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Simulation of the human intracranial
arterial tree
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High-resolution unsteady three-dimensional flow simulations in large intracranial arterial
networks of a healthy subject and a patient with hydrocephalus have been performed.
The large size of the computational domains requires the use of thousands of computer
processors and solution of the flow equations with approximately one billion degrees of
freedom. We have developed and implemented a two-level domain decomposition
method, and a new type of outflow boundary condition to control flow rates at tens of
terminal vessels of the arterial network. In this paper, we demonstrate the flow patterns
in the normal and abnormal intracranial arterial networks using patient-specific data.
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*A
1. Introduction

The dynamics of blood flow in the human brain depend upon a complex network
of vessels under a variety of temporal and spatial constraints. Abnormalities in
the delivery of blood to the brain clearly underlie the pathophysiology of stroke,
vasospasm, traumatic brain injury, vascular dementias and probably conditions
such as migraine and hydrocephalus. Clinical decisions are often made on the
basis of steady-state conditions (e.g. mean intracranial pressures, mean cerebral
blood flow, etc.), but there is clearly a risk that ignoring the range of spatial
and temporal scales present may limit understanding, and hence clinical
effectiveness. Considerable interest attends the recent observation that a
frequency-dependent pulsation absorber may be a part of normal physiology,
dampening the effect of cardiac pulsation on microvessels (Zou et al. 2008).
A detailed understanding of such a phenomenon categorically depends on the
development of new techniques to grasp the importance of dynamic processes at
a variety of different scales.

The range of length and times scales that needs to be considered spans
several orders of magnitude, from flow in large arteries to subcellular processes.
Interactions of blood flow in the human body occur between different scales, in
which the large-scale flow features are being coupled to cellular and subcellular
Phil. Trans. R. Soc. A (2009) 367, 2371–2386

doi:10.1098/rsta.2008.0307
e contribution of 15 to a Theme Issue ‘The virtual physiological human: tools and applications II’.

uthor for correspondence (gk@dam.brown.edu).

2371 This journal is q 2009 The Royal Society

http://rsta.royalsocietypublishing.org/


L. Grinberg et al.2372

 on 12 June 2009rsta.royalsocietypublishing.orgDownloaded from 
biology, or at similar scales in different regions of the vascular system. The
human brain is a fascinating object of study in this regard since 20 per cent of
cardiac output must be distributed to tissues with exquisite regulation from a
pulsatile cardiac pump, with the unique boundary condition that the intracranial
volume is bounded by the skull, a rigid exoskeleton. The typical anatomy
includes delivery of blood by two internal carotid (ICA) and two vertebral
arteries, which branch and link to form a ring—the circle of Willis (CoW)—
which can potentially provide alternative supply to any area of the brain if one or
more of the supply trunks is interrupted. Abnormalities in the CoW are not
uncommon, affecting up to 50 per cent of the population, according to Lippert &
Pabst (1985). However, the effectiveness of the normal CoW arrangement, or the
consequence of an abnormality, relies on downstream responses, and thus
critically on interaction between events observable at different scales.
Development of tools to simulate the events simultaneously at many scales
becomes critical to understanding, and perhaps clinical effectiveness. We have
focused on hydrocephalus, where interactions between pressures and flows in
large compartments (the ventricles) may have a clinical manifestation through
changes in flow pattern in microvessels (Zou et al. 2008).

We can begin to probe differences between dynamics in the normal state and
hydrocephalus by looking at normal versus abnormal flows in an unusual subject
with hydrocephalus and a CoW abnormality. The goal here is to demonstrate the
technical possibilities. Application of these techniques to more subtle
abnormalities may clarify the true dynamic abnormality in hydrocephalus, and
perhaps many other vascular conditions where changes in the topology and
geometry of the vascular tree may directly impact the risk of later severe clinical
events such as ischaemic stroke and haemorrhage. Examples include abnormal
arteriovenous fistulae and complex connections such as arteriovenous malfor-
mations (Friedlander 2007), atherosclerotic narrowing of vessels (Amin-Hanjani
et al. 2005) and moyamoya syndrome (Scott et al. 2004; Smith & Scott 2005),
where a consequence of large vessel occlusion in childhood results in the
development of a dense network of microvessels to replace the function of an
occluded part of the vascular tree. Therapeutic goals in these cases involve
occluding abnormal channels, stenting partially occluded channels and providing
alternative routes for blood to revascularize the tissue, respectively. Planning for
pharmacological, surgical or endovascular treatment of these abnormalities of
blood vessels could all benefit from insights derived from realistic models of the
circulatory dynamics in the diseased arterial network. Preliminary work on
the use of quantitative magnetic resonance angiography (MRA) to predict stroke
appears promising (Amin-Hanjani et al. 2005).

Full three-dimensional simulation of the intracranial flow and its
interaction with the brain tissues at all length scales is not feasible, and
hence a new hierarchical modelling approach for the human arterial tree is
required; such modelling is characterized by three distinct spatial length scales
given below.

—The macrovascular network (MaN) consisting of large arteries, down to
diameters of 0.5 mm, which are patient specific and can be reconstructed
from clinical imaging. An example of a complex three-dimensional
intracranial arterial network is presented in figure 1.
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