusion is investigated. Chapter 2 highlights the methods and possibilities 
of selective ASL MRI techniques to investigate the relation between the three levels 
of the cerebral circulation. Chapter 3 reports the relation between these levels in 
subjects without steno-occlusive disease. Chapter 4 and 5 describe the relationship 
of the three levels in patients with symptomatic ICA occlusion. The eff ects of carotid 
intervention on the perfusion territories of the brain feeding arteries are given in 
chapter 6. Finally, in chapter 7, a summary and general discussion are given. 

Level 1 Level 2 Level 3

Neck arteries Circle of Willis Brain perfusion 

Anatomy Contrast Contrast enhanced Contrast enhanced -

Non-contrast 3D phase contrast 3D phase contrast Arterial spin 
labeling (territory)

3D time-of-fl ight 3D time-of-fl ight

Hemodynamics Contrast - - Dynamic 
susceptibility 
contrast

Non-contrast 2D phase contrast        
(volume fl ow)

2D phase contrast            
(fl ow direction)

Arterial spin 
labeling  

Dynamic angiography

Table 1 Most important MR techniques for evaluation of the cerebral circulation in patients with steno-
occlusive disease. A potential 20 minutes protocol to investigate the anatomy and hemodynamics at 
the three levels of the cerebral circulation consists of: CE and 2D PC (volume fl ow) MRA of the neck 
arteries (level 1); 3D TOF and 2D PC (fl ow direction) MRA of the circle of Willis (level 2); ASL MRI at the brain 
tissue (level 3). 
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Introduction

The ability to visualize the perfusion territories of the cerebral arteries is important 
for many clinical applications. In acute stroke, the delineation of individual perfusion 
territories may demonstrate the collateral contribution to the ischemic penumbra, 
and may allow diff erentiation between a thromboembolic and hemodynamic 
etiology of stroke (1-4). In addition, perfusion maps of the brain with a clear 
demarcation of the individual perfusion territories might also be used to localize 
the origin of an embolus. In chronic cerebrovascular disease, identifi cation of the 
perfusion territories may help in the evaluation of the actual territorial contribution 
of individual collateral arteries, in particularly in patients with extracranial steno-
occlusive disease (2,5). Further knowledge of the cerebral perfusion territories may 
explain diff erences in clinical outcome and potentially expand treatment options 
for both acute stroke and chronic cerebrovascular disease. 
Since Duret described in 1874 the cortical vascular area distribution (6), many 
atlases have shown schematic drawings of the areas of supply of the cerebral 
arteries (7-13). Currently, iaDSA is the reference standard for visualizing the 
cerebral vascular tree, and for assessing collateral fl ow at the level of the circle of 
Willis or leptomeningeal anastomoses at the brain surface. IaDSA off ers excellent 
information on the presence of collateral fl ow, showing also the distal arteries of a 
collateral pathway. However, iaDSA does not provide quantitative information on 
the actual perfusion of the brain, and to visualize all the collateral pathways this 
technique requires an invasive, selective three-vessel approach. 
Recently, selective ASL MRI has been introduced as the fi rst non-invasive method 
to visualize the perfusion territories of the individual cerebral arteries. This method 
enables to quantify the actual contribution of individual collateral arteries to the 
perfusion of the brain. In the past decade, the optimization of selective ASL MRI 
techniques to image the cerebral perfusion territories has resulted in numerous 
labeling approaches and an increasing number of clinical applications. 
The aim of the current chapter is to highlight the possibilities of selective ASL 
techniques to assess the perfusion territories in the brain and to show the 
importance of this information in studying the cerebral circulation. We aim to focus 
on patients with obstructive arterial disease. 
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Arterial spin labeling MRI

In the past decade, ASL MRI has been developed as a non-invasive, multi-slice 
method to assess cerebral perfusion (14-17). This technique uses magnetically 
labeled blood as an endogenous contrast agent. With ASL MRI, the protons of 
arterial water are magnetically labeled in the feeding vasculature of the brain. 
The labeled arterial protons fl ow through the vascular tree and exchange with the 
unlabeled brain tissue water. A perfusion-weighted image can be generated by the 
subtraction of an image in which infl owing arterial spins have been labeled, from 
an image in which spin labeling has not been performed. Several techniques have 
been implemented to correct for potential magnetization eff ects in order to obtain 
complete subtraction of background tissue (18). Quantitative perfusion maps can 
be calculated when the ASL signal change is combined with other parameters, 
such as longitudinal relaxation rate of brain tissue, longitudinal relaxation rate of 
blood, equilibrium magnetization of blood, and brain/blood partition coeffi  cient 
of water (19,20). 
The existing techniques can be sorted out in two categories: pulsed ASL and 
continuous ASL (14,15). In both cases, a certain amount of blood is labeled before it 
supplies the tissue of interest. Pulsed ASL is obtained with a large proximal labeling 
volume at a single time point. With continuous ASL, a thin proximal labeling slice is 
applied during several seconds. A recent approach has been introduced in which 
arterial water is labeled selectively based on the blood velocity, termed velocity-
selective ASL (21,22). The main diff erences between velocity-selective ASL and the 
other ASL techniques is that the arterial water is labeled everywhere, including the 
volume of interest, therefore minimizing the time for the blood to reach any ROI (23). 
Despite diff erences in advantages and limitations, all these ASL approaches share 
one characteristic: the perfusion measurements are completely non-invasive.

Selective arterial spin labeling MRI

To date, most perfusion imaging techniques have obtained perfusion maps that 
include contributions from all the arteries feeding the brain. However, ASL MRI 
off ers the potential to selectively label the individual brain feeding arteries and 
thereby map the perfusion territory of each vessel independently. Edelman et al. 
introduced the use of selective labeling for angiographic examination (24). However, 
no perfusion territory mapping was performed in this work. More recently, several 
authors demonstrated perfusion territory imaging based on the spatially selective 
application of continuous ASL and pulsed ASL MRI (Table 1). Currently, there is no 
general commercial availability of selective ASL sequences, however an increasing 
number of institutions are getting access to research software for selective ASL MRI 
techniques. 
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Continuous arterial spin labeling

Using continuous ASL techniques, local surface coils can be used to selectively 
label the left or right common carotid artery individually (25-27). However, the 
labeling effi  ciency using this technique is dependent on the depth of the targeted 
artery which varies for diff erent arteries and individuals and therefore limits its 
ability as a universal diagnostic tool (28). Other approaches assessed hemispheric 
perfusion territories, based on oblique positioning of a spatially selective labeling 
plane, without the need for additional surface coils (29,30). However, no separate 
labeling of the ICA or VBA can be achieved. Another method, based on pseudo-
continuous ASL, provides simultaneous perfusion images of two or more perfusion 
territories, with the same SNR as conventional continuous ASL images (31). 
Recently, continuous artery-selective spin labeling has been introduced based on 
a rotating labeling frame to obtain a localized eff ect, limited to a single artery (32). 
This method allows for perfusion territory mapping of the ICA, the VBA, both the 
ACAs and the MCA. 

Author (year of 

publication)

Labeling Perfusion territory

Continuous ASL Detre (1994) Oblique plane Hemispheric

Zhang (1995) Surface coil CCA

Zaharchuk (1999) Surface coil CCA

Trampel (2002) Surface coil CCA

Werner (2004) Oblique plane Hemispheric

Werner (2005) Anatomy-driven rotating plane ICA; VBA; ACAs; MCA

Wong (2006) Anatomy-driven plane ICA; VBA

Pulsed ASL Eastwood (2002) Sagittal plane Hemispheric

Davies (2003)  2D RF pulses ICA; VBA

Taoka (2004) Sagittal and oblique plane ACA; MCA

Song (2004) Sagittal plane Hemispheric

Hendrikse (2004) Anatomy-driven plane ICA; VBA

Golay (2005) Anatomy-driven plane ICA; VBA

Guenther (2006) Anatomy-driven plane ICA; VBA

Zimine (2006) Anatomy-driven plane ICA; VBA

Table 1 Most important selective ASL MRI techniques
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Pulsed arterial spin labeling

Using pulsed ASL techniques, selective labeling of the ICAs and VBA was attained by 
applying two-dimensional spatially selective radio-frequency (RF) pulses, forming 
a pencil beam (33). However, this method involves serious SNR limitations and 
requires very stable hardware. In another study, a sagittal angulated slab inversion 
scheme was used to lateralize labeling in one hemisphere (34). That approach was 
used only to extend angiographic methods, rather than generate perfusion data, 
and lacks the desired selectively of individual vessel labeling. Others also used a 
scheme of lateralized pulses for hemispheric labeling (35). However, no separate 
labeling of the ICA or VBA can be achieved. Another approach uses several diff erent 
placements of the inversion slab to distinguish the ACA and MCA perfusion 
territories based on the directionality of the infl owing blood (36). Hendrikse et al. 
developed regional perfusion imaging (RPI) based on anatomy-driven spatially 
selective slabs, which is currently the most applicable technique for imaging the 
perfusion territories of the ICA and the VBA (37). Typically scan time is 3 minutes per 
perfusion territory. In the past years, several improvements in this RPI technique 
have been made. Firstly, a modifi cation of the RPI technique suitable for high 
fi eld imaging has been developed to control for magnetic fi eld inhomogeneities 
at fi eld strength higher than 1.5 tesla (1.5-T) (38). Secondly, careful positioning of
three labeling slabs is required for successful imaging of the perfusion territories 
(Figure 1). Recently, a method for automatic planning of RPI has been introduced 
that is both fast and requires only minimal user input (39). Improved time effi  ciency 
as well as better visualization of the perfusion territories has also been achieved 
by combining measurements of all territories in one experiment and by using a 
single-shot 3D readout technique (40).

Clinical applications

Although selective ASL techniques have not entered widespread clinical usage, their 
utility has been demonstrated for a variety of acute and chronic cerebrovascular 
diseases. Selective ASL MRI has a broad range of clinical applications in the cerebral 
circulation in both health and disease. 

Healthy population

Since the pioneering post-mortem studies of Duret in 1874 on the cortical vascular 
area distribution, several studies on the areas of supply of the major cerebral 
arteries in the healthy population have been performed (6-13). An extensive 
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review of the literature on the territorial distribution demonstrated that there are 
many discrepancies between the results of most studies, and that the variability 
of the cerebral territories is signifi cantly greater than was previous assumed (12). 
However, these publications concerned post-mortem studies in a limited number 
of cases.
In a large population, selective ASL MRI measurements showed large inter-
individual variability in perfusion territories (41). In addition, it was shown that the 
wide variation observed from the entire population is mainly caused by anatomical 
variants of the circle of Willis (41). The fi nding that the confi guration of the circle of 
Willis strongly aff ects the extent of the cerebral perfusion territories seems relevant 
since about half of healthy control subjects have an anatomical variant type, such 
as missing A1 segment of the ACA or a fetal type PCA (Figure 2) (42). Furthermore, 
numerous intermediate variant types of the circle of Willis exist, in which selective 
ASL will demonstrate the contribution of each vessel to the regional perfusion 
(43).

Cerebrovascular disease

The anatomical variability of the cerebrovasculature itself will cause intersubject 
diff erences in the perfusion territories of the brain feeding arteries, and may limit 
the potential of the cerebral circulation to compensate for steno-occlusive disease. 
In addition to the large variability at the level of the circle of Willis, large anatomical 
variation at the level of the arteries in the neck (for example, a 30% prevalence of 
hypoplasia of a vertebral artery) is found (42,44). With the presence of a severe 

Figure 1 Planning of the selective ASL slabs for perfusion territory imaging of left ICA, right ICA, and VBA. 
The labeling slabs are planned based on the transverse source images of the TOF MRA of the brain 
feeding arteries.



39

Chapter 2     |     Perfusion territory im
aging: m

ethods and applications of A
SL M

RI

stenosis or occlusion, the intersubject diff erences in the anatomy of the arteries 
in the neck and the circle of Willis will directly aff ect the perfusion territories of 
the major brain feeding arteries. Furthermore, the combination of stenosis severity, 
multi-vessel disease and vascular anatomy will defi ne the ability of the cerebral 

Figure 2 Transverse perfusion territory images of a healthy subject with a missing A1 segment and a 
fetal type PCA. (A) Corresponding transverse MIPs of the TOF MRA of the circle of Willis with a missing 
A1 segment of the left ACA and a left-sided fetal type PCA. (B) When applying selective labeling with 
the RPI sequence of the left ICA, ASL signal is present in the left MCA  perfusion territory and the left 
posterior part, while the ACA perfusion territory is absent. When labeling the right ICA, perfusion 
weighted ASL signal is present in the right MCA perfusion territory and both the left and right ACA 
perfusion territories. After labeling of the VBA, signal is only present in the right posterior part of the 
imaging slices, while the left posterior part shows no perfusion signal. 
Arrows: 1, missing A1 segment of the left ACA; 2, left-sided fetal type PCA.
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vasculature to develop eff ective collateral pathways to compensate for severe 
steno-occlusive disease.

Acute stroke

In stroke patients the size and location of the infarct depends on the interaction 
between embolism originating from an instable plaque or cardiac thrombus and 
the regional cerebral hemodynamic status in the perfused territory. Impaired 
washout of emboli in hypoperfused vascular territories might be an important 
concept in explaining the development of brain infarction (3). Hypoperfusion and 
hyperviscosity enhance thrombus formation promoting embolization of fresh 
emboli, and hypoperfusion also reduces dissolution of emboli due to reduced fl ow 
velocity (45). Brain regions with adequate perfusion may be relatively protected 
against ischemia and infarction due to the clearance of embolisms from the cerebral 
circulation in these regions. On the other hand, regions with compromised cerebral 
hemodynamics and ineffi  cient collateral blood supply may have a higher risk of 
ischemia and infarction. Selective ASL MRI may demonstrate these (borderzone) 
areas with a lower potential to wash-out thromboembolism between the distal 
end branches of the cerebral arteries (46). After an acute occlusion of a branch of 
the intracranial vasculature the distal branches depend on collateral blood supply. 
Insuffi  ciency of collateral blood supply will result in areas with critically decreased 
cerebral blood fl ow (ischemic core) and areas with decreased cerebral blood fl ow 
that are still viable (ischemic penumbra). Selective ASL MRI may be used in acute 
stroke to demonstrate the source of collateral blood supply to the areas surrounding 
the ischemic core (47). Especially, with the recent development of targeted 
treatment options such as intraarterial thrombolysis, intraarterial thrombectomy 
and administering of neuroprotective agents, the origin of the collateral blood 
supply may guide treatment (48-50). For instance, characterization of collateral fl ow 
may be used to identify optimal candidates for intervention, and collateral fl ow 
may also be an infl uential factor in the ultimate fate of neuroprotective therapy 
(50). Following therapeutic or spontaneous recanalization of occluded intracranial 
branches, selective ASL MRI may demonstrate the normalization of the perfusion 
territories of the cerebral arteries. 

Chronic cerebrovascular disease

Over the last several years, evidence has been accumulating that in addition to 
embolism a compromised cerebral blood fl ow may play a role in causing transient 
ischaemic attack (TIA) and stroke in patients with severe extracranial arterial 
stenosis and occlusion (3). In such cases, ischemia would occur by failure of the 
collateral blood fl ow via the circle of Willis, the leptomeningeal collaterals or the 
ophthalmic artery (2). Therefore, the status of collateral pathways and cerebral 
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blood supply may be an early indicator of increased risk of future ischemic events. 
At present, the actual contribution of the individual collateral pathways is diffi  cult 
to assess and to quantify. MRA and TCD may show the presence of collateral fl ow, 
but not the actual contribution to brain perfusion. IaDSA off ers more information, 
showing also the distal arteries of a collateral pathway (51). However, to visualize 
all the collateral pathways this technique requires an invasive, selective four-vessel 
approach. Selective ASL MRI is a non-invasive method to quantify the actual 
territorial contribution of individual collateral arteries to the brain tissue perfusion. 
A recent paper describes how selective ASL was used to determine the perfusion 
territories of the remaining patent arteries supplying blood to the brain in a group 
of patients with symptomatic ICA occlusion (52). It is shown that patients with ICA 
occlusion have a large variation in perfusion territories ipsilateral to the occluded 
ICA (52). In these patients the MCA perfusion territory on the side of the occluded 
ICA is mainly dependent on collateral fl ow originating from the VBA, whereas 
the contralateral ICA is important for the ACA perfusion territories on both sides 
(Figure 3) (52). Selective ASL has also been used to demonstrate the eff ect of ICA 
stenosis on blood supply to the cerebral hemispheres, as well as the contribution 
of collateral pathways (53,54). Regional CBF in the MCA perfusion territory on the 
side of the stenosis originating from the ipsilateral ICA was lower than rCBF on the 
contralateral MCA territory originating from the contralateral ICA (54). The MCA on 
the side of the ICA stenosis received signifi cant contralateral supply (54). 

Cerebrovascular intervention

In patients with ICA stenosis, collateral circulation plays a major role in maintaining 
cerebral perfusion (3,51). However, the extent and pathways of collateral fl ow are 
highly variable, and as a result patients with ICA stenosis form a heterogeneous 
population (51,55). Therefore, it would be desirable to directly assess the delivery 
of arterial blood into the brain as function of independent arterial supply from each 
major branch, rather than make inferences from parameters such as percentage 
stenosis (56). Using selective ASL it has been demonstrated that the best predictor 
of increased rCBF on the side of carotid endarterectomy (CEA) is the contribution 
of the ipsilateral ICA, while the degree of stenosis was not as predictive (54). The 
combination of rCBF and degree of stenosis may be more predictive in the risk of 
recurrent stroke in patients with ICA stenosis.



Ch
ap

te
r 2

   
  |

   
  P

er
fu

si
on

 te
rr

ito
ry

 im
ag

in
g:

 m
et

ho
ds

 a
nd

 a
pp

lic
at

io
ns

 o
f A

SL
 M

RI

42

Carotid angioplasty with stent placement (CAS) may off er an alternative treatment 
to CEA for high-grade ICA stenosis and several large randomized trials directly 
comparing CAS with CEA are currently underway (57). Selective ASL measurements 
have shown that CAS results in a normalization of the territorial distribution and 
rCBF in a manner similar to that of CEA (58). Although the true role of CAS in the 
management of ICA stenosis remains to be determined by large randomized trials, 
this study suggests that there is no diff erence in cerebral hemodynamic eff ect 
between both approaches (Figure 4) (58). 
To increase the blood fl ow to the brain in patients with symptomatic ICA occlusion, 
extracranial-to-intracranial (ECIC) bypass surgery was introduced. However, in a large 
randomized trial, ECIC bypass surgery did not prevent recurrent ischemic stroke in 
the average patient with symptomatic ICA occlusion (59). It is unknown, however, 
whether ECIC bypass is eff ective in the subgroup of patients with insuffi  cient 
collateral fl ow and compromised perfusion. Currently, a new ECIC bypass study is 
running including only patients with compromised cerebral hemodynamics (60). 
Selective ASL assessment of the hemodynamic status of the brain may identify 
patients at high risk of recurrent ischemic stroke and determine the indication for 
bypass surgery. Providing perfusion territory and rCBF information, selective ASL 
seems also well suited for noninvasive follow-up of patients after bypass surgery 
(Figure 5). In this respect, selective ASL has been used to demonstrate that a smaller 
perfusion territory is supplied by the bypass with preserved rCBF compared with 

Figure 3 Transverse perfusion territory images of a patient with TIA’s associated with a right-sided ICA 
occlusion. Since the right ICA was occluded, only the left ICA and VBA were labeled. When selective 
labeling  was applied to the non-occluded left ICA, perfusion-weighted signal was observed in the left 
MCA perfusion territory and left ACA perfusion territory, in combination with collateral blood supply 
to the right ACA perfusion territory. After labeling of the VBA, perfusion-weighted signal was detected 
in the posterior part of the imaging slices and collateral blood supply to the right MCA perfusion 
territory.
Arrow: perfusion weighted signal in the right MCA perfusion territory.



43

Chapter 2     |     Perfusion territory im
aging: m

ethods and applications of A
SL M

RIthe perfusion territory and rCBF of the contralateral ICA (61). 
 In patients with inoperable giant aneurysms of the ICA, therapeutic ICA occlusion is 
frequently performed (62). However, a subgroup of these patients cannot tolerate 
ICA test occlusion, and develop signs of cerebral ischemia due to insuffi  cient 
collateral blood supply (63). Non-invasive ASL measurements of rCBF and 
perfusion territories have been used for the follow-up evaluation of the cerebral 
hemodynamics before and after therapeutic carotid occlusion in these patients 
vulnerable to a major stroke (53).

Other potential clinical applications

Potential future clinical applications may include the evaluation of the extent of 
arterial perfusion territories in patients with epilepsy planned for anterior temporal 
lobectomy. In these patients invasive intracarotid Wada testing is performed 
preoperatively for the evaluation of the lateralization of linguistic functions 
localization (64,65). In patients with arteriovenous malformation (AVM) the normal 
distribution of cerebral blood fl ow may be disturbed with fl ow contributions of 
diff erent brain feeding arteries (i.e. ICA,  ECA and VBA) to the nidus of the AVM and 
the presence of vascular steal. Selective ASL MRI may demonstrate preoperatively 
the presence of these feeders, quantify the extent of AV shunting, and in addition 
demonstrate the eff ect of therapy (embolization, gamma-knife, surgery) on the 

Figure 4 Transverse perfusion territory images of a patient with a symptomatic left-sided ICA stenosis of 
90%, before and after CEA of the left ICA. When labeling the left ICA before CEA, perfusion-weighted 
signal is observed in the left MCA territory and left posterior part of the imaging slices. After CEA, the 
perfusion territory of the left ICA has extended into the ipsilateral ACA territory. When labeling the 
right ICA before CEA, perfusion-weighted signal is detected in both the left and right MCA and ACA 
territories. After CEA, the perfusion territory is restricted to the right ACA and MCA territories. When 
labeling the VBA before CEA, perfusion weighted signal is only present in the right posterior part of the 
imaging slices. The left posterior part of the imaging slices is supplied by the left ICA via the left sided 
fetal type PCA. After CEA, no change in perfusion territory of the VBA is observed.
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Figure 5 Transverse perfusion territory images in a patient with a left-sided ICA occlusion after left-sided 
ECIC bypass surgery. (A) Coronal PC MRA and (B) transversal PC MRA showing the ECIC bypass, the 
right ICA, the VBA and the circle of Wills. (C) When selective labeling with the RPI sequence is applied to 
the ECIC bypass, perfusion-weighted signal is present in the left hemisphere, indicating that the ECIC 
bypass is supplying the perfusion territory of the left MCA and ACA. When selective labeling is applied 
to the right ICA, signal is present in the right hemisphere, indicating that the right ICA is supplying the 
perfusion territory of the right MCA and ACA. When selective labeling of the VBA is used, perfusion-
weighted signal is symmetrically present in the posterior part of the imaging slices. 
Arrow: ECIC bypass.
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contributions of diff erent feeding arteries of the AVM (66). In brain tumors ASL MRI 
may demonstrate hyperperfused regions of the tumors potentially corresponding 
to enhancement after post contrast scans, and previous studies demonstrated the 
capability of non-selective ASL for tumor grading (67,68). Using ASL MRI, arterial 
transit time and arterial blood volume can be derived which may be a useful marker 
of capillary density and could direct the neurosurgeon to biopsy the highest grade 
portion of the tumor (69).

Quantitative analysis

In addition to visualization of perfusion territories, selective ASL MRI has the 
capacity of quantitative analysis of the rCBF supply from each individual feeding 
artery (37,38). A recent review demonstrated the clinical feasibility and utility of 
quantifi cation of brain perfusion (17). The main clinical applications of quantitative 
cerebral perfusion imaging are acute and chronic cerebrovascular disorders, 
neurodegenerative disorders, epilepsy and brain tumors. 
The quantitative accuracy of ASL MRI has been addressed extensively in the 
literature. Computer simulations and direct comparisons with other brain perfusion 
imaging techniques (such as PET) have been performed (20,70-72). It appears that 
CBF is correctly estimated in the grey matter (GM). In the white matter (WM), ASL 
measurements show an underestimation, probably caused by an underestimation 
of the arterial transit time for WM regions. Quantitative ASL perfusion measurements 
show a less than 10% change when rescanning the same subject (73). By using long 
labeling delays, high resolution and an ASL approach that avoids magnetization 
eff ects and venous infl ow, ASL CBF maps can be generated which point toward a 
true measure of GM perfusion (72).  
Quantifi cation of artery specifi c rCBF contributions may demonstrate 
hemodynamically signifi cant steno-occlusive disease with rCBF values dropping 
below critical values needed to maintain brain metabolism (74). Similar to the 
quantifi cation of rCBF with non-selective ASL MRI, CBF quantifi cation in patients 
with steno-occlusive disease requires more advanced selective ASL techniques 
(75,76). With delayed collateral fl ow the label will have a delayed arrival at the brain 
tissue and ASL techniques with measurements at a single time point will suff er from 
an underestimation of the CBF in the areas with collateral blood supply (20). Two 
approaches are available to obtain ASL measurements insensitive for these regional 
diff erences in arrival time. Firstly, several ASL methods have been developed which 
apply saturation pulses to obtain sharply defi ned and a uniform shape of the bolus 
profi le (77,78). Secondly, the ASL methods with acquisition of images at multiple 
time points, typically between 100 msec and 2500 msec, after the labeling (38,79). 
In addition to insensitivity to regional diff erences in arrival time of the label, the 
acquisition of images at multiple time points allows for quantifi cation of the 
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arrival times. Contrast enhanced perfusion MRI techniques do not suff er from the 
dependence on longitudinal relaxation times with signal decrease at longer delay 
times. ASL MRI can not be done after administration of gadolinium contrast agents 
because of longitudinal relaxation time shortening.
The use of quantitative selective ASL methods may demonstrate the combined 
contribution of diff erent arteries to brain regions (see Figure 4). In patients with 
severe stenosis of the ICA, selective ASL MRI at a single time point, demonstrated 
a 7 ± 3 ml/min/100gr tissue contribution in the MCA perfusion territory from 
the contralateral ICA before CEA with a 54 ± 3 ml/min/100gr tissue contribution 
of the ipsilateral ICA (54). Other potential patient groups in which quantitative 
selective ASL MRI may demonstrate combined contributions of arterial supply 
to a similar region are the presence of collateral blood supply to the ischemic 
penumbra surrounding the ischemic core with cerebral artery occlusion in acute 
stroke. Furthermore, in patients with AVM, selective ASL MRI may demonstrate the 
quantitative contribution of collateral blood supply via multiple collateral arteries 
to the nidus of the AVM.

Conclusion

In the next decade further technical developments of the selective ASL MRI 
technique will parallel the use of selective ASL techniques in research and clinical 
studies. The availability of higher fi eld strengths magnets will further increase the 
quality of selective ASL MRI, in this respect ASL MRI is one of the MRI techniques that 
benefi ts most from these higher fi eld strengths (80,81). With increased availability 
of this technique on clinical MRI scanners, an increasing number of patient studies 
are currently performed. In specifi c patients groups with cerebrovascular disease, 
as described above, selective ASL MRI may provide valuable hemodynamic 
information when added to current MRI protocols. In the future, this technique 
may be capable to replace diagnostic iaDSA in a selected group of patients. 
Furthermore, selective ASL MRI is especially suited for non-invasive follow up after 
vascular interventions. Selective ASL MRI provides a ‘perfusion territory weighted’ 
contrast, with the advantage of the possibility to correlate the perfusion territory 
information with high resolution anatomical, angiographic and diff usion weighted 
MRI scans. As a non-invasive tool for perfusion territory measurements selective ASL 
will contribute to a better understanding of the relation between the vasculature, 
perfusion and brain function.
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Introduction

The ability to visualize the perfusion territories of major feeding arteries to the 
brain is important for many clinical applications. For instance, the delineation 
of individual perfusion territories is very useful in the evaluation of the etiology 
of stroke, in particularly for the diff erentiation between thromboembolic and 
hemodynamic ischemia (1-3). Since the pioneering work of Duret in 1874 and 
Beevor in 1907 on vascularisation of the brain (4,5), several atlases have shown 
schematic drawings of the territorial distribution (6-11). Most of these drawings 
are based on combinations of post mortem studies and assume a symmetrical and 
negligibly variable territorial distribution. In a article by Van der Zwan and Hillen 
reviewing the most representative studies on the territories of major cerebral 
arteries, it was suggested that there are considerable discrepancies among the 
descriptions of territorial distribution and that the concept of relatively invariant 
distribution was based on insuffi  cient data from the literature (12). In addition, 
experimental data also demonstrated that the variability of the cerebral vascular 
territories is signifi cantly greater than was previously assumed (13,14). However, 
these publications concerned post mortem studies in a limited number of cases. 
The aim of the present study was to investigate in-vivo, the variability of perfusion 
territories of major brain feeding arteries in a large population (n = 115). Using 
selective ASL MRI (15), the relation between the perfusion territories of major 
brain feeding arteries, the anatomy and function of the circle of Willis and tissue 
perfusion is investigated.



55

Chapter 3     |     Perfusion territories of brain feeding arteries

Materials and methods

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

Subjects

One- hundred- and fi fteen subjects (97 men, and 18 women, mean ± standard 
deviation (SD) age 58 ± 9 years) without abnormalities on MRI and MRA images 
of the brain and without hemodynamically signifi cant ICA stenosis (>70%) or ICA 
occlusion on duplex ultrasonography were included in the study. Subjects with 
stroke, TIA or known intracerebral vascular abnormalities were excluded from the 
study. 

Magnetic resonance imaging

The MRI investigations were performed on a 1.5-T whole body system (Gyroscan 
ACS-NT, Philips Medical Systems, The Netherlands). Planning of the selective labeling 
volume was performed on the basis of PC surveys in the coronal and sagittal planes 
and TOF MRA of the circle of Willis (TR 30 msec; TE 6.9 msec; fl ip angle 20°; fi eld 
of view 100 x 100 mm; matrix 256 x 256; 2 averages; slice thickness 1.2 mm with 
0.6 mm overlap; number of slices 50) with subsequent MIP reconstruction. Five 
imaging slices were planned parallel to the orbito-meatal angle. For the selective 
labeling of the ICA, an oblique sagittal labeling slab was chosen based on the MIP 
of the circle of Willis and the coronal PC survey (Figure 1). The slab was aligned such 
that the left ICA and right ICA were labeled and signal contribution from the VBA 
was minimized. For selective labeling of the VBA, a coronal labeling slab was used 
based on the MIP of the circle of Willis and the sagittal PC survey.
For the labeled images, the inversion of infl owing spins is achieved by applying 
two consecutive slice-selective 90˚ RF pulses in a single slab. For the control 
images, the phase of the second 90˚ RF pulse is shifted by 180˚, resulting in a 90˚ 
- 90˚ = 0˚ net eff ect and nulling globally transfer eff ects, as shown previously for 
the pulsed transfer insensitive labeling technique (TILT) (16). Subsequently, three 
90˚ saturation pulses followed by strong dephasing gradients are applied on the 
imaging slices to remove the direct eff ects of the TILT labeling pulses. After a 
labeling delay of 1200 msec, fi ve slices were acquired in cranial to caudal direction 
with a delay time of 25 msec between slices. For image acquisition a single shot 
echo planar imaging (EPI) readout was used. Other MRI parameters of the RPI scans 
were: TR 3000 msec; TE 5.6 msec; 62% partial Fourier acquisition; number of slices 5; 
slice thickness 8 mm; slice gap 1 mm; time between slices 25 msec; fi eld of view 240 
x 240 mm; matrix 64 x 64; zero fi lling to 128 x 128 matrix; averages 30; RPI scantime 
3 minutes per territory (15). For quantifi cation of CBF, a conventional ASL sequence 
was used (17).



Ch
ap

te
r 3

   
  |

   
  P

er
fu

si
on

 te
rr

ito
rie

s 
of

 b
ra

in
 fe

ed
in

g 
ar

te
rie

s

56

Data processing

Data were analyzed using MATLAB (Mathworks, Natick, MA). Perfusion-weighted 
images of the perfusion territories of the selectively labeled brain feeding arteries 
were obtained by subtraction of the labeled from the control images. For a better 
anatomical reference the fat-signal of the anatomical images was projected on the 
RPI images (Figure 2-a). After visual evaluation of the regional perfusion images, an 
expert (P.J.v.L.) manually segmented and registered the perfusion territories on 
a standard brain template (SPM, Wellcome Department of Cognitive Neurology, 
Institute of Neurology, Queen Square, London, UK (18). No further processing of the 
perfusion images was performed prior to manual segmentation and registration on 
the standard brain. Diagnosing of the variants of the circle of Willis was performed 
on the individual source sections of the TOF MRA data set, using a dedicated 
workstation (Easy Vision release 4.3, Philips Medical Systems, the Netherlands). To 
create subgroups of variant types of the circle of Willis, left-sided and right-sided 

Figure 1. Orientation of labeling slab for selective labeling of the ICA, right ICA and VBA. The oblique 
sagittal labeling slab for selectively labeling of the ICA was planned using the MIP of the circle of Willis 
and the coronal PC survey. The coronal labeling slab for selectively labeling of the VBA was planned 
using the MIP of the circle of Willis and the sagittal PC survey.
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variants were pooled. The perfusion territory maps of subjects with a left-sided 
missing A1 segment circle of Willis were mirrored in the midline, whereas perfusion 
territory maps of subjects with a right-sided missing A1 segment remained 
unchanged. Likewise, the perfusion territory maps of subjects with a left-sided 
fetal type PCA circle of Willis were mirrored in the midline, whereas the perfusion 
territory maps of subjects with right-sided fetal type PCA remained unchanged. Of 
the originally 116 subjects included, one subject was not further analyzed because 
this subject had a medial artery of the corpus callosum arising from the ACoA (19), 
bringing the total number of analyzed subjects to 115. This single case was not 
further analyzed since the subgroup (n = 1) was too small to perform any statistical 
analysis. Voxel based χ2 testing with Bonferroni correction (corrected for number of 
brain voxels in the fi ve RPI slices) was performed to analyze diff erences in extent 
of the perfusion territories of the variant and non-variant type circle of Willis. After 
correction, a P value of <.05 was considered statistically signifi cant. For statistical 
analysis MATLAB (Mathworks, Natick, MA) was used. 
For CBF quantifi cation, ROIs were selected in the GM and WM on the basis of 
the control images. Due to the relatively small perfusion territory of the VBA 
no quantifi cation of the WM perfusion in the VBA could be performed. CBF was 
performed on the basis of established kinetic perfusion models (20,21) with the 
following values for the physical constants: inversion effi  ciency = 1.0, T 1-grey-matter = 
1000 msec, T 1-white-matter =700 msec, T 1-blood = 1400 msec and the brain/blood partition 
coeffi  cient of water = 0.9ml/gr. CBF (ml / min / 100gr tissue) was expressed as mean 
± SD. To test for signifi cant diff erences in CBF between anatomical variant types 
of the circle of Willis, one-way analysis of variances (ANOVA) was performed, a P 
value of <.05 was considered statistically signifi cant. Since the one-way ANOVA 
did not show signifi cant diff erences between groups, no further posthoc tests 
were performed. For statistical analysis the standard version of SPSS for Windows, 
version 10.0.7 was used.

Results

An example of representative RPI images of a subject with a missing A1 segment 
and a fetal type PCA is shown in Figure 2. The corresponding TOF MRA of the circle 
of Willis (a) shows a missing A1 segment of the right ACA and a right-sided fetal 
type PCA. The fi ve imaging slices were planned parallel to the orbito-meatal angle 
(b). RPI images of the perfusion territories of the individual ICAs and VBA are 
demonstrated (c). When applying RPI labeling of the left ICA, perfusion weighted 
ASL signal is present in the left MCA perfusion territory and both the left and 
right ACA perfusion territory. When labeling the right ICA, ASL signal is present 
in the right MCA perfusion territory and the right posterior part, while the ACA 
perfusion territory is absent. After labeling of the VBA signal is only present in the 
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Figure 2 Example of representative RPI images of a subject with a missing A1 segment and a fetal type 
PCA. (a) Corresponding TOF MRA of the circle of Willis with a missing A1 segment of the right ACA and a 
right-sided fetal type PCA. (b) Planning of fi ve imaging slices parallel to the orbito-meatal angle. (c) RPI 
images of the perfusion territories of the individual ICAs and VBA. Arrows: 1, missing A1 segment of the 
right ACA; 2, right-sided fetal type PCA.
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left posterior part of the imaging slices, while the right posterior part shows no 
perfusion signal.
Figure 3 shows for the entire population (n = 115) the segmented perfusion territory 
maps of the left ICA, right ICA and VBA projected on a standard brain template. It 
demonstrates a relative large spread in individual perfusion territories. Perfusion 
territory maps of only those subjects without variants (no missing A1 segment or 
fetal type PCA) of the circle of Willis (n = 68), indicate a considerably lower variation 
in perfusion territories (Figure 4). 
Figure 5-a shows the perfusion territory maps for the circle of Willis with a missing A1 
segment (n = 8). The side with the missing A1 segment was standardized to the right 
ICA. After labeling the left ICA both ACAs perfusion territories are present. When 
labeling the right ICA only the right MCA perfusion territory is present. Signifi cant 
diff erences in perfusion territories of the individual ICAs and VBA between the non-
variant type circle of Willis and the circle of Willis with a missing A1 segment are 
shown in Figure 5-b.
Perfusion territory maps for the circle of Willis with a unilateral fetal type PCA
(n = 19) are shown in Figure 6-a. After labeling of the right ICA the perfusion territory 
covers the entire ipsilateral hemisphere. By labeling the VBA, it is shown that in 
these subjects the posterior perfusion territory is restricted to the left posterior 
region. Figure 6-b indicates signifi cant diff erences in perfusion territories between 
the circle of Willis with a unilateral fetal type PCA and the non-variant type circle 
of Willis. 
Figures 7-a, 8-a and 9-a show the perfusion territory maps for the circle of Willis 
with respectively a bilateral fetal type PCA (n = 7), unilateral fetal type PCA and a 
missing A1 segment ipsilateral (n = 9) and unilateral fetal type PCA and a missing 
A1 segment contralateral (n = 4). Signifi cant diff erences in perfusion territories 
between these variants and the non-variant type circle of Willis are demonstrated 
in Figures 7-b and 8-b.
Figures 4 – 9 indicate a relatively small variation in perfusion territories of the individual 
carotid arteries and VBA for subjects with similar anatomy of the circle of Willis.
The mean CBF (± SD) in the gray matter and white matter of the cerebral 
hemispheres of all 115 subjects indicates no signifi cant diff erence in CBF between 
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Figure 3. Perfusion territory maps of the left ICA, right ICA and VBA for the total population (n = 115) 
projected on a standard brain template. Colors correspond to the color bar, which indicates the 
percentage of individuals who demonstrated perfusion in that region of the brain. 

Figure 4. Perfusion territory maps of subjects with the non-variant type of the circle of Willis (n = 68). 
Colors correspond to the color bar, which indicates the percentage of individuals who demonstrated 
perfusion in that region of the brain.
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Figure 5. (a) Perfusion territory maps for a circle of Willis with a missing A1 segment (n = 8). Colors 
correspond to the color bar, which indicates the percentage of individuals who demonstrated perfusion 
in that region of the brain. (b) Signifi cant diff erences in perfusion territories of the individual ICAs and 
VBA are seen between the non-variant type circle of Willis and the circle of Willis with a missing A1 
segment. Colors correspond to the color bar, with logarithmic scale, to indicate signifi cant P values.
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Figure 6. (a) Perfusion territory maps for the circle of Willis with a unilateral fetal type PCA (n = 19). Colors 
correspond to the color bar, which indicates the percentage of individuals who demonstrated perfusion 
in that region of the brain. (b) Signifi cant diff erences in perfusion territories of the individual ICAs and 
VBA are seen between the circle of Willis with a unilateral fetal type PCA and the non-variant type circle 
of Willis. Colors correspond to the color bar, with logarithmic scale, to indicate signifi cant P values.
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Figure 7. (a) Perfusion territory maps for the circle of Willis with a bilateral fetal type PCA (n = 7). Colors 
correspond to the color bar, which indicates the percentage of individuals who demonstrated perfusion 
in that region of the brain. (b) Signifi cant diff erences in perfusion territories of the individual ICAs and 
VBA are seen between the circle of Willis with a bilateral fetal type PCA and the non-variant type circle of 
Willis. Colors correspond to the color bar, with logarithmic scale, to indicate signifi cant P values
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Figure 8. (a) Perfusion territory maps for the circle of Willis with a unilateral fetal type PCA and a missing 
A1 segment ipsilateral (n = 9). Colors correspond to the color bar, which indicates the percentage 
of individuals who demonstrated perfusion in that region of the brain. (b) Signifi cant diff erences in 
perfusion territories of the individual ICAs and VBA are seen between this variant type circle of Willis 
(unilateral fetal type PCA and missing A1 segment),  and the non-variant type circle of Willis. Colors 
correspond to the color bar, with logarithmic scale, to indicate signifi cant P values.
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Figure 9. Perfusion territory maps for the circle of Willis with a unilateral fetal type PCA and a missing A1 
segment contralateral (n = 4). Colors correspond to the color bar, which indicates the percentage of 
individuals who demonstrated perfusion in that region of the brain. 
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the anatomical variants of the circle of Willis (Table 1). 

Discussion

The most important fi ndings of the present study are threefold. Firstly, we 
demonstrated in-vivo, signifi cant variation in perfusion territories of the anterior 
circulation (individual ICAs) and posterior circulation (VBA). Secondly, the variation 
in perfusion territories of the individual ICAs and VBA is mainly caused by anatomical 
variants of the circle of Willis. Subcategories of subjects with a complete circle of 
Willis, with a missing A1 segment and with a unilateral or bilateral fetal type PCA 
showed considerably lower variation in perfusion territory. Finally, no signifi cant 
diff erence in CBF in grey and white matter among the anatomical variants of the 
circle of Willis was found.
The perfusion territory maps for the entire population indicate high variation in 
perfusion territories for the individual ICAs and VBA. In the literature, Duret was the 
fi rst to describe the cortical vascular area distribution (4), and since then, several 
studies on the areas of supply of the major cerebral arteries have been performed 
(5-11). Most authors claimed that the pattern of vascular distribution is relatively 
fi xed. However, an extensive review of the literature on this subject, demonstrated 
that there are many discrepancies between the results of most studies and there 
are no arguments available to negate the possibility of a large variability of the 
territorial distribution (12). This variability as well as the diff erences in investigation 
technique, injection materials and specimen conditions, could have led to these 
dissimilar results. In their published maps of vascular variability based on autopsy 
series, Van der Zwan and colleagues demonstrated that the variability of the 
cerebral vascular territories is signifi cantly greater than previously assumed (13,14). 
In their experimental design, Van der Zwan and co-workers have paid special 
attention to the simultaneous injection procedure as well as investigation under 
meticulously standardized conditions. The high variation in perfusion territories of 
the individual ICAs and VBA in a population found in the present study seems to 
be in accordance with the fi ndings of Van der Zwan et al. However, Van der Zwan 
and colleagues investigated the individual fl ow territories of the ACAs, MCAs and 
posterior cerebral arteries (PCAs), above the level of the circle of Willis. In contrast 
to Van der Zwan, our data suggest that the variation in perfusion territories of the 
individual ICAs and VBA is mainly caused by anatomical variants of the circle of 
Willis. We found that the variation in perfusion territories of the individual ICAs and 
VBA is relatively small for subjects with similar morphology of the circle of Willis. 
The fi nding that the confi guration of the circle of Willis strongly aff ects the extent 
of cerebral perfusion territories seems relevant since several studies have shown 
that about half of healthy control subjects have an anatomical variant type, such as 
a missing A1 segment of the ACA or a fetal type PCA (19, 22-24). In the anterior part 
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of the circle of Willis the variant type with a missing A1 segment has prevalence 
up to 10% (19). In the posterior part of the circle of Willis the variant type with 
a unilateral fetal type PCA has prevalence up to 25% and the bilateral fetal type 
PCA up to 10% (19,24). The prevalence of variant types in our study corresponds 
to these percentages. Still, a limitation of the present study is that in our study no 
fl ow directions have been included. It should be realized that, although our data 
show that diff erences in the anatomy of the circle of Willis strongly aff ect the extent 
of perfusion territories, diff erences in fl ow direction in a single circle variant type 
will have an additional eff ect. Although in some cases fl ow direction is associated 
with the individual circle of Willis variant, e.g. subjects with a unilateral fetal type 
PCA are likely to have anterior to posterior fl ow in the ipsilateral PCoA, in many 
cases fl ow direction is uncertain or unpredictable. For instance, in subjects with 
a non-variant type circle of Willis or with the missing A1 variant, fl ow direction in 
the PCoAs is not known. It is obvious that the presence of antegrade or retrograde 
fl ow in this vessel has eff ect on both the perfusion territory of the posterior 
circulation as well as on the anterior circulation on that side. Moreover, in subjects 
with an anatomically complete anterior part of the circle of Willis, no information is 
available about the fl ow direction (nor the importance of it) in the ACoA. In other 
words, when only utilizing anatomical information in these subjects to predict the 
perfusion territory of the ICAs, it is not known whether an individual ICA supplies 
two, one or none of the ACAs. Additionally, in patients with symptomatic or 
asymptomatic unilateral narrowing of the ICA it is well known that, because of a 
decreased ipsilateral perfusion pressure, cross fl ow via the anterior part of the circle 
of Willis may occur from the contralateral ICA to the MCA on the stenosed side. It 
is obvious that this has major consequences for the distribution of the ipsi- and 
contralateral ICA perfusion territories. Therefore, determination of fl ow directions 
in the circle of Willis, in addition to determination of the anatomical circle of Willis 
variant, is essential to predict more accurately the location of perfusion territories 
in the individual patient. 
Our results confi rm the fi ndings reported in the study of Lee and co-workers. In 
this study probabilistic ICA perfusion territory maps in the brain of 22 patients with 
temporal lobe epilepsy using SPECT were reconstructed, showing a considerable 
spread in the ICA perfusion territory (25). The main diff erence between the study 
of Lee et al. and our study is that we also investigated the perfusion territory of 
the VBA, and additionally studied the eff ect of diff erences in the morphology of 
the circle of Willis on the variation of all perfusion territories. Furthermore, the 
technique used in the current study avoids the use of ionizing radiation.
A limitation of selective ASL MRI is the possibility of contamination of arteries from 
other vascular territories. When labeling the VBA, the curved anatomy of the ICA 
in the neck will incidentally lead to superfl uous labeling of the proximal ICAs. This 
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artifactual residual labeling of the ICAs will however be very small. Because only 
1-2 cm of the ICAs will eff ectively be labeled, this results in poor effi  ciency of the 
labeling in this case. Consequently, the ICA perfusion territory will be present as 
small background signal, which can easily be distinguished from the hyperintense 
signal in the perfusion territory of the adequately labeled VBA. A second limitation 
of the present study is that our population comprised a majority of men (84%) 
with a mean (± SD) age of 58 ± 9 years. Especially the inclusion of relatively elderly 
individuals limits the generalization of our results, since Krabbe-Hartkamp et 
al. demonstrated that the prevalence of the complete circle of Willis is higher in 
younger subjects, contrary, no diff erences were found between males and females 
(19).
In conclusion, the variation in perfusion territories of the individual ICAs and VBA 
is relatively small within subgroups of subjects with non-variant type and variant 
types of the circle of Willis. To relate focal brain lesions to underlying perfusion 
territories in individual cases, knowledge of the anatomy of the circle of Willis is 
essential.
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Introduction

In patients with occlusive disease of the ICA, collateral circulation is important to 
maintain adequate cerebral perfusion (1,2). The primary collateral pathway is the 
circle of Willis with the possibility of redistributing fl ow from the contralateral ICA 
via the ACoA or from the VBA via the PCoA. Secondary collaterals include the ECA 
via the ophthalmic artery and leptomeningeal anastomoses at the brain surface 
(3).
The results of several studies have demonstrated that adequate collateral circulation 
may prevent the development of hemodynamic failure (4-8). In contrast, fi ndings 
from one study showed no benefi cial eff ect of increased fl ow to the brain or of 
increased intracranial collateral fl ow (9), and fi ndings from other studies showed 
that the presence of leptomeningeal collaterals was associated with an increased 
risk of future ischemic stroke (10,11). 
The actual contribution of the individual collateral pathways is diffi  cult to assess 
and  quantify. MRA and TCD may show the presence of collateral fl ow, but they do 
not show the actual contribution to brain perfusion. IaDSA off ers more information 
and shows also the distal arteries of the collateral pathway (5). However, to visualize 
all the collateral pathways this technique requires an invasive, selective three-vessel 
approach. 
Recently, selective ASL MRI was introduced as a non-invasive means of studying the 
selective contribution of individual arteries to brain perfusion (12). The purpose of 
our study was to prospectively investigate the extent of the perfusion territories of 
the contralateral ICA and VBA in patients with symptomatic ICA occlusion.
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Materials and methods

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

Patients and Control Subjects

Twenty-three consecutive patients (22 men and 1 woman, mean (± SD) age 58 ± 
8 years) who met our study criteria, were included between March and November 
2003. All patients had ICA occlusion that was associated with transient or minor 
disabling ischemic attacks (modifi ed Rankin score 0-2), within six months prior to 
referral (13). Patients who had experienced a severe stroke in the past that caused 
major disability (modifi ed Rankin score 3-5) were not included. Eighteen patients 
(17 men and 1 woman, mean (± SD) age 57 ± 8 years) had a unilateral ICA occlusion, 
and 5 patients (5 men, mean (± SD) age 59 ± 5 years) a bilateral ICA occlusion. The 
diagnosis and grading of ICA obstruction and VBA lesions were performed with ia-
DSA according to the criteria of the NASCET (14). The presence of collateral fl ow via 
the circle of Willis (ie, via the ipsilateral A1 segment or via the PCoA) was assessed 
with iaDSA and MRA according to a previously published protocol (15). Collateral 
fl ow via leptomeningeal anastomoses was judged to be present if iaDSA showed 
cortical branches extending from the PCA into the vascular territory of the MCA. 
Anterior collateral fl ow in the circle of Willis may comprise (a) fl ow from the non-
occluded side across the ACoA to the A2 segment on the side of the ICA occlusion 
only or (b) fl ow from the  non-occluded side across the ACoA and retrograde fl ow 
in the A1 segment on the occluded side supplying both the A2 segment and the 
MCA on the side of the ICA occlusion. In our study, anterior collateral fl ow was 
defi ned as fl ow across the ACoA and retrograde fl ow in the A1 segment on the 
occluded side, supplying both the A2 segment and the MCA on the side of the 
occlusion. Therefore, fl ow across the ACoA only supplying the A2 segment on the 
occluded side was not considered anterior collateral fl ow. Posterior collateral fl ow 
was defi ned as antegrade fl ow via PCoA or as the presence of leptomeningeal 
anastomoses. In the group of patients with unilateral ICA occlusion (n = 18), 12 
patients had both posterior collateral fl ow and anterior collateral fl ow, fi ve patients 
had posterior collateral fl ow only and one patient had only anterior collateral fl ow. 
The control group consisted of sixty-eight age-matched subjects (57 men, and 11 
women, mean (± SD) age 59 ± 9 years) without abnormalities on MRI and MRA 
of the brain and without hemodynamically important ICA stenosis (less than 
70% reduction in diameter) or ICA occlusion on duplex ultrasound. All control 
subjects had a non-variant type circle of Willis. Subjects with stroke, TIA or known 
intracerebral vascular abnormalities were excluded from the control group. 
Sample size was calculated by using the results of previous studies that investigated 
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the prevalence of diff erences in posterior and anterior collateral fl ow patterns 
between patients with ICA occlusion and control subjects (15,16). In these studies, 
researchers showed that 40% of patients with ICA obstruction (15) and 10% of 
control subjects (16) have reversed fl ow in the PCoA. By using a type 1 error (α) of .05 
and a type 2 error of .10 (β), the minimum required total sample size to demonstrate 
possible diff erences in posterior perfusion territories is 78. To demonstrate possible 
diff erences in anterior perfusion territories the minimum required sample size is 
22 (50% of patients with ICA obstruction and 0% of control subjects have reversed 
fl ow in the A1 segment of the ACA on the symptomatic side). Our total sample 
amounts 91. 

Magnetic resonance imaging

MR imaging was performed by using a 1.5-T whole body system (Gyroscan ACS-
NT, Philips Medical Systems, The Netherlands). Perfusion territory imaging was 
achieved by using the RPI sequence (12), which is based on the pulsed ASL TILT 
(17-19). With RPI, selective labeling is obtained by using the sharp labeling profi les 
of the TILT labeling pulses (20) and by interactively planning the spatially selective 
inversion slabs to invert the targeted artery only. 
To generate the perfusion images, control images and labeled images were obtained. 
For the labeled images, inversion of infl owing spins was achieved by applying two 
consecutive slice-selective 90˚ RF pulses in a single slab. For the control images, the 
phase of the second 90˚ RF pulse was shifted by 180˚, resulting in a 0˚ net eff ect 
(ie, 90˚ minus 90˚) whereas global magnetization transfer eff ects were identical. 
Subsequently to the labeling pulses, three 90˚ saturation pulses followed by strong 
dephasing gradients were applied on the imaging sections to remove the direct 
eff ects of the TILT labeling pulses. Each saturation pulse was  followed by a series of 
strong dephasing gradients in all three directions to spoil all remaining transverse 
magnetization. When this saturation  and dephasing scheme is not used, a high 
intense band is present in the perfusion weighted images (label minus control) at 
the point of intersection of the labeling slab and the imaging sections. In our study, 
the range of the saturation slab was set from 10 mm below the lowest imaging 
section to 45 mm above the highest imaging section. This asymmetric saturation 
slab was used to reduce the signal contribution of the veins. 
The labeling delay time was set to 1600 msec. Five imaging sections were planned 
parallel to the orbito-meatal angle, and were acquired in cranial to caudal direction 
with a delay time of 25 msec between sections. For image acquisition, a single shot 
EPI readout was used. Other MR parameters for the RPI sequence were 3000/5.6 
repetition time msec/echo time msec, 62% partial Fourier acquisition, 5 sections 
acquired, 8-mm section thickness, 1-mm section gap, 240 x 240-mm fi eld of view, 
64 x 64 matrix, zero fi lling to a 128 x 128 matrix, 3336.7 Hz bandwidth per pixel, 30 
signals acquired, RPI scan time 3 minutes per territory. 
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The size of the labeling slab can be adjusted in one direction and is infi nite in the 
other two directions. Planning of the selective labeling volume was performed 
on the basis of PC surveys in the coronal and sagittal planes 14/7, 20° fl ip angle, 
250 x 250-mm fi eld of view, 4 signals acquired, coronal: 1 section; 60-mm section 
thickness, sagittal: 2 sections; 50-mm section thickness, 5-mm section gap 
(overlapping sections), 30 cm/s velocity sensitivity; scan time 35 seconds and TOF 
MR angiograms of the circle of Willis 30/6.9, 20° fl ip angle, 100 x 100-mm fi eld of 
view, 256 x 256 matrix, 2 signals acquired, 1.2-mm section thickness with 0.6 mm 
overlap; 50 sections, scan time 2 minutes) with subsequent MIP reconstruction. For 
the selective labeling of the ICA, an oblique sagittal labeling slab was chosen on 
the basis of the MIP of the circle of Willis and the coronal PC survey. The slab was 
aligned such that a single ICA was labeled and signal contribution from the VBA 
was minimized (Figure 1). For selective labeling of the VBA, a coronal labeling slab 
was used on the basis of the MIP of the circle of Willis and the sagittal PC survey. 

Figure 1 Planning of the inversion 
slabs for selective labeling of the 
left ICA and VBA in a patient with 
symptomatic right-sided ICA 
occlusion. The oblique sagittal 
labeling slab for selectively 
labeling of the left ICA was 
planned by using (a) coronal PC 
survey and (b) the transverse MIP 
of the TOF of the circle of Willis. 
The coronal labeling slab for 
selectively labeling of the VBA 
was planned using the sagittal PC 
survey (c) and the transverse MIP 
of the ToF of the circle of Willis 
(d). Arrows: 1, BA; 2, left ICA.

Data processing

Data were analyzed using MATLAB (Mathworks, Natick, Mass). Perfusion-weighted 
images of the perfusion territories of the selectively labeled cerebral arteries 
were obtained by subtracting the labeled images from the control images. After 
visual evaluation of the resulting subtracted images, one of the authors (P.J.v.L.) 
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manually outlined and fi lled the perfusion images. These segmented images were 
registered on a standard brain template (SPM, Wellcome Department of Cognitive 
Neurology, Institute of Neurology, Queen Square, London, UK) (21,22) (Figure 2). 
This process was performed for all perfusion territories in all subjects. Because 
no signifi cant diff erences in perfusion territories were found between patients 
with left-sided and patients with right-sided ICA occlusions,  all patients with left-
sided and patients with right-sided symptomatic ICA occlusions were pooled: the 
perfusion territory maps of subjects with a left-sided symptomatic ICA occlusion 
were mirrored in the midline, whereas perfusion territory maps of subjects with 
a right-sided symptomatic ICA occlusion remained unchanged. To create groups, 
the perfusion territories (registered on a standard brain template) of the individual 
subjects were combined. These combined perfusion territory maps were color 
coded and expressed as probability maps: 100% (ie, a region of the brain with red 
overlay) indicated that all subjects demonstrated perfusion in that region; 0% (ie, a 
region of the brain with no overlaid color) indicated that no subjects demonstrated 
perfusion in that the region of the brain. 

Statistical analysis

Voxel based χ2 testing with Bonferroni correction (corrected for number of brain 
voxels in the RPI sections) was performed to analyze signifi cant diff erences in extent 
of the perfusion territories between patients and control subjects. After correction, 
a P value of less than .05 was considered to indicate a statistically signifi cant 
diff erence. Areas of infarction were a priori excluded from the data analysis (six 
subjects with a cortical lesion; one subject with a subcortical lesion; four subjects 
with a cortical and subcortical lesion). Because the perfusion territory maps were 
expressed as percentage, the exclusion of cerebral infarcts infl uenced the power 
of the statistical analysis only. For statistical analysis MATLAB (Mathworks, Natick, 
MA) was used. 

Results

Patients with unilateral ICA occlusion

The segmented perfusion territory maps of the contralateral non-occluded ICA 
and VBA that were projected on a standardized brain template for all subjects 
with symptomatic unilateral ICA occlusion (n = 18) showed a relatively large 
variation in perfusion territories (Figure 3a). Perfusion territory maps of control 
subjects (Figure 3b) indicated a considerably lower variation in perfusion territories. 
Signifi cant diff erences (P <.05) in perfusion territories of the non-occluded ICA and 
VBA between the patients with symptomatic unilateral ICA occlusion and control 
subjects (Figure 3c) demonstrated that, in patients with unilateral ICA occlusion, the 
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Figure 2 Pictorial description of post-processing method (based on one set of transverse images of a 
patient with symptomatic right-sided ICA occlusion) resulting from selective labeling of the left ICA 
with the RPI sequence. By subtracting labeled images from control images, perfusion-weighted images 
of the left ICA perfusion territory were obtained. Subtracted images were manually outlined, fi lled, and 
registered on a standard brain template. Bottom row shows the combined perfusion territory maps of 
individual subjects (n = 18), expressed as a probability map. Colors correspond to the color bar, which 
indicates the percentage of individuals who demonstrated perfusion in that region of the brain.
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Figure 3 Transverse perfusion territory maps projected on a standard brain template in (a) patients with 
unilateral ICA occlusion (n = 18) of the contralateral ICA and VBA and (b) control subjects (n = 68). In 
a, the side with symptomatic occlusion was standardized to the right ICA. Colors correspond to the 
color bar, which indicates the percentage of individuals who demonstrated perfusion in that region of 
the brain. (c) Signifi cant diff erences in perfusion territories of the left ICA and VBA are seen between 
patients with unilateral symptomatic ICA occlusion and control subjects. Colors correspond to the color 
bar, with logarithmic scale, to indicate signifi cant P values. In all regions with signifi cant diff erences, the 
percentage of patients that demonstrated perfusion territories was higher than for control subjects.

a

b

c
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VBA supplied a signifi cantly larger part of the MCA perfusion territory ipsilateral to the 
side of the ICA occlusion. In these patients the perfusion territory of the contralateral 
ICA was substantially extended into the ACA perfusion territory on the side of the 
ICA occlusion.
Perfusion territory maps of patients with symptomatic unilateral ICA occlusion who 
had both posterior collateral fl ow and anterior collateral fl ow (n = 12) (Figure 4a) 
showed that the non-occluded contralateral ICA supplied the ACA and, to a lesser 
extent, the MCA perfusion territory ipsilateral to the side of the ICA occlusion. The VBA 
supplied the largest part of the MCA perfusion territory on the side of the occlusion. 
Perfusion territory maps in the fi ve patients with absence of anterior collateral fl ow 
(Figure 4b) indicated that the VBA supplied the MCA perfusion territory on the side of 
the occluded ICA. The perfusion territory of the contralateral ICA was extended to the 
ipsilateral ACA only and not to the ipsilateral MCA perfusion territory. 

Figure 4 Transverse perfusion territory maps of patients with unilateral ICA occlusion with (a) both anterior 
and posterior collateral fl ow (n = 12) or (b) posterior collateral fl ow only (n = 5). In a, the side with the 
symptomatic occlusion was standardized to the right ICA. Anterior collateral fl ow indicates retrograde 
fl ow in ipsilateral A1 segment; posterior collateral fl ow indicates fl ow via PCoA or leptomeningeal 
anastomoses. Colors correspond to the color bar, which indicates the percentage of patients who 
demonstrated perfusion in that region of the brain.

a

b
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Patients with bilateral ICA occlusion

Because the ICA was occluded on both sides, only the VBA were labeled (Figure 5a) 
for the perfusion territory maps of the VBA in patients with bilateral ICA occlusion 
(n = 5). Signifi cant diff erences (P <.05) in perfusion territories of the VBA between 
patients with bilateral ICA occlusion and control subjects were noted (Figure 5b). 
In patients with bilateral ICA occlusion, the VBA supplied a signifi cantly (P <.05) 
larger part of the MCA and the ACA perfusion territories compared with those in 
the control subjects. 

a

b

c

Figure 5 Transverse perfusion territory maps of the VBA in (a) patients with symptomatic bilateral ICA 
occlusion (n = 5) and (b) control subjects (n = 68). Colors correspond to the color bar, which indicates 
the percentage of individuals who demonstrated perfusion in that region of the brain. Note that b 
corresponds to the bottom row of fi gure 3b. (c). Signifi cant diff erences in perfusion territories of the 
VBA are seen between patients with symptomatic bilateral ICA occlusion and control subjects. Colors 
correspond to the color bar, with logarithmic scale, to indicate signifi cant P values. In all regions with 
signifi cant diff erences, the percentage of patients that demonstrated perfusion territories was higher 
than for control subjects.

Discussion

Perfusion territory maps in patients with symptomatic ICA occlusion showed 
signifi cant diff erences in perfusion territories of the contralateral ICA and VBA 
compared with those in control subjects. In patients with ICA occlusion the MCA 
perfusion territory ipsilateral to the occluded ICA was mainly supplied by the 
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VBA, whereas the ACA perfusion territory on the side of the occlusion was mainly 
supplied by the contralateral ICA.
The results of previous post-mortem studies have shown large variability in the 
vascular territories of the human brain (23,24). In this light it is not surprising that 
our results show a considerable variation in the individual territorial distribution. 
Because we examined patients with symptomatic ICA occlusion who had no major 
neurological defi cit, collateral pathways are expected to exist in these patients to 
reroute the blood to compensate for absent ipsilateral ICA fl ow, thereby resulting 
in altered territorial supply. To our knowledge, our study is the fi rst to actually show 
the extent of these altered perfusion territories in patients with symptomatic ICA 
occlusion. 
Our results show that variation in perfusion territories of the contralateral ICA 
and VBA in patients with unilateral ICA occlusion is partly caused by diff erences 
in collateral fl ow pattern via the circle of Willis. In the subgroup of patients with 
presence of anterior collateral fl ow (defi ned as retrograde fl ow in ipsilateral A1 
segment), the contralateral ICA supplied the ACA perfusion territory ipsilateral to 
the occluded ICA and only a small part of the ipsilateral MCA perfusion territory. In 
the subgroup of patients with absence of anterior collateral fl ow, the contralateral 
ICA still supplied the ipsilateral ACA via the ACoA but did not supply the ipsilateral 
MCA perfusion territory. Irrespective of the presence of anterior collateral fl ow, 
the VBA supply most of the MCA perfusion territory on the side of the occluded 
ICA. This indicates the importance of the VBA for the blood supply of the MCA 
perfusion territory on the side of the ICA occlusion. In previous studies in patients 
with unilateral ICA occlusion, researchers demonstrated the relative importance 
of collateral fl ow originating from the contralateral ICA via the ACoA (25-29) or 
from the VBA (16,30-32) for the perfusion of the hemisphere on the side of the ICA 
occlusion. 
Compared with perfusion territory maps in control subjects, the perfusion territory 
maps in patients with bilateral ICA occlusion demonstrate that the VBA contribute 
signifi cantly more to the MCA and the ACA perfusion territories on both sides. This 
fi nding is consistent with previous studies in patients with symptomatic bilateral 
ICA occlusion. It was found that, when both ICAs were occluded, fl ow through the 
BA was increased 2.5-fold compared with control subjects, indicating that the BA is 
the main supplying artery (4). 
Thirteen (72%) of 18 patients with unilateral ICA occlusion had collateral blood 
fl ow via the A1 segment and 10 (56%) of 18 patients had collateral fl ow via the 
PCoA. In previous studies of patients with a unilateral ICA occlusion, researchers 
demonstrated that the percentage of patients with collateral fl ow via the A1 
segment varied between 43% and 72%, whereas the prevalence of collateral 
fl ow via the PCoA varied between 32% and 76% (6,8,11,15,29,33). Seven (39%) 
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of 18 patients had posterior collateral fl ow via leptomeningeal anastomoses. The 
results of a recent review on leptomeningeal anastomoses demonstrated large 
inter-individual variability in the distribution, size, and number of leptomeningeal 
anastomoses (34).  
A limitation of our study may be that selective ASL was performed at a single delay 
time between labeling and imaging. In general, this delay time is suffi  cient for 
adequate exchange of the label within the brain. However, with severe obstruction 
of the main brain feeding arteries, and the subsequent presence of collateral fl ow, 
the arrival time of the blood at the brain may be en have delayed. This may have 
resulted in an underestimation of the perfusion territory. However, the results of 
a previous study in patients with ICA occlusion demonstrated that a delay time of 
1600ms (which was also used in our study) is a good trade off  between, SNR, tracer 
washout, and T1 relaxation (35). 
The perfusion territory maps of the VBA in patients with bilateral ICA occlusion 
showed brain areas that demonstrated no perfusion. Other sources of cerebral 
blood collateral fl ow (eg, the ECA via the ophthalmic artery or leptomeningeal 
anastomoses) may be important for these regions (3). The imaging technique used 
in our study does not take into account fl ow from the ipsilateral ECA. In previous 
studies, researchers found that nearly all patients with bilateral ICA occlusion had 
retrograde fl ow in the ophthalmic artery (15). 
In conclusion, functionally independent patients with symptomatic ICA occlusion 
have a large variation in perfusion territories ipsilateral to the ICA occlusion. In these 
patients, the MCA perfusion territory on the side of the ICA occlusion is mainly 
dependent on collateral fl ow originating from the VBA, whereas the contralateral 
ICA is important for the ACA perfusion territories on both sides.
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Introduction

In patients with symptomatic ICA occlusion, collateral pathways are used to 
compensate for diminished blood fl ow (1). These collaterals include the connections 
through the circle of Willis, the connections arising from leptomeningeal 
anastomoses on the brain surface, and the extracranial-to-intracranial collaterals, 
most often via the ipsilateral ECA and the ophthalmic artery (2). 
The results of several studies in patients with occlusive disease of the ICA have 
demonstrated that presence of ECA collateral fl ow may prevent the development of 
hemodynamic failure (3,4). In contrast, fi ndings from one study showed no benefi cial 
eff ect of ECA collateral fl ow (5), and fi ndings from other studies showed that the 
presence of collateral circulation via the ECA was associated with hemodynamic 
impairment (6,7). The actual contribution of the ECA to cerebral perfusion instead of 
the simple presence or absence of ECA collateral supply may explain contradicting 
fi ndings of either favourable or impaired cerebral hemodynamics with presence of 
ECA collateral fl ow.
Thus far, the contribution of the ECA to cerebral perfusion in patients with 
symptomatic ICA occlusion was diffi  cult to assess. IaDSA, MRA, and TCD have 
shown the presence of ECA collateral fl ow, but not the extent of the contribution 
to cerebral perfusion (3,5,7-9). Recently, selective ASL MRI was introduced as a 
method to quantify the contribution of individual arteries to the perfusion of the 
brain (10). 
The aim of the present study was to investigate the contribution of the ipsilateral 
ECA to cerebral perfusion in patients with symptomatic ICA occlusion.
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Materials and methods

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

Patients

Thirty consecutive patients (24 men and 6 women, mean age, 63 years ± 10 (SD) 
who met our study criteria were included between June 2004 and December 2006. 
All patients had an angiographically proven unilateral proximal ICA occlusion that 
was associated with transient or minor disabling ischemic attacks (modifi ed Rankin 
score of 0-2) (11) within 6 months prior to referral. Patients who had experienced a 
severe stroke in the past that caused major disability (modifi ed Rankin score of 3-5) 
were not included. 

Intraarterial DSA

To assess the presence of ECA collateral pathways, biplane (anterior-posterior and 
lateral) iaDSA intracranial views were examined. ECA collaterals were recognized 
on the angiogram by the contrast fi lling of the ECA, ophthalmic artery, carotid 
siphon, MCA, ACA, or PCA following a selective common carotid artery injection 
on the side of the ICA occlusion. The appearance of the ECA collaterals was then 
graded on a 3-point scale (9): 1, slight collateral distribution, often with dilution 
(e.g., no fi lling of ophthalmic artery); 2, small but defi nite collateral supply (e.g., 
retrograde fl ow in ophthalmic artery with fi lling of carotid siphon); 3, full collateral 
fi lling (e.g., to  MCA and/or ACA and/or PCA) (Figure 1). Grading of ECA obstruction 
was performed with iaDSA. The mean degree of stenosis in the ipsilateral ECA was 
23% (SD ± 31%). Four (13%) of 30 patients had an ECA stenosis of 70% or greater.

Magnetic resonance imaging

MR imaging was performed by using a 1.5-T or 3.0-T whole-body system (Philips 
Medical Systems, Best, The Netherlands). Perfusion territory imaging of the 
ipsilateral ECA and the other brain feeding arteries (contralateral ICA and VBA) was 
achieved by using the RPI sequence (10), which is based on a pulsed ASL TILT (12-
14). With RPI, selective labeling is obtained by using the sharp labeling profi les of 
the TILT pulses (15) and by interactively planning the spatially selective inversion 
slabs to invert the targeted artery only. Planning of the selective labeling volume 
was performed on the basis of transversal source images of the TOF MRA of the 
brain feeding arteries (Figure 2). Five imaging sections were planned parallel to the 
orbitomeatal angle and were acquired in the cranial to caudal direction, with a 
delay time of 25 msec between sections. The labeling delay time (inversion time) 
was set at 1600 msec. For image acquisition, a single shot EPI readout was used. 
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Figure 1 Intracranial anterior-posterior (AP) and lateral (LAT) views of selective iaDSA of the common 
carotid artery on the side of the ICA occlusion in three patients, demonstrating the degree of collateral 
fl ow from the ipsilateral ECA on the side of the ICA occlusion. ECA grade 1: slight collateral distribution, 
often with dilution (no fi lling of ophthalmic artery). ECA grade 2, small but defi nite collateral supply 
(retrograde fl ow in ophthalmic artery with fi lling of carotid siphon). ECA grade 3, full collateral fi lling (to 
MCA and/or ACA).

Figure 2 Planning of the selective ASL MRI slabs in a patient with a left sided ICA occlusion for perfusion 
territory imaging of the left ECA, right non-occluded ICA and VBA. The labeling slabs are planned based 
on the transverse source images of the TOF MRA of the brain feeding arteries.
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Other MR parameters for RPI were 3000/5.6 repetition time msec/echo time msec 
(1.5-T); 4000/23 repetition time msec/echo time msec (3.0-T); 62% partial Fourier 
acquisition; 8-mm slice thickness; 1-mm section gap; 240 x 240-mm fi eld of view; 
64 x 64 matrix; zero fi lling to a 128 x 128 matrix; 30 signals acquired; RPI scan time 
3 minutes per territory. 
To quantify the contribution of the ipsilateral ECA to the rCBF (in milliliters per 
minute per 100 gram tissue), a multi inversion time selective ASL sequence was 
used. For selective ASL at multiple inversion times, the detection part of the RPI 
pulse sequence (8) was replaced by a series of 13 low fl ip angle excitations followed 
by single shot EPI readouts (16).

Data processing 

Data were analyzed as described previously (17). In brief, after visual evaluation 
of the perfusion territory images, one author (P.J.v.L.) manually segmented and 
registered the perfusion territories on a standard brain template (SPM; Wellcome 
Department of Cognitive Neurology, Institute of Neurology, London, England) (18). 
Because no signifi cant diff erences in perfusion territories were found between 
patients with left-sided ICA occlusion and those with right sided ICA occlusion, all 
patients with ICA occlusions were pooled. The perfusion territory maps of patients 
with left-sided  ICA occlusion were mirrored in the midline, whereas perfusion 
territory maps of patients with right-sided symptomatic ICA occlusion remained 
unchanged. For rCBF quantifi cation, one author (P.J.v.L.) selected ROIs that enclosed 
the brain perfusion territory of the ECA closely. Quantifi cation was performed on 
the basis of established kinetic perfusion models with the following values for the 
physical constants: effi  ciency of the inversions pulse = 1.0; longitudinal relaxation 
rate of tissue = 1.0 s-1 (1.5-T) or 1.2 s-1 (3.0-T); longitudinal relaxation rate of blood 
= 0.71 s-1 (1.5-T) or  1.65 s-1 (3.0-T); brain/blood partition coeffi  cient of water = 0.9 
ml/g.

Statistical analysis

Diff erences in rCBF between patients with ECA grade 2 and patients with ECA grade 
3 were analyzed with Student’s t-test. A P value of less than .05 was considered to 
indicate a signifi cant diff erence. For statistical analysis, SPSS for Windows, version 
10.0.7 was used.

Results

Figure 3 shows the ECA collateral pathways on iaDSA, and the ASL MRI perfusion 
territory images of the ECA on the side of the occlusion, the left sided non-occluded 
ICA and the VBA in a 62-year old patient with TIA’s associated with a right sided ICA 
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Figure 3 Top: Intracranial anterior-posterior (AP) and lateral (LAT) views of the selective angiogram of the 
common carotid artery on the side of the ICA occlusion in a 62-year old patient with TIA’s associated 
with a right sided ICA occlusion, demonstrating grade 3 ECA collateral fl ow: fi lling to MCA and ACA. 
Bottom: Transverse ASL MRI perfusion territory images in the same patient. When the ECA on the side 
of the ICA occlusion was labeled selectively, perfusion signal was observed in the right MCA territory. 
When labeling the left sided non-occluded ICA, signal was detected in the left MCA territory and in both 
the left and right ACA territories. The perfusion territory of the VBA supplied the posterior part of the 
imaging slices and extended into the MCA territory ipsilateral to the side of the ICA occlusion.
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occlusion.  
The segmented perfusion territory maps of the ECA on the side of the occlusion, 
the contralateral non-occluded ICA and the VBA that were projected on a standard 
brain template for all patients with unilateral ICA occlusion (n = 30) showed a 

Figure 4 Transverse segmented perfusion territory maps of the ECA ipsilateral to the ICA occlusion, the 
non-occluded contralateral ICA and the VBA in all patients with ICA occlusion. Colors correspond to the 
color bar, which indicates the percentage of patients who demonstrated perfusion in that region of the 
brain.

relatively large variation in perfusion territories (Figure 4). 
Six (20%) of 30 patients with unilateral ICA occlusion had ECA grade 1 collateral fl ow 
on iaDSA, 6 (20%) patients had ECA grade 2 collateral fl ow, and 18 (60%) patients 
had ECA grade 3 collateral fl ow. Subcategories of patients with ECA grade 1, grade 
2 and grade 3 showed considerably lower variation in perfusion territories of the 
ECA ipsilateral to the side of the ICA occlusion compared with the group as a whole 
(Figure 5). The perfusion territory maps in patients with ECA grade 1 demonstrated 
that the ECA in these patients did not contribute to the cerebral blood fl ow. In 
patients with grade 2 the ECA supplied a focal region of the ipsilateral MCA territory, 
and in patients with grade 3 the ECA supplied the MCA and, to a lesser extent, the 
ACA perfusion territory ipsilateral to the side of the occlusion.
Although the brain region that is supplied by the ECA is larger in the grade 3 group 
than in the grade 2 group, the mean rCBF of the perfusion territory supplied by 
the ECA on the side of the ICA occlusion, showed no signifi cant diff erence (P value 



Ch
ap

te
r 5

   
  |

   
  A

ss
es

sm
en

t 
of

 t
he

 c
on

tr
ib

ut
io

n 
of

 t
he

 e
xt

er
na

l c
ar

ot
id

 a
rt

er
y 

to
 b

ra
in

 p
er

fu
si

on
 

A
ss

es
sm

en
t 

of
 t

he
 c

on
tr

ib
ut

io
n 

of
 t

he
 e

xt
er

na
l c

ar
ot

id
 a

rt
er

y 
to

 b
ra

in
 p

er
fu

si
on

 

96

= .70) in rCBF between patients with ECA grade 2 collateral fl ow (mean ± SD 57 ± 
16 ml/min/100gr) and patients with ECA grade 3 collateral fl ow (60 ± 12 ml/min/
100gr) (Table 1).

Discussion

Our study in patients with symptomatic unilateral ICA occlusion demonstrated that 
although the brain region that is supplied by the ECA is larger in the grade 3 group 
than in the grade 1 group, the mean rCBF of the perfusion territory supplied by the 
ECA is similar in both groups.
The ipsilateral ECA can be an important extracranial-to-intracranial collateral in 

Figure 5 Transverse segmented perfusion territory maps of the ECA ipsilateral to the side of the ICA 
occlusion in patients with ICA occlusion. Colors correspond to the color bar, which indicates the 
percentage of patients who demonstrated perfusion in that region of the brain.

ECA grading rCBF

ECA grade 1  (n = 6) -

ECA grade 2  (n = 6) 57 ± 16

ECA grade 3  (n = 18) 60 ± 12

Table 1 Quantitative rCBF supplied by the ECA in patients with 
unilateral ICA occlusion.

Data are mean ± SD (in ml/min/100gr)
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patients with symptomatic ICA occlusion (2). In our study, twenty-four (80%) of 
30 patients with unilateral ICA occlusion had retrograde, collateral fl ow in the 
ophthalmic artery ipsilateral to the side of the occlusion on iaDSA. In previous 
studies of patients with unilateral ICA occlusion, researchers demonstrated that 
the percentage of patients with retrograde fl ow in the ophthalmic artery varied 
between 36% and 89% (3,5,7,8,19). The inclusion of patients who had no major 
neurological defi cit may explain the relative high prevalence of collateral fl ow in 
the ophthalmic artery in our study. Thus far, the extent of the contribution of the 
ipsilateral ECA to cerebral perfusion in patients with symptomatic ICA occlusion 
has  remained unclear. The presence of collateral fl ow via the ECA as assessed with 
TCD has been associated with relatively preserved cerebral hemodynamics (3,4). 
Other studies have found contradicting results and showed that the presence of 
ECA collateral pathways assessed with iaDSA or TCD was associated with impaired 
cerebral hemodynamic measurements (6,7). In these studies collateral supply via 
the ECA was only assessed as present or absent and could not be quantifi ed as 
is possible by the method we have presented in this study. This may explain the 
discrepant fi ndings of either favourable or impaired cerebral hemodynamics with 
presence of ECA collateral fl ow.
The results of previous postmortem and in-vivo studies have shown large variability 
in perfusion territories of the major brain feeding arteries in healthy subjects and 
in patients with carotid occlusive disease (17,20,21). In this light, it is not surprising 
that our results show a considerable variation in individual territorial distribution. 
Because we examined patients with ICA occlusion who had no major neurological 
defi cit, collateral pathways are expected to exist in these patients to reroute blood 
to compensate for absent ipsilateral ICA fl ow, thereby resulting in altered territorial 
supply.
In the past decade, numerous selective ASL methods have been developed to 
image the perfusion territories of individual brain feeding arteries. Selective ASL 
techniques have been introduced to assess the perfusion territories of the individual 
common carotid arteries (22-24), the individual ICAs and the VBA (10,25-28). Other 
selective ASL methods have enabled perfusion territory mapping of intracranial 
arteries, such as the ACA and MCA (27,29). Thus far, no method was presented to 
selectively label the ECA. The combination of ICA occlusion and the selective ASL 
method enabled us to perform perfusion territory mapping of the ECA ipsilateral 
to the side of the occlusion. ASL MRI rCBF measurements are highly comparable 
with rCBF measurements obtained with PET (30). Similar to the quantifi cation of 
rCBF with non-selective ASL MRI, rCBF quantifi cation in patients with ICA occlusion 
requires more advanced selective ASL techniques (31). With delayed collateral fl ow 
the label will have a delayed arrival at the brain tissue and ASL techniques with 
measurements at a single time point may suff er from underestimation of the rCBF 
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in the areas with collateral blood supply (32). Acquiring images at multiple time 
points, as we did in our study, can prevent underestimation of rCBF. In addition to 
ASL at multiple time points, several methods have been developed to render ASL 
MRI relatively insensitive to transit delays by applying saturation pulses to obtain 
sharply defi ned and a uniform shape of the bolus profi le (33,34). Using selective 
ASL MRI, we demonstrated the contribution of the ECA to the regional CBF of the 
region of the brain that we showed to be perfused via the ECA collateral pathway. 
Identifi cation of the perfusion territories may help in the evaluation of the actual 
territorial contribution of individual collateral arteries (2,35). For instance, in 
patients with a severe stenosis of an ECA ipsilateral to an ICA occlusion, knowledge 
of the actual contribution of the ECA may help to select patients who may benefi t 
most from vascular intervention of the ipsilateral ECA (36).
In conclusion, we showed that in patients with symptomatic ICA occlusion focal 
brain regions may strongly depend on the contribution to cerebral perfusion of the 
ECA ipsilateral to the side of the ICA occlusion, even in patients with a limited ECA 
collateral supply on iaDSA. The contribution of the ECA to rCBF as assessed by ASL 
MRI could be taken into account when considering intervention of an ECA stenosis 
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in patients with symptomatic ICA occlusion. 
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Introduction

In patients with a severe symptomatic stenosis of the ICA, CEA reduces the risk 
of recurrent stroke (1,2). Removal of the atheromatous plaque as a source of 
thromboembolism decreases the risk of embolic stroke (3) and may prevent the 
progression of a stenosis to occlusion (4). Moreover, improvement of cerebral 
perfusion after CEA may further decreases stroke risk by a better wash out of 
cerebral embolisms from the borderzone areas (5). CAS has emerged  as a potential 
alternative to CEA for the treatment of high-grade ICA stenosis. However, the 
recently published results of major trials directly comparing CAS with CEA have a 
tendency to show a lower rate of death and stroke with CEA (6,7). We hypothesized 
that a potential diff erence in outcome may be explained by a diff erence in 
hemodynamic improvement after CEA and CAS. CEA has previously been shown 
to restore collateral blood fl ow distribution (8-11) and normalize rCBF (12,13). 
However, the hemodynamic eff ects of CAS on  the collateral blood supply and rCBF 
have not been established.
Thus far, the actual contribution of individual collateral pathways is diffi  cult to 
assess and to quantify. MRA and TCD in patients with ICA stenosis depict collateral 
fl ow, but not its actual contribution to brain perfusion (11,14). IaDSA off ers more 
information, showing also the distal arteries of a collateral pathway. However, to 
visualize all collateral pathways this technique requires an invasive, selective four-
vessel approach (15). The current methods to measure rCBF in patients with ICA 
obstruction (such as PET and SPECT) are invasive, using an injection of radioactive 
tracers or contrast agents (12,16).  
Recently, ASL MRI was introduced as the fi rst method to quantify the actual territorial 
contribution of individual arteries as well as to non-invasively  measure rCBF (ml/
min/100gram tissue) (17). The aim of our study was to investigate alterations in 
perfusion territories and rCBF in patients with symptomatic ICA stenosis and to 
compare them with healthy control subjects. In addition, we investigated whether 
possible diff erences in perfusion territories and rCBF were present between 
patients undergoing CEA and patients undergoing CAS.
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Materials and methods

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

Patients and Control Subjects

Between November 2004 and July 2005, twenty-four consecutive patients (15 men 
and 9 women, age 67 ± 9 years) with ICA stenosis of 50% or greater who had been 
symptomatic in the previous 12 weeks were included in the study. Sixteen patients 
had transient ischemic attacks and eight patients had minor ischemic stroke (Rankin 
grade 2 or better) (18). All patients were participants of the International Carotid 
Stenting Study, a randomized controlled trial to compare CEA and CAS. All patients 
provided written informed consent. In our institution, additional MRI investigations 
were performed in all patients. The ethics committee of our institution approved 
the additional MRI investigations and separate written informed consent was 
obtained from all patients. Patients who had had a stroke causing major disability 
(modifi ed Rankin score 3-5) were excluded (18). All patients underwent CE-MRA 
and duplex ultrasonography. Grading of stenosis in the ICA was performed with 
CE-MRA according to NASCET criteria (19). Several diagnostic studies showed high 
sensitivities and specifi cities of CE-MRA compared to iaDSA for the detection of 
ICA stenosis according to the NASCET criteria (20,21). CAS was performed in twelve 
patients (8 men and 4 women, age 68 ± 8 years) and twelve patients underwent CEA 
(7 men and 5 women, age 66 ± 11 years). In the CAS group, the mean ± SD degree 
of stenosis in the ipsilateral ICA was 80 ± 14% and 36 ± 32% in the contralateral 
ICA. In the CEA group, the degree of stenosis in the ipsilateral ICA was 83 ± 12% 
and 30 ± 20% in the contralateral ICA. The degree of stenosis in the ipsilateral 
ICA after CAS was 3 ± 9% and after CEA 5 ± 9%. None of the patients had a more 
than 30% stenosis in the VBA on CE-MRA. All operations and CAS procedures were 
uncomplicated. Morphology assessment of the circle of Willis was performed on 
the individual source sections of the TOF MRA (TR 30 msec; TE 6.9; fl ip angle 20°), 
using a workstation (Easy Vision, Philips Medical Systems, Best, the Netherlands). 
Sixteen patients (67%) had a non-variant type circle of Willis, fi ve (21%) had a fetal 
type PCA and three (13%) had a missing A1 segment. 
The control group consisted of forty subjects (25 men, and 15 women, age 67 ± 8 
years) matched for age and sex, without abnormalities on MRI and MRA images of 
the brain and without ICA stenosis of 30% or greater on duplex ultrasonography. 
Twenty-six control subjects (65%) had a non-variant type circle of Willis, ten (25%) 
had a fetal type PCA and four (10%) had a missing A1 segment. 
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Magnetic resonance imaging

The ASL MRI investigations were performed 1 day before and 1 month (27-35 
days) after carotid revascularization on a 1.5 T whole body system (Gyroscan ACS-
NT, Philips Medical Systems, Best, the Netherlands). The technique of perfusion 
territory mapping of the brain feeding arteries with ASL MRI has been described in 
detail in previous articles (17,22). Briefl y, perfusion territory mapping was achieved 
with RPI, which is based on a PASL sequence with selective labeling of the ipsilateral 
ICA, contralateral ICA, and VBA. After a labeling delay of 1600 msec, fi ve slices were 
acquired in cranial to caudal direction with a delay time of 25 msec between slices. 
For image acquisition a single shot EPI readout was used. Other MRI parameters 
of the RPI scans were: TR 3000 msec; TE 5.6 msec; 62% partial Fourier acquisition; 
slice thickness 8 mm; slice gap 1 mm; fi eld-of-view 240 x 240 mm; matrix 64 x 64; 
zero fi lling to 128 x 128 matrix; averages 30; RPI scan time 3 minutes per territory. 
To quantify rCBF in milliliters per minute per 100 gram tissue, a conventional 
multi-inversion-time non-selective ASL sequence was used (23). The coeffi  cient of 
variation of the ASL MRI measurements is 11 % (24).

Data processing 

Data were analyzed as described previously (17). In brief, after visual evaluation of 
the RPI images, one of the authors (PJVL) manually segmented and registered the 
perfusion territories on a standard brain template (SPM, Wellcome Department of 
Cognitive Neurology, Institute of Neurology, London, UK) (25). Left-sided and right-
sided symptomatic ICA stenosis were pooled: perfusion territory maps of subjects 
with right-sided symptomatic ICA stenosis were mirrored in the midline, whereas 
perfusion territory maps of subjects with left-sided symptomatic ICA stenosis 
remained unchanged. For rCBF quantifi cation, ROIs were selected in the GM of 
the perfusion territory of the MCA. Quantifi cation was performed on the basis of 
established kinetic perfusion models with the following values for the physical 
constants: inversion effi  ciency = 1.0, T 1-grey-matter = 1000 msec, T 1-white-matter =700 msec, 
T 1-blood = 1400 msec and the brain/blood partition coeffi  cient of water = 0.9 ml/gr 
(26,27). 

Statistical analysis

Voxel based Chi-square testing with Bonferroni correction for the number of 
brain voxels in the RPI slices was performed to analyze diff erences in extent of 
the perfusion territories. After correction, P <.05 was considered statistically 
signifi cant. Diff erences in rCBF between baseline and 1 month after intervention 
were analyzed with paired sampled t-test. Diff erences in rCBF between patients and 
control subjects, between CAS and CEA, and between ipsilateral and contralateral 
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hemisphere were analyzed with Student’s t-test. P <.05 was considered signifi cant. 
For statistical analysis SPSS for Windows, version 10.0.7, was used. Baseline and 
rCBF data are expressed as mean ± SD.

Results

Perfusion territories

Figure 1 shows the representative perfusion territory images of a 56-year old man 
with a symptomatic left-sided ICA stenosis of 90%, resulting from selective labeling 
of the stenotic ICA, contralateral ICA and VBA before and after CAS. 
Perfusion territory maps of patients with symptomatic ICA stenosis show that 
the stenotic ICA supplies a signifi cantly (P <.05) smaller part of the ACA perfusion 
territory than in controls (Figure 2a). In these patients the perfusion territory of the 
contralateral ICA is signifi cantly (P <.05) extended into the ACA perfusion territory 
on the side of the stenosis (Figure 2b). The VBA in patients with ICA stenosis is 
signifi cantly (P <.05) extended into the MCA perfusion territory on the side of the 
stenosis (Figure 2c). 
Perfusion territory maps of the ipsilateral ICA, contralateral ICA and VBAs after CAS 
are shown in Figure 3a. After CAS, no signifi cant diff erences in perfusion territories 
between patients and control subjects were found. Changes in perfusion territories 
did not diff er between patients who CAS and those who had CEA (Figure 3b). 
Postoperatively, no signifi cant diff erences were seen between patients and control 
subjects. 

Figure 1 Perfusion territory images of a 56-year old man before and after CAS of the 90% stenosis in the 
left ICA. When the stenosed left ICA is labeled selectively, perfusion signal is observed only in the left 
MCA territory. After CAS, the fl ow territory of the left ICA has extended into the ipsilateral ACA territory. 
When labeling the right ICA before intervention, signal is detected in the right MCA territory and in both 
the left and right ACA territories. But after CAS, the fl ow territory is restricted to the right ACA and MCA 
territories. Before CAS, the territory of the VBA extends into the MCA fl ow territory ipsilateral to the ICA 
stenosis, but after intervention the fl ow territory is restricted to the posterior part of the imaging slices.
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a

b

c

Figure 2 Perfusion territory maps of the (a) ipsilateral ICA, (b) contralateral ICA, and (c) 
VBA for all patients (top rows) and control subjects (middle rows). Colors indicating the 
percentage of subjects that demonstrated perfusion in that brain region. The bottom rows 
show diff erences in perfusion territories between patients and control subjects. Color bar 
with logarithmic scale indicate signifi cant p-values.
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Regional cerebral blood fl ow

Figure 4 shows for patients and control subjects the rCBF for the GM of the ipsilateral 
and the contralateral hemisphere. Before CAS, rCBF in the ipsilateral hemisphere 
(60.2 ± 16.9 ml/min/100gr) was signifi cantly lower than in the contralateral 
hemisphere (72.3 ± 13.9 ml/min/100gr; P <.05) and in control subjects (78.7 ± 18.4 
ml/min/100gr; P <.05). After CAS, rCBF in the ipsilateral hemisphere signifi cantly 
increased (68.9 ± 9.2 ml/min/100gr; P <.05). In patients undergoing CEA, rCBF in the 
ipsilateral hemisphere (60.9 ± 13.7 ml/min/100gr) was signifi cant lower than in the 
contralateral hemisphere (70.9 ± 11.5 ml/min/100gr; P <.05) and control subjects 
(P <.05). Postoperatively, ipsilateral rCBF increased signifi cantly (71.2 ± 13.9 ml/

a

b

Figure 3 Perfusion territory maps of patients after (a) CAS or (b) CEA of the ipsilateral ICA. 
Colors indicating the percentage of subjects that demonstrated perfusion in that brain 
region.
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min/100gr; P <.05). No signifi cant diff erence in rCBF was found between patients 
who had CAS and patients undergoing CEA. After carotid revascularization, no 
signifi cant diff erences in rCBF between patients and control subjects were seen.

Discussion

The present study had three fi ndings that were most important. First, in patients 
with recently symptomatic severe ICA stenosis the perfusion territory of the 
stenotic ICA was smaller and the territories of the contralateral ICA and VBA were 
larger than those in control subjects. Second, CAS resulted in a normalization of 
the territorial distribution and rCBF. Third, the degree of improvement was similar 
to that seen after CEA.
In the light of the recently published CEA versus CAS trials which have a tendency 
to show a lower stroke risk in the CEA group relative to the CAS group (6,7), we 
hypothesized that a potential diff erence in outcome may be explained by a 
diff erence in the hemodynamic improvement after CEA and CAS in addition to 
thromboembolic risks related to CAS. Especially, during the stenting procedure and 
the early post-intervention period an adequate regional cerebral hemodynamics 
may have the ability to wash out emboli and prevent ischemia and  infarction 
(5,28). In this respect, Henderson and colleagues demonstrated in a sub-analysis of 
the NASCET data, that the collateral capacity of the cerebral circulation infl uences 
the stroke risk both in the control group and in the CEA group in the perioperative 
period (15). In the present study, we demonstrate that the normalization of the 
regional cerebral hemodynamics, both the rCBF and the perfusion territories of the 

Figure 4 Mean rCBF for the GM of the ipsilateral and contralateral hemisphere in 
patients before and after CAS and CEA, and in control subjects.
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brain feeding arteries, is similar for the CAS and the CEA group. This is in agreement 
with previous studies demonstrating a normalization of blood fl ow in the ICAs and 
VBAs after CEA (8-10),  restoration of vessel diameters of the circle of Willis, and 
redistribution of collateral fl ow patterns in the circle of Willis (11).
Our fi nding of a signifi cantly smaller perfusion territory of the stenotic ICA as 
compared with control subjects is consistent with previous reports of a reduced 
contribution from the stenotic ICA to the total blood supply (8,9). Since we studied 
patients with severe ICA stenosis without major neurological defi cit, collateral 
pathways are expected to exist in these patients to reroute the blood to compensate 
for the relatively small perfusion territory of the stenotic ICA (29). The perfusion 
territory maps in our study demonstrate that in patients with severe ICA stenosis, 
the contralateral ICA is important for the supply of the ACA territory ipsilateral to 
the stenotic ICA, and the VBA for the perfusion of the ipsilateral MCA territory. 
Additionally, in subjects with an anatomical variant type of the circle of Willis, it 
is know that the confi guration of the circle of Willis strongly aff ects the extent of 
the cerebral perfusion territories (17). For instance, in patients with unilateral ICA 
stenosis and an ipsilateral missing A1 variant, the contralateral ICA may supply the 
perfusion territories of both ACAs. Several studies have demonstrated that the 
variant type of the circle of Willis with a missing A1 segment has a prevalence up to 
10% (30-32). In the posterior part of the circle of Willis the variant type with a fetal 
type PCA has a prevalence up to 25% (32,33). The prevalence of variant types in our 
study corresponds to these percentages.
In our study, rCBF in the hemisphere ipsilateral to the stenotic ICA improved after CAS 
in a manner similar to that of CEA. We observed a small but signifi cant 15% increase 
in ipsilateral rCBF after CAS and 17% increase after CEA, which is similar to the extent 
of increases reported in previous studies after CEA or CAS (12,13,34). However, 
others did not demonstrate any change in rCBF after carotid revascularization 
(8,35). It is diffi  cult to compare the results of these studies, since patients included 
diff er considerably in severity of stenosis and collateral circulation. 
The fi nding of a lower rCBF in the hemisphere ipsilateral to the stenosis as compared 
the contralateral hemisphere may have been caused by diff erences in transit delays 
within the ROI (36). Such a distribution in transit delay can occur when the posterior 
and anterior circulation simultaneously supplies brain tissue. In such cases, transit 
delays diff er even within a single voxel, making also single voxel approaches 
erroneous. Extension of the selective ASL technique to a multiple-inversion-times 
sequence could circumvent these quantifi cation problems. In our study, rCBF values 
measured in the GM of the contralateral hemisphere and in control subjects are 
in agreement with previous ASL rCBF measurements at multiple inversion times 
(37,38). Furthermore, measured rCBF values are in agreement with previous PET 
based perfusion values (39). We therefore think rCBF diff erences measured in the 
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present study are real and not caused by technical errors.
Potentially the CE MRA measurement of ICA stenosis may be slightly overestimated 
compared to iaDSA, however this will be similar in the CAS and the CEA group 
(20,21).
In conclusion, in patients with recently symptomatic severe ICA stenosis, CAS 
results in a normalization of the territorial distribution and rCBF in a manner similar 
to that of CEA. Although the true role of CAS in the management of ICA stenosis 
remains to be determined by large randomized trials, this study suggests that 
there is no diff erence in cerebral hemodynamic eff ect between both approaches. 
ASL MRI is a non-invasive method of monitoring the hemodynamic eff ects of CAS 
and CEA in patients with ICA stenosis. This method may be useful for non-invasive 
quantifi cation of possible hemodynamic eff ects of a restenosis, which may not be 
similar in the CAS and CEA subgroups. In addition, ASL MRI may provide valuable 
information to measure rCBF in patients with cerebral hyperperfusion syndrome 
after CAS or CEA.
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Summary

The ability to visualize the perfusion territories of the brain feeding arteries 
is important for many clinical applications. In acute stroke, the delineation of 
individual perfusion territories may demonstrate the collateral contribution to the 
ischemic penumbra, and may allow diff erentiation between a thromboembolic and 
hemodynamic etiology of stroke. In addition, perfusion maps of the brain with a clear 
demarcation of the individual perfusion territories might also be used to localize 
the origin of an embolus. In chronic cerebrovascular disease, identifi cation of the 
perfusion territories may help in the evaluation of the actual territorial contribution 
of individual collateral arteries, in particularly in patients with extracranial steno-
occlusive disease. Further knowledge of the cerebral perfusion territories may 
explain diff erences in clinical outcome, and potentially expand treatment options 
for both acute stroke and chronic cerebrovascular disease. In this thesis we highlight 
the possibilities of selective ASL MRI in the assessment of the perfusion territories 
of the brain feeding arteries. In the past decade, the optimization of selective ASL 
MRI techniques to assess the brain perfusion territories has resulted in numerous 
labeling approaches and an increasing number of clinical applications (chapter 

2). We describe the possibilities of selective ASL MRI and show the importance of 
perfusion territory information in studying the cerebral circulation in both patients 
with and without steno-occlusive disease. 
In a large population without steno-occlusive disease, we show large inter-individual 
variability in perfusion territories, and it is demonstrate that the wide variation 
observed from the entire population is mainly caused by anatomical variants of 
the circle of Willis (chapter 3). The fi nding that the confi guration of the circle of 
Willis strongly aff ects the extent of the cerebral perfusion territories seems relevant 
since the majority of healthy control subjects have an anatomical variant type, such 
as missing A1 segment of the ACA or a fetal type PCA (chapter 1). Furthermore, 
numerous intermediate variant types of the circle of Willis exist, in which selective 
ASL will demonstrate the contribution of each vessel to the regional perfusion. 
The anatomical variability of the cerebrovasculature causes intersubject diff erences 
in the perfusion territories of the brain feeding arteries, and may limit the potential 
of the cerebral circulation to compensate for steno-occlusive disease. In addition 
to the large variability at the level of the circle of Willis, large anatomical variation 
at the level of the arteries in the neck (for example, a 30% prevalence of hypoplasia 
of a vertebral artery) is found (chapter 1). With the presence of a severe stenosis or 
occlusion, the intersubject diff erences in the anatomy of the arteries in the neck (fi rst 
level) and the circle of Willis (second level) directly aff ect the perfusion territories 
of the major brain feeding arteries (third level). Furthermore, the combination 
of stenosis severity, and vascular anatomy will defi ne the ability of the cerebral 
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vasculature to develop eff ective collateral pathways to compensate for severe 
steno-occlusive disease. In specifi c patients groups with cerebrovascular disease, 
such as carotid artery stenosis or occlusion, selective ASL MRI provides valuable 
hemodynamic information when added to current MRI protocols (chapter 4 – 6). 
We found that in patients with symptomatic ICA occlusion, the MCA perfusion 
territory on the side of the occluded ICA is mainly dependent on collateral fl ow 
originating from the VBA, whereas the contralateral ICA is important for the ACA 
perfusion territories on both sides (chapter 4). Furthermore, selective ASL MRI is 
suited for non-invasive follow up after vascular interventions, such as CAS or CEA. 
We demonstrate that in patients with recently symptomatic severe ICA stenosis, 
CAS results in a normalization of the territorial distribution in a manner similar to 
that of CEA (chapter 6). 
Currently, iaDSA is the standard for visualizing the cerebral vascular tree, and 
for assessing collateral fl ow at the level of the circle of Willis or leptomeningeal 
anastomoses at the brain surface. IaDSA off ers excellent information on the 
presence of collateral fl ow, showing also the distal arteries of a collateral pathway. 
However, iaDSA does not provide quantitative information on the actual perfusion 
of the brain, and to visualize all the collateral pathways this technique requires an 
invasive, selective three-vessel approach. In the future, selective ASL MRI may be 
capable to replace diagnostic iaDSA in a selected group of patients. For instance, in 
patients with a severe stenosis of an ECA ipsilateral to an ICA occlusion, knowledge 
of the actual contribution of the ECA to cerebral perfusion as assessed by ASL 
MRI may help to select patients who may benefi t most from endarterectomy of 
the ipsilateral ECA (chapter 5). We found that in patients with symptomatic ICA 
occlusion, focal brain regions strongly depend on the contribution to cerebral 
perfusion of the ECA ipsilateral to the side of the ICA occlusion, even in patients 
with a limited ECA collateral supply on iaDSA. 

General discussion

This most important fi ndings of this thesis are twofold. Firstly, we demonstrate 
that the perfusion territories of the brain feeding arteries are considerably 
variable. Secondly, the variation in perfusion territories is mainly caused by 
anatomical variants of the circle of Willis, large artery steno-occlusive disease, or 
the combination of both. 
The cerebral vascular territories are generally described as relatively invariant. 
Numerous standard atlases and textbooks show schematic drawings of the ‘normal’ 
territorial distribution (1-8). Most of these drawings are based on combinations of 
postmortem studies and assume a symmetrical and negligible variable territorial 
distribution. Recently, van der Zwan and colleagues found wide variability in 
the cerebral vascular territories (9,10). The high variation in perfusion territories 
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of the major brain feeding arteries demonstrated in this thesis seems to be 
in accordance with the fi ndings of van der Zwan. However, van der Zwan 
investigated the territories of the ACAs, MCAs, and PCAs, above the circle of 
Willis. In contrast to van der Zwan, our in-vivo perfusion territory maps suggest 
that the variation of the perfusion territories of the individual ICAs and VBA is 
mainly caused by anatomical variation at the level of the arteries in the neck and 
at the level of the circle of Willis. We found that the variation of the perfusion 
territories is relatively small for subjects with similar morphology of the circle 
of Willis and arteries in the neck. Although van der Zwan and co-workers paid 
special attention to simultaneous injection as well as investigation under 
standardized conditions, the non-physiologic perfusion distribution in these 
postmortem studies may explain the discrepant fi ndings.
The fi nding that the confi guration of the circle of Willis strongly aff ects the 
extent of the cerebral perfusion territories seems relevant since up to 65% of 
healthy control subjects have an anatomical variant type (11). In addition to 
the large variability at the level of the circle of Willis, our results demonstrated 
that the presence of a severe stenosis or occlusion at the level of the arteries in 
the neck has major consequences for the distribution of the cerebral perfusion 
territories. Obstructive arterial disease at the level of the arteries in the neck is 
found in about 8% in the general healthy population (Framingham study) (12), 
up to 30% in patients with symptomatic cerebral ischemia (13). In patients with 
steno-occlusive disease, the inter-individual diff erences in the vascular anatomy 
at the level of the circle of Willis, directly aff ect the extent of the perfusion 
territories of the major brain feeding arteries. 
The large variability of the cerebral territorial distribution demonstrated in this 
thesis has major implications for the clinical diagnosis and treatment of stroke 
(Figure 1). For example, physicians considering whether to treat acute stroke 
often use anatomic CT or MR images to assess aff ected vascular territories, and 
to determine whether infarction is embolic or hypotensive in nature (14,15). 
However, the results of this thesis demonstrate that neither the territories 
aff ected nor the nature of stroke can be accurately diagnosed on the basis of 
such anatomic studies. Currently used schematic drawings of the cerebral fl ow 
territories are based on standard atlases, and therefore give no certainty on the 
extent of the territories in the individual patient. To know more accurately the 
location of the perfusion territories, one should visualize them.
In conclusion, the interaction of stenosis severity, multi-vessel disease, and 
vascular anatomy defi nes the location and the extent of the perfusion territories 
of the brain feeding arteries. To relate focal brain lesions to underlying perfusion 
territories in individual cases, knowledge of the territorial distribution is 
essential.
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Figure 1 Patient with acute stroke and a right-sided ICA occlusion. Top row: Diff usion weighted imaging 
MRI shows ischaemic infarction in right temporal hemisphere. Bottom row: Perfusion territory images 
using ASL MRI demonstrate the sources of collateral blood supply (right ECA and left ICA) to the areas 
surrounding the ischemic core. 

Red color = perfusion territory of the right ECA; green color = perfusion territory of the left ICA; blue 
color = perfusion territory of the VBA.
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Samenvatting

De mogelijkheid om de stroomgebieden van de hersenvaten af te beelden is 
voor veel klinische toepassingen van belang. In het geval van acute ischemie 
kan de weergave van de individuele stroomgebieden de collaterale bijdrage aan 
de penumbra laten zien en helpen om te diff erentiëren tussen een thrombo-
embolische en hemodynamische oorzaak van de ischemie. Daarnaast kan 
een schets van de territoria met een duidelijke afbeelding van de individuele 
stroomgebieden van de hersenvaten ook gebruikt worden om de afkomst van een 
embolie te bepalen. Bij chronische cerebrovasculaire ziekten kan de identifi catie 
van de stroomgebieden helpen om de bijdrage van de individuele collaterale 
vaten te evalueren, in het bijzonder bij patiënten met extracraniële vernauwing 
of afsluiting van de halsvaten. Meer kennis van de cerebrale stroomgebieden 
zou verschillen in klinische uitkomsten tussen patiënten kunnen verklaren en de 
behandelingsopties voor zowel acute ischemie als chronische cerebrovasculaire 
ziekten kunnen uitbreiden. In dit proefschrift brengen wij de mogelijkheden van 
selectieve arteriële spin labeling (ASL) MRI aan het licht voor het afbeelden van de 
stroomgebieden van de hersenvaten. Het optimaliseren van  selectieve ASL MRI 
technieken voor het afbeelden van de cerebrale stroomgebieden heeft de afgelopen 
decennia geresulteerd in verscheidene methoden en een groeiend aantal klinische 
toepassingen (hoofdstuk 2). Wij beschrijven de mogelijkheden van ASL MRI en laten 
het belang zien van informatie over de stroomgebieden in het bestuderen van de 
cerebrale circulatie bij zowel patiënten met als zonder vernauwing of afsluiting van 
de halsvaten.
In een grote populatie zonder vernauwing of afsluiting van de halsvaten laten wij 
zien dat er grote interindividuele variabiliteit in stroomgebieden is en dat deze 
variatie met name veroorzaakt wordt door anatomische varianten van de cirkel 
van Willis (hoofdstuk 3). De bevinding dat de confi guratie van de cirkel van Willis 
de omvang van de cerebrale stroomgebieden sterk beïnvloedt lijkt van belang.  
omdat ongeveer de helft van alle gezonde controles een anatomische variant, 
zoals de afwezigheid van het A1 segment van de arteria (a.) cerebri anterior of een 
foetale a. cerebri posterior (hoofdstuk 1). Bovendien bestaan er vele intermediaire 
varianten van de cirkel van Willis, waarbij selectieve ASL de bijdrage van elk vat aan 
de regionale hersendoorbloeding laat zien. De anatomische variabiliteit van de 
cerebrale vasculatuur veroorzaakt interindividuele verschillen in stroomgebieden 
van de hersenvaten en kan de mogelijkheden van de cerebrale circulatie om te 
compenseren voor vernauwing of afsluiting van de halsvaten beperken. Behalve 
de grote variabiliteit op het niveau van de cirkel van Willis, bestaat er grote variatie 
op het niveau van de vaten in de nek (bijvoorbeeld 30% prevalentie van  hypoplasie 
van de a. vertebralis). In geval van een ernstige stenose of occlusie zullen de 
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interindividuele verschillen in de morfologie van de vaten in de nek (niveau 1) en 
de cirkel van Willis (niveau 2) direct invloed hebben op de stroomgebieden van de 
hersenvaten (niveau 3). De combinatie van de ernst van de stenose en de vasculaire 
anatomie zal bepalen in welke mate de cerebrale vasculatuur de mogelijkheid 
heeft eff ectieve collateralen te ontwikkelen om te compenseren voor ernstige 
vernauwing of afsluiting van de halsvaten.
Wanneer selectieve ASL MRI wordt toegevoegd aan bestaande MRI protocollen, 
kan dit waardevolle hemodynamische informatie opleveren in specifi eke patiënten 
populaties met cerebrovasculaire ziekten, zoals patiënten met een vernauwing 
of afsluiting van de a. carotis interna (hoofdstuk 4–6). Wij vonden in patiënten 
met een symptomatische afsluiting van een a. carotis interna, dat het a. cerebri 
media stroomgebied aan de kant van de afsluiting met name wordt voorzien 
door de a. basilaris terwijl de contralaterale a. carotis interna belangrijk is voor het 
stroomgebied van de a. cerebri anterior (hoofdstuk 4). Daarnaast is selectieve ASL 
MRI geschikt voor niet-invasieve follow-up van patiënten na vasculaire interventies, 
zoals een carotis stent plaatsing en een carotis desobstructie operatie. Wij laten 
zien dat in patiënten met een symptomatische ernstige vernauwing van de a. 
carotis interna, een stent plaatsing op dezelfde wijze resulteert in een normalisatie 
van de territoriale verdeling  als een operatie (hoofdstuk 6). 
Momenteel is intra-arteriële digitale subtractie angiografi e (DSA) de standaard 
methode voor het visualiseren van de vaatboom in de hersenen en voor het
afbeelden van de collaterale bloedstroom in de cirkel van Willis en de 
leptomeningeale collateralen aan het breinoppervlak. Intra-arteriële DSA levert 
voortreff elijke informatie op over de aanwezigheid van collateralen en laat 
tegelijkertijd de meest distale arteriae van een collateraal zien. Echter, intra-
arteriële DSA verschaft geen informatie over de weefseldoorbloeding en om alle 
collateralen af te beelden is een invasieve, selectieve catheterisatie van drie vaten 
nodig. In de toekomst is selectieve ASL MRI mogelijk in staat om diagnostische 
intra-arteriële DSA te vervangen in bepaalde patiënten populaties.  Bij patiënten 
met een symptomatische afsluiting van de a. carotis interna en een ernstige 
vernauwing in de a. carotis externa aan de zijde van de afsluiting bijvoorbeeld, 
kan kennis over de actuele bijdrage van de a. carotis externa,  verkregen met ASL 
MRI, helpen bij de selectie van patiënten die het meeste baat hebben bij een 
desobstructie van de ipsilaterale a. carotis externa (hoofdstuk 5). Wij vonden dat 
in patiënten met een symptomatische afsluiting van de a. carotis interna, focale 
hersengebieden sterk afhankelijk zijn van de bijdrage van de a. carotis externa  
aan de weefseldoorbloeding, zelfs in patiënten met beperkte aanwezigheid van a. 
carotis externa collateralen op intra-arteriële DSA.
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Algemene discussie

De belangrijkste bevindingen van dit proefschrift zijn tweeledig. Ten eerste laten 
wij zien dat de stroomgebieden van de hersenvaten aanzienlijk variabel zijn. Ten 
tweede blijkt dat de variatie in stroomgebieden met name wordt veroorzaakt door 
anatomische varianten van de cirkel van Willis, door vernauwing of afsluiting van 
de halsvaten, of door  een combinatie van beide.
De cerebrale stroomgebieden worden in het algemeen als invariabel beschreven. 
Vele standaard atlassen en tekstboeken laten schematische tekeningen zien van de 
’normale’ territoriale verdeling (1-8). De meeste van deze tekeningen zijn gebaseerd 
op combinaties van postmortem onderzoek en veronderstellen een symmetrische 
en een te verwaarlozen variabele territoriale verdeling. Recent lieten van der Zwan 
en collegae een grote variatie in de cerebrale vasculaire territoria zien (9,10). De grote 
variatie in stroomgebieden van de grote hersenvaten in dit proefschrift lijken in 
overeenstemming te zijn met de resultaten van van der Zwan. Echter, van der Zwan 
onderzocht de territoria van de a. cerebri anterior, a. cerebri media, en a. cerebri 
posterior, boven het niveau van de cirkel van Willis. In tegenstelling tot van der Zwan, 
tonen de in-vivo stroomgebieden in dit proefschrift aan dat de variabiliteit van de 
stroomgebieden van de halsvaten met name wordt bepaald door de anatomische 
variatie op het niveau van de vaten in de nek en op het niveau van de cirkel van Willis. 
Wij vonden dat de variatie in de stroomgebieden relatief klein is voor personen 
met eenzelfde morfologie van de cirkel van Willis en vaten in de nek. Hoewel van 
der Zwan bijzondere aandacht heeft besteed aan de onderzoekstechniek (o.a. 
gelijktijdig opspuiten van vaten) onder gestandaardiseerde omstandigheden, zou 
de niet-fysiologische hersendoorbloeding verdeling in deze postmortem studies, 
de verschillen in stroomgebieden mogelijk kunnen verklaren. 
De bevinding dat de confi guratie van de cirkel van Willis een sterke invloed heeft 
op de verdeling van de cerebrale stroomgebieden lijkt van belang, omdat 65% van 
de algemene populatie een anatomische variant van de cirkel heeft (11). Behalve 
grote variatie op het niveau van de cirkel van Willis laten onze resultaten zien dat 
de aanwezigheid van een ernstige vernauwing of afsluiting op het niveau van de 
slagaders in de hals, verstrekkende consequenties heeft  voor de verdeling van 
de cerebrale stroomgebieden. Ernstige verstopping van de halsslagaders wordt 
van 8% in de algemene populatie (12), tot 30% in patiënten met symptomatische 
hersenischemie gevonden (13). In patiënten met vernauwing of afsluiting van 
de halsvaten zullen de interindividuele verschillen in vasculaire anatomie op het 
niveau van de cirkel van Willis direct de verdeling van de stroomgebieden van de 
grote hersenvaten bepalen. 
De grote variabiliteit van de cerebrale territoriale verdeling die dit proefschrift laat 
zien heeft belangrijke implicaties voor de klinische diagnostiek en behandeling 
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van ischemie. Artsen die acute ischemie overwegen te behandelen gebruiken 
bijvoorbeeld vaak anatomische CT of MR beelden om te bepalen of de infarcering 
is ontstaan door een embolie of door hypoperfusie (14,15). De resultaten van 
dit proefschrift tonen echter aan dat noch de aangedane territoria, noch de 
aard van de ischemie nauwkeurig kan worden gediagnosticeerd op basis van 
dergelijke anatomische beelden. Schematische tekeningen van de cerebrale 
stroomgebieden die momenteel gebruikt worden zijn gebaseerd op standaard 
atlassen en geven daarom geen zekerheid over de verdeling van de territoria in de 
individuele patiënt. Om de locatie van een stroomgebied nauwkeuriger te weten 
moet men haar visualiseren. We concluderen dat de wisselwerking tussen ernst 
van vernauwing, meervoudig vaatlijden en vasculaire anatomie, de locatie en de 
uitbreiding van de cerebrale stroomgebieden bepaalt. Om in individuele patiënten 
focale hersenlaesies te relateren aan cerebrale stroomgebieden is kennis van de 
territoriale verdeling essentieel.
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