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Abstract—The three-dimensional spatial arrangement of the
cortical microcirculatory system is critical for understanding
oxygen exchange between blood vessels and brain cells. A
three-dimensional computer model of a 3 9 3 9 3 mm3

subsection of the human secondary cortex was constructed
to quantify oxygen advection in the microcirculation, tissue
oxygen perfusion, and consumption in the human cortex.
This computer model accounts for all arterial, capillary and
venous blood vessels of the cerebral microvascular bed as
well as brain tissue occupying the extravascular space.
Microvessels were assembled with optimization algorithms
emulating angiogenic growth; a realistic capillary bed was
built with space filling procedures. The extravascular tissue
was modeled as a porous medium supplied with oxygen by
advection–diffusion to match normal metabolic oxygen
demand. The resulting synthetic computer generated network
matches prior measured morphometrics and fractal patterns
of the cortical microvasculature. This morphologically accu-
rate, physiologically consistent, multi-scale computer net-
work of the cerebral microcirculation predicts the oxygen
exchange of cortical blood vessels with the surrounding gray
matter. Oxygen tension subject to blood pressure and flow
conditions were computed and validated for the blood as well
as brain tissue. Oxygen gradients along arterioles, capillaries
and veins agreed with in vivo trends observed recently in
imaging studies within experimental tolerances and uncer-
tainty.
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INTRODUCTION

Oxygen transport is critical for the brain to meet the
rapidly changing metabolic demands during neuronal

firing. Neurovascular coupling is a mechanism for
matching the rise in the mitochondrial oxidative
metabolism of neurons with a local increase in cerebral
blood flow.45 Recent studies have begun to uncover the
significance of the spatial arrangement of the cortical
microvasculature for oxygen supply.22,24,54 The mor-
phology of cerebral microcirculation appears to play a
significant role in ensuring adequate oxygen transport
from the blood to brain cells.

A series of anatomical and physiological studies by
Duvernoy, Cassot, and Lauwers delineated the mor-
phometrics of blood vessels in the cerebral cor-
tex.6,7,12,38 Their studies uncovered the particular
arrangement of cortical blood vessels centering around
pial draining veins which are irrigated by three to six
penetrating arterioles.12 Recent topology studies con-
firmed the spatial allocation of the cortical microvas-
culature.3,22 Fresh arterial blood enters each territory
through the leptomeningeal vessels depicted in Fig. 1a,
which discharge into descending arterioles shown in
Fig. 1b. From the cortical surface, descending—often
also referred to as penetrating—arterioles dive into the
gray matter carrying blood and oxygen deeper into the
cerebral cortex. Figure 1c shows descending arterioles
traversing the six cortical layers where they bifurcate
into gradually narrowing binary trees, whose terminal
leaves discharge into the capillary bed. The capillary
bed does not conform to a binary tree, because it
contains anastomoses which create loops. The multi-
scale morphometrics of binary arterial and venous
trees as opposed to the mesh-like capillary bed was
studied in detail.42

A single endothelial cell layer lines the capillary wall
thus creating a large mass exchange surface between
oxygen-rich blood and the extravascular space. Mass
transfer also occurs between arterioles and venules.14,75
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Red blood cells traveling with the blood stream carry
oxyhemoglobin which can release free oxygen into the
plasma. Oxyhemoglobin dissociation is facilitated by a
basicity-mediated conformational change in hemoglo-
bin. Blood pH is reduced by carbonic acid which is a
byproduct of cellular respiration.30 Free plasma oxy-
gen permeates the vessel endothelial layer and diffuses
to brain cells driven by concentration gradients. Due to
the mitochondrial oxidative metabolism, oxygen ten-
sion in the extravascular tissue is lower than in the
blood stream.

However, oxygen exchange between the microves-
sels and the brain cells, especially with respect to the
spatial arrangement of vessels, have not been fully
quantified. Goldman proved that random and tortu-
ous blood vessel networks greatly enhance mixing and
oxygen distribution compared to evenly spaced, or-
dered vessel configurations.18 Boas developed in vivo
optical measurements of tissue oxygenation in relation
to cerebral blood flow. Their experiments are begin-
ning to unravel the spatiotemporal characteristics of
the blood flow and oxygen responses after neuronal
activation.4,27 Their computational models also
explored the evolution of tissue oxygen tension around
a single cylindrical blood vessel, as well as for a more
realistic anatomical microvessel network of the rat.14

Plouraboue reconstructed microvascular networks
from synchrotron CT images to investigate coupling
and robustness of intra-cortical vascular

territories.20,22 Weber emphasizes the need for topo-
logically accurate models to investigate the effect of
local vascular dilation and occlusion on the flow in the
surrounding network.24,54,61Lorthois, Cassot and
Lauwers demonstrated the quantitative relationship
between the diameter of a pial draining vein and the
size of the surrounding neuronal activated area.38,43,44

Anatomically and physiologically accurate com-
puter models are an important tool for analyzing tissue
metabolism coupled to micro-hemodynamics. Table 1
summarizes the characteristics of several recent
microvasculature models. These computational meth-
ods can address the need for (i) better interpreting
optical measurements acquired in open cranial win-
dows in rodents,3,60 (ii) for exploring intracellular
transport phenomena on length scales currently not
accessible to imaging methods,34,35 and (iii) for making
inferences for humans38,44 for whom invasive experi-
mentation is not an option.

This work introduces a detailed three-dimensional
computer model for cerebral microcirculation inside a
subsection of the human secondary cerebral cortex. A
network model was used to perform hemodynamic
simulations of the microcirculation. The microvessel
network was embedded inside the extravascular space
to compute the oxygen exchange between blood and
cortical brain tissue. Hemodynamic characteristics of
blood flow, convective transport, and oxygen perfusion
to the cortical tissue were predicted. In addition to
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FIGURE 1. Overall multi-scale hierarchy of the human cerebral circulation. (a) Sagittal view of the full brain vasculature model
generated in silico by combing image data with constrained constructive optimization. (b) Magnified section of the secondary
cortex next to the collateral sulcus in the right temporal lobe, showing the arrangement of the network of pial arteries and veins at
the cortical surface. (c) Isolated view of the territories of two draining pial veins supplied by six penetrating arterioles. (d) The
construction principles for the computer aided construction and analysis of cerebral blood flow networks. This article is limited to
structures ranging from the pial arterioles to the pial veins are discussed.
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