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General introduction

1.1 General introduction
Cardiovascular disease (CVD) remains the leading cause of death worldwide in
most middle- to high-income countries. Due to strong efforts over the past decades
mortality could be reduced, particularly in high-income countries with a 19% de-
crease in mortality rate between 2000 and 2016 for 30- to 70-year-old and a decrease
in the age-adjusted death rate.1,2 Nevertheless, CVD still accounts for 47% and
39% of all deaths in European females and males, respectively, and nearly 17.9
million deaths globally per year.1–4 In the member states of the European Society
of Cardiology, 108.7 million patients were affected by CVD in 2017.3 It is not only a
major contributor to years of life lost and of disability, but also effectuates a burden
on the economy with annual direct and indirect costs of approximately $351 billion
in the United States as estimated for 2014/15.2–4

Atherosclerotic diseases dominate in CVD.Typically starting during early child-
hood, lipids slowly begin to accumulate at the vessel walls. Simultaneously, pro-
inflammatory cells are attracted to the site, where they migrate into the vessel
wall, accompanied by proliferation of smooth muscle cells. These initially small
atherosclerotic lesions grow with age,with risk factors such as high cholesterol levels
and unhealthy nutrition accelerating the process. Progressive growth of the lesion
eventually limits perfusion capacity, leading in the heart to myocardial ischemia
during exercise or even in rest. Plaque rupture in coronary arteries can result in
acute ischemia and tissue damage, culminating in myocardial infarction.

Reduced blood flow due to the presence of such a stenosis in the large arteries
indirectly also affects the small vessels downstream. Slow chronic progression of such
stenosis induces adaptation not only in the vessels themselves but also of the vascular
network structure. This includes, for example, the recruitment and enlargement
of alternate pathways but also maladaptive processes such as inward remodeling
or even rarefaction of the microcirculation.5,6 The arterial bed also remodels in
response to other long-term stimuli, such as hypertension, and myocardial diseases,
such as hypertrophic cardiomyopathy.

There exists thus a strong interplay between arterial network structure on one
side and organ function and perfusion on the other side, whereby both structural
and functional alterations also influence remote locations. Comprehension of this
complex interplay requires multi-scale approaches integrating different structural
domains such as micro- and macrocirculation. The work leading to this thesis was
directed to the investigation of this interplay by optimizing the multi-scale imaging
of arterial networks at sites of active remodeling, which can then serve as input for

3



Chapter 1 Introduction

multi-scale hemodynamic simulations. Below, different types of vascular networks
and adaptive mechanisms are described.

1.2 The cardiovascular system
The cardiovascular system serves the distribution of oxygen from the lungs through-
out the body. It also facilitates the exchange of nutrients, hormones, metabolites,
and the response of the immune system as well as the clearance of waste products
such as carbon dioxide in a double circular fashion. Oxygen-rich blood, returning
from the lungs to the left atrium, is pumped by the left ventricle into the aorta
(diameter approximately 3 cm), from where the blood is distributed to all organs
and tissue along a tree-like structure that branches towards increasingly smaller
vessels (Figure 1.1). The smallest vessels, the capillaries, with diameters ranging
from 2 to 10 µm,7 serve as exchange site with the local tissue. From there, the
deoxygenated blood is returned via increasingly larger venules and veins to the right
atrium, completing the systemic circulation. The pulmonary circulation equivalently
transports the blood in a similar manner via pulmonary arteries and veins from the
right ventricle to the lungs and back to the left atrium. The large arteries and veins
are compliant with little pressure drop, thereby serving as reservoir,whereas the small
arteries and arterioles act as flow resistance, slowing down the blood flow towards
the exchange locations by virtue of the increasing total luminal cross-sectional area.

1.2.1 Vascular network structure
As described above, both the arterial and the venous system are hierarchically
organized. Except for well-known connections between different branches, the
so-called collateral vessels, the main vessels typically branch in a tree-like manner
as indicated in Figure 1.1A. This predominantly tree-like structure can also be
appreciated in the cerebral and coronary vasculature (Figure 1.1B, C). Prominent
exceptions include the circle of Willis and the mesenteric circulation that form
arterial arcades rather than trees (Figure 1.1D). Some arcades and collaterals are
also found in the cerebral and coronary circulation, as can be seen in Figure 1.1B
and 1.1C.Towards the microcirculation, the tree-like structure is more and more
complemented, eventually becoming a mesh at the capillary level as depicted in
Figure 1.1E.

This — in general tree-like — structure exhibits self-similar patterns,with branch-
ing characteristics statistically repeating at different spatial scales. This resemblance
has led to a myriad of allometric models. Already more than 200 years ago, Keill,
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The cardiovascular system

A Cardiovascular network

B Cerebral circulation

20 mm

C Coronary circulation DMesenteric

EMicrocirculation F Tumor

Figure 1.1: Examples of vascular architecture.
(A) Illustration of the cardiovascular system with predominantly treelike structure. Adapted

from [8].
(B) Human pial vasculature (left) and detailed view of the murine anterior cortex (right).

Reprinted from Duvernoy et al.9 with permission from Elsevier and from Meyer et al.,10

Copyright (2008) National Academy of Sciences.
(C) 3D-rendering of a human coronary circulation.
(D) Sketch of the arcading superior mesenteric circulation. Reprinted from Gray & Lewis.11

(E) Scanning electon micrograph of the murine epicardial surface showing parallel capillary
arcades. Bars are 10 µm. Reprinted from Potter & Groom7 with permission from
Elsevier.

(F) Murine tumor vasculature displaying heterogeneity and cast leakage (arrow). Reprinted
from Pabst et al.12 with permission from Elsevier.

5



Chapter 1 Introduction

Young, and Hales studied the branching of the arterial tree.13 In his Croonian lecture
in 1808, the polymath Thomas Young estimated from an idealized tree with 30
branch generations the total resistance of the arterial tree. Assuming a ratio of total
cross-sectional area of 1:1.2586 across bifurcations, Young’s estimates reasonably
matched experiments. Thoma noticed that the flow through a vessel and its diameter
are correlated.14 He proposed a power-relation between the radii of parent (r0) and
daughter (r1/2) vessels:

rα0 = rα1 + rα2 , (1.1)

presenting data corroborating an exponent between 2 and 3 and reported α = 2 for
the branches of the human aorta. In his seminal article, Murray argued in 1926 that
flow rate should be proportional to the cube of the corresponding vessel radius based
on the minimization of the total cost of (laminar) blood flow and blood volume
maintenance, which are competing factors as larger diameters pose less resistance
but have higher costs for keeping up their volume.15 Together with conservation
of mass across branch points, this result implies a cubic relation between the radii
of parent and daughter vessels, which has been coined Murray’s law: r30 = r31 + r32.
It is noteworthy that for symmetric bifurcations this result remarkably matches
Young’s ratio (1:2⅓=1:1.2599). Apparently unaware of Murray’s work, Cohn re-
derived this finding for symmetric bifurcations,16 while Uylings extended it to
non-laminar flow.17 Uylings derived that the exponent can vary between 2.33 for
turbulent flow and 3.0 for laminar flow constrained to the same optimal principle as
postulated by Murray. In their highly influential but also controversial article, West,
Brown, and Enquist proposed a new model as motivation for the ¾-allometric
scaling law of metabolism.18,19 Assuming a space-filling fractal-like structure with
invariant terminal segments, their model minimized the energy needed for resource
distribution. They proposed two regions, large vessels subject to pulsatile flow and
small vessels with predominantly Poiseuille flow, with a step-like transition zone.
Whereas the first region is dominated by minimization of wave reflections leading
to area preservation and an exponent of 2, the latter is characterized by the cubic
branching of Murray. The findings of Seiler et al. in the human epicardial arteries,20

which differed from Murray’s model, initiated a refinement of Murray’s theory by
Kassab et al.21 In a series of articles, Kassab and coworkers applied the “minimum
energy hypothesis” to subtrees — in contrast to Murray who considered a single
bifurcation — in which they derived power-relationships between diameter, length,
volume, flow, and mass.21–26 With an exponent of 7/3, the Huo-Kassab model is
closer to area-preservation (exponent 2) than to Murray’s model.23 They furthermore
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Hemodynamics

devised a variable, γ, to discriminate between fractal behaviors, where γ = 0 implied
space-filling, γ = 1 area-filling, and γ = 2 length-preservation. Based on a large
number of morphometric data sets, they reported a mean γ of 0.45±0.49, indicating
mixed area–space-filling, and a mean Murray exponent α = 2.64 ± 0.64.26

Even though real vascular trees clearly deviate from perfect symmetry, experi-
ments corroborate the existence of a power-law relationship at least for parts of
the arterial tree. The reported exponents typically varied between 2 and 3, with an
exponent of 2 for large branches of the aorta27 and exponents of 2.2 and 2.7 for the
major arteries in porcine hearts.28,29 Also in a porcine model, VanBavel and Spaan
found an exponent of 2.35 for coronary arteries larger than 200 µm, whereas the
exponent for diameters smaller than 40 µm was higher (α = 2.82).30 For a historic
overview, the reader is referred to the review of Sherman from 1981,31 which revived
the scientific interest in this topic at that time.

Evidence for physiological principles underlying the scale-invariance comes from
the similar fractal nature of myocardial perfusion32 and the deviations observed in
disease. Power laws differ in case of coronary artery disease (CAD).20 Also, Huo et
al. showed a significant difference in patients with diffuse CAD in comparison with
a matched control group.33 Vice versa, Schoenenberger et al. found that deviation
from Murray’s law was associated with more substantial calcifications in human
coronary bifurcations.34

Nonetheless, despite the general principle of self-similarity, these models fall
short of deterministically predicting individual bifurcations. Zamir in 1999 reported
highly varying power-law exponents for the individual bifurcations, even exceeding
the 2-3 range as measured in a cast of a human right coronary artery.35 Yet, he
noticed that the range of exponents was similar for most of the vasculature, which
led him to the notion of “‘pseudo-fractal’ properties, in the sense that vessels of
different calibers displayed the same branching pattern but with a range of values
of the branching parameter.”35, p. 517

Assessment of scaling behavior in large networks consisting of vessels of various
scales and linking them to the physiological environment, e.g., local flow and
pressure, can increase the insight into the underlying mechanisms that accomplish
optimal network design and their malfunction in disease states.

1.3 Hemodynamics
The work done by the heart provides the energy needed to move the blood around
the vascular circulation. The pumping of the heart gives rise to pulsatile flow
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A Aortic arch
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Figure 1.2: Typical examples of systolic blood flow as visualized by particle tracing. Colors
represent flow velocity. (A) Regular flow in the descending aorta, whereas in the ascending
aorta helices (white arrows) occur frequently. (B) Asymmetric, complex flow at the carotid
bifurcation. Distal of the bifurcation, flow becomes more regular. (C) Accelerated flow
at a stenosis (indicated by “*”) with disturbed distal flow. ECA - external carotid artery,
ICA - internal carotid artery, CCA - common carotid artery. Images adapted from Oech-
tering et al.,36 Harloff & Markl,37 and Markl et al.38 (left to right).

in arteries, where the pulsatility is damped until reaching steady flows in small
arterioles, capillaries, and the venous part of the circulation. The hemodynamics
depend on the vascular network, which in turn is influenced by hemodynamic forces
as detailed in the subsequent sections. Figure 1.2 shows examples of typical flow
patterns, with laminar flow in long straight segments. At valves, bifurcations, and
sites of pathologic changes such as plaques and aneurysms flow becomes more
complex (Figure 1.2C) and possibly even turbulent. For arteries and arterioles down
to 100 µm, the Navier–Stokes equation is an excellent representation as blood can
be considered a continuum here.39 The Navier–Stokes equation can be viewed as
a balance of inertial, body, pressure, and viscous forces. In its general form it is
described by

ρ
Dv
Dt
= ρ (∂v

∂t
+ (v ⋅ ∇)v) = −∇p +∇ ⋅ T + F (1.2a)

where the deviatoric stress tensor T usually is taken as Ti j = µ ( ∂v i∂x j
+ ∂v j

∂x i
)+ δi jλ ∂vk

∂xk
for Newtonian fluids. ρ is the density, v the flow velocity, t time, p pressure, µ shear
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viscosity, and λ the second coefficient of viscosity (“volume viscosity”). δi j is the
Kronecker delta, and F represents body forces, such as gravity. Together with the
continuity equation,

∂ρ
∂t
+∇ ⋅ (ρv) = 0 , (1.2b)

this equation is the basis for computational fluid dynamics (CFD) simulations, that
numerically model flow for specific boundary conditions in complex geometries,
and also forms the foundation of simpler flow models based on further assumptions.

The most frequent assumptions are that blood is incompressible and has constant
viscosity (Newtonian), reducing the equations to

∂v
∂t
+ (v ⋅ ∇)v = −1

ρ
∇p + µ

ρ
∇2v + F

ρ
(1.2c)

∇ ⋅ v = 0 . (1.2d)

As these equations cannot be solved analytically in general for blood vessels, numer-
ical methods need to be employed. Numerical schemes including CFD simulations
can yield detailed approximations, accounting for temporal and spatial variations.
Yet, due to the high computational costs inherent to these methods, further simpli-
fications are necessary for studying the behavior of the cardiovascular system.

Blood vessels are therefore frequently approximated as cylindrical tubes, much
longer than wide, with rigid walls. External body forces, e.g., gravity, are neglected.
Flow velocity is assumed to be axisymmetric along the cylinder axis and to be zero
at the vessel wall (no-slip condition), which further reduces the Navier–Stokes
equation to ρ ∂vz

∂t = −
∂p
∂z + µ [

1
%

∂
∂% (%

∂vz
∂% )] with ∂vz

∂z = 0 in cylindrical coordinates
(%, φ, z), where the cylinder axis is along the z-direction.

For a temporal oscillatory pressure gradient ∂p
∂z =R{Pe

iωt}, Womersley solved
this partial differential equation for the above stated boundary conditions (no-slip,
axisymmetric, rigid wall) for a cylinder of radius r:40

v(%, t) =R{ P
iωρ
[1 −

J0(αi3/2 %
r )

J0(αi3/2)
] e iωt} (1.3a)

with the Womersley number

α = r
√

ωρ
µ

. (1.3b)
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Fourier expansions yield approximate general periodic pressure gradients and flow
in the large arteries as utilized in Chapter 5 for the carotid arteries.

The steady-state solution is given by:

vHP(%) =
1
4µ

∂p
∂z
(%2 − r2) = v%=0 (1 −

%2

r2
) . (1.4a)

The subscript “HP” refers to Hagen and Poiseuille, who independently derived this
equation experimentally in the nineteenth century. Mean velocity is half the axial
velocity, and writing ∂p/∂z as −∆p/l (l being the cylinder length), volume flow is

QHP =
πr4

8µl
∆p . (1.4b)

This last equation is analogous to Ohm’s law in electrical circuits I = V/R, with
flow rate Q, pressure difference ∆p, and hydrodynamic resistance 8µl/(πr4) cor-
responding to current I, voltage V , and resistance R, respectively. Based on this
analogy, simplified hydrodynamic networks can be analyzed according to the rules
of electric circuits.

Due to the motion of the fluid, stresses exist between fluid layers moving at
different velocities, as depicted by the stress tensor T in the general Navier–Stokes
equation (Equation 1.2a). The law of Hagen–Poiseuille directly shows the effect of
this internal viscous friction: The higher the viscosity of the fluid, the shallower will
be the velocity profile.

For incompressible, Newtonian fluids there is a linear dependency between strain
and shear stress:

τi j = µ (
∂vi
∂x j
+
∂v j
∂xi
) . (1.5a)

In the cylindrical pipe of Hagen–Poiseuille, shear stress increases linearly towards
the outer cylindrical fluid layers:

τHP(%) = −µ
4Q
πr4

% . (1.5b)

At the blood–wall interface, flowing blood exerts shear stress on the vessel wall.
As discussed above, the vascular tree exhibits power-law behavior, where the Murray
model (Q ∝ r3) implies constant wall shear stress throughout the tree. Even though
real vasculature deviates from this model (but so does flow), wall shear stress still is
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considered an integral biomechanical trigger for blood vessels to grow or regress.
Endothelial cells respond to the strain or stress that they experience.41 An increase
in wall shear stress causes muscular vessels to dilate as explained in more detail below,
which in turn usually reduces shear stress, depending on the network configuration.
As further detailed below, both in vitro experiments on isolated vessels as well as
observations during in vivo vessel adaptation such as arteriogenesis are suggestive
of a control mechanism driving the arterial network towards a preferred (range of )
wall shear stress. Methods facilitating the estimation of wall shear stress in vivo
may provide information on the distribution of wall shear stress in large cohorts,
thereby improving the understanding of the underlying mechanistic principles and
deviations in various (pathological) conditions, possibly in the same subjects.

1.4 Hemodynamic regulation
Balanced integrative local and global responses of biological systems and respective
hemodynamics to mechanical, neurohumoral, and metabolic stimuli are designed to
maintain homeostatic conditions. The main central mechanisms controlling blood
pressure and cardiac output are regulation of arterial resistance,modification of blood
volume (or more generally, mean systemic filling pressure), and alteration of heart
rate and cardiac contractility. Mechanoreceptors at specific locations in the arterial
and atrial wall play key roles here. Examples are the baro- and chemoreceptors in
the aortic arch and the carotid arteries whose sensing of blood pressure and arterial
oxygen tension form the base of the central control system of blood pressure.42

In addition, mechanoreceptors in probably all arteries and arterioles are involved
in local regulation of smooth muscle contractile activity and vascular structure,
rendering mechanosensing and -transduction key events also in the local regulation
of blood flow and microvascular pressure. The focus for the remainder of this thesis
will be on these local rather than the central mechanisms.

1.4.1 Local control of blood flow
Homeostatic maintenance of tissue oxygen supply without damaging the cardio-
vascular system is crucial. Tissue oxygenation basically can be influenced by three
means: 1) changing the oxygen carrying capacity of blood, 2) altering oxygen ex-
traction efficiency, and 3) modifying blood flow.43 Additionally, blood flow can be
diverted to regions with higher demands by shifting of resistances, which limits
overall conductance rise. While the first method can prominently contribute in
some species, e.g., in dogs, by adapting hemoglobin concentrations, its role is limited
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in humans.44 The second method is certainly relevant. Oxygen extraction of skeletal
muscles, for example, can increase from a rest rate of about 30–40% up to 80–90%
under exercise.44 Myocardial oxygen extraction also rises with exercise, yet with
limited reserve as the heart has a high rest demand with a rest extraction rate of
about 60 to 80%.44–46 Higher myocardial oxygen demand is therefore primarily
matched by augmenting coronary blood flow, which can increase to 4–5-fold above
resting blood flow during exercise.44 This signifies the pivotal role of blood flow
regulation.

In most organs, but most noticeable in the coronary, cerebral, and renal circula-
tions, an autoregulatory mechanism controls blood flow to match oxygen consump-
tion.47 This implies that 1) blood flow increases with higher oxygen consumption, but
also that 2) blood flow at constant oxygen demand is rather independent of blood
pressure over a large range (roughly 40–150 mmHg).42,45,48–50 Within this pressure
range, a sudden increase in blood pressure causes a transient rise of blood flow. After
a few seconds, blood flow returns towards initial values as vascular resistance is
increased by augmenting vasomotor tone independently of neurohumoral control.45

Outside the autoregulatory limits, the active mechanisms become exhausted such
that there is nearly a linear relationship between pressure and flow, representing the
passive and, respectively, maximum active resistance during maximal vasodilation
and -constriction at low, respectively high, pressures.

1.4.2 Vasomotor tone control
Regulation of vascular resistance is an integral part of blood flow control, where
total resistance is determined both by the network structure and the resistance of
the individual vessels. For the latter, vascular smooth muscle cells are the effec-
tors of the various stimuli of vasomotor control.51 Vasoactive substances secreted
by the endothelial cells, nervous activation, circulating vasoactive substances, and
electrochemical signaling can trigger a cascade of auto- and paracrine signaling.52
In general, these mechanisms modulate vascular smooth muscle function by either
altering the concentration of free calcium in the cytosol of the vascular smooth
muscle cells, e.g., by depolarization and voltage-dependent calcium channels, or by
changing the sensitivity of the contractile elements to calcium.43 Potassium channels
emerge as critical contributors to vascular smooth muscle cell regulation as they
affect the membrane potential. Opening of KATP or KCa channels causes hyperpo-
larization, which leads to closing of voltage-gated calcium channels, reducing influx
of calcium with consequential vasodilation. Stimuli known to act via KATP channels
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include nitric oxide (NO), prostacyclin, adenosine, and β2-adrenoceptors.43 KCa
channels could also provide a negative feedback mechanism for vasoconstriction as
they are affected by increased intracellular calcium levels.43 Both vasoconstrictors
(e.g., endothelin-1, angiotensin II) and vasodilators such as nitric oxide and other
endothelium-derived factors, adenosine, norepinephrine, and hydrogen ions act
via KCa channels.43 Voltage-gated KV channels are sensitive to β-adrenoceptor
stimulation and reactive oxygen species.43

1.4.3 Blood pressure and wall stress as modulators of vasomotor tone
An important mechanical modulator of vasomotor tone is microvascular blood
pressure. Due to the difference between intravascular and tissue pressure, the vessel
is subjected to axial, radial, and circumferential (hoop) stress. Axial or longitudinal
stress acts along the vessel axis, whereas the hoop stress is azimuthal invariant, acting
tangentially along the vessel circumference as indicated in Figure 1.3. Embedding
of the vessel in tissue also contributes to the axial stress and strain in vivo. Isolated
vessels typically retract in length in comparison to their native environment, which
can be attributed to the reduced axial stress ex vivo. Data on the effect of axial stress
are scarce, but maintenance of a normal level seems to be part of controlling vessel
length.54,55

In order to neither collapse nor explode despite the transmural pressure difference,
the vessel wall needs to withstand the associated hoop stress (σhoop). Even though
Lamé’s approach for thick-walled cylinders seems more appropriate for blood vessels,
Laplace’s solution for thin-walled cylinders, typically requiring a diameter-to-wall
thickness ratio greater than 20, is frequently used to illustrate the basic determinants:

σhoop =
∆pr
h

. (1.6)

From this relation, one immediately recognizes that the hoop stress increases with
increasing transmural pressure difference (∆p) and radius (r) and decreases with wall
thickness (h). Interestingly, after an immediate passive distension, vessels respond
with active constriction in response to an increased transmural pressure difference.
Similarly, a decrease in pressure causes the vessel to dilate after a transient diameter
reduction.47 This so-called myogenic response is facilitated by vascular smooth
muscle cells that modify their tone by adjusted calcium signaling55 independent of
the endothelium.56 It is this behavior that leads to the hypothesis that vessels strive
to regulate the hoop stress by adjusting their tone in response to changes.47
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Figure 1.3: Sketch of an artery illustrating various stimuli. Blood exerts a shearing force (τ)
on the endothelium along its flow direction. Blood pressure stresses the entire vessel wall
(σhoop , σz). The stimuli are transmitted and transduced to the vascular smooth muscles cells,
which react by constriction or relaxation. Illustration adapted from Hahn & Schwartz53

and Laughlin et al.43

The radial stress is related to the hoop stress, but since it is much smaller, it is
usually disregarded, and studies are lacking. It is important to note that even though
vascular smooth muscle cells are the primary responders, these stresses act on all
constituents of the vessel wall.

1.4.4 Blood flow and wall shear stress as modulators of vasomotor tone
Another important stimulus is local blood flow. Blood flowing along the inner sur-
face of the vessel wall exerts a shearing force in the flow direction as described above,
which results in stress and strain of the endothelium. Although the importance of
shear stress for endothelial homeostasis is evident,57 the exact mechanisms of shear
stress sensing and mechanotransduction still need to be unraveled.58 Absence of re-
laxation responses after removal of the endothelium59 signifies that the endothelium
is crucial for mechanosensing and signaling to the vascular smooth muscle cells.
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As shear stress mainly acts as drag on the luminal surface of the endothelial cells,
mechanosensors such as the glycocalyx and primary cilia are directly affected. But
the forces are also transmitted throughout the cell as well as to attached structures
giving rise to deformations and stresses.41,60 As such, the cytoskeleton along with
cell junctions, gap junctions, and integrins are involved, as well as mechanosensing
ion channels.53,61 In addition, mechanisms involving caveolar deformation41,62 or
displacement of the nucleus due to the hydrodynamic drag as it protrudes into
the lumen52 have been suggested. By these means, an increase in shear stress trig-
gers production of nitric oxide, prostacyclin, and — primarily in small vessels —
endothelium-derived hyperpolarizing factors (EDHF), which relax the vascular
smooth muscle cells via KATP and/or KCa channels.43,46,63,64

1.4.5 Metabolic stimuli
Since an integral function of the circulation is to ensure the supply of all tissues
with oxygen and nutrients, it is intuitive that a coupling between local metabolism
and blood flow exists. The concept is that metabolites act on the vascular smooth
muscle cells, in particular that an excess of metabolites causes vasodilation.47 The
level of tissue oxygenation (pO2) indeed is a very strong stimulus.45,46 In contrast,
venous pO2 seems to be less vital. A decrease in tissue pO2 induces vasodilation
by decreasing the cytosolic concentration of free calcium, with some support for
an additional mechanism mediated by KATP channels.65 Yet, profound ischemia
usually does not occur under normal physiological conditions.47,65 This mechanism
becomes more relevant under pathophysiological conditions that induce ischemia.
There is, for example, evidence for metabolic coronary vasodilation as myocardial
pO2 drops below a critical level.47

Also, an increase in carbon dioxide production evokes a rise of hydrogen ion
concentration (H+) and concomitant lowering of the pH, both of which have been
proposed as initiator for the resulting vasodilation.65

Adenosine, a product of adenosine triphosphate (ATP) usage, and reactive oxy-
gen species are other potential metabolic vasodilators. The role of adenosine in
controlling vasomotor tone has been highly debated and there exists a large amount
of complex and contradictory literature.43 Adenosine is a strong vasodilator, and my-
ocardial adenosine secretion strongly increases with hypoxia severity,47 particularly
dilating the microcirculation.44 The relevance of adenosine under rest conditions
appears to be limited though.47,65 With respect to reactive oxygen species, direct
relations between oxygen consumption and myocardial concentration of H2O2,
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and between H2O2 and coronary blood flow have been shown.65 Exogenously
administered H2O2 produces vasodilation.47 Together these findings suggest that
H2O2 is a vasodilator acting in a feed forward manner.65

Yet, the exact interactions of metabolic control remain unclear.65 Experimen-
tal inhibition of one pathway does not per se compromise metabolic blood flow
regulation,6 suggesting redundancy of synergistic mechanisms.43

1.4.6 Neurohumoral modulation
Even though most vessels are innervated by the autonomic nervous system, this
seems to contribute little to resting tone in the coronary circulation under physio-
logical conditions.6,46 It does, however, play a role during activation such as during
exercise. The effect of sympathetic and parasympathetic activation is heteroge-
neous and appears to depend on transmitter concentration and distribution of
receptors. Sympathetic activation of α-receptors of vascular smooth muscle cells
elicits vasoconstriction, whereas stimulation of β-receptors causes vasodilation.47

The response is furthermore modulated by the endothelium, where adrenergic stim-
ulation triggers vasodilatory mechanisms.43 Acetylcholine, acting via the muscarinic
receptors, usually produces vasodilation in an endothelium-dependent fashion, but
induces vasoconstriction after endothelial removal.6,45,66 Other vasodilators include
prostaglandins, which induce regional vasodilation. Quinines (e.g., bradykinin)
and histamine also are arteriolar vasodilators that additionally increase vascular
permeability.42

At first view, existence of endogenous vasoconstrictors seems unnecessary. Yet,
by counterbalancing vasodilatory mechanisms they do provide means to better fine-
tune local responses in addition to satisfying global or regional needs. Endothelin-1
is a strong endogenous vasoconstrictor, probably abluminally released by the en-
dothelium, thereby acting locally rather than in an endocrine, circulating fashion.43

It can affect coronary resting tone,46,67 but its overall effect appears to be modest
under normal physiological conditions.47,68

In addition to its renal action, angiotensin II is a potent vasoconstrictor as studies
on isolated coronary arteries and arterioles and on in vivo administration have
shown.47 Angiotensin II also stimulates production of vasopressin, another antidi-
uretic hormone. The vasomotor response to vasopressin is heterogeneous though,
with microvascular constriction in arterioles smaller than 100 µm but vasodilation
in larger arteries.47,69
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1.4.7 Sensitivity to these stimuli
While these fundamental mechanisms occur in all arterial vessels, their relative
weight differs with vessel type and tissue as shown in Figure 1.4. Composition
of the vessel wall, innervation, and the phenotypes of endothelial and vascular
smooth muscle cells govern the relevance of the different mechanisms of vasomotor
control.43

The wall of large arteries contains large amounts of elastin, which decreases
towards smaller vessels. Concomitantly, the number of smooth muscle cells in the
media increases towards smaller vessels.55 The responsiveness to blood pressure
reflects this difference in composition: the myogenic response is inherent to all
vascular smooth muscle cells, yet the responsiveness increases with decreasing
arteriolar diameter.43 In the coronaries, it is most effective in subepicardial arterioles
smaller than 100 µm with subendocardial arterioles and arteries larger than 400 µm
showing a modest reaction.47,75

Large arterioles of around 100 µm in diameter, on the other hand, are particularly
sensitive to shear stress mediated dilation. This sensitivity decreases towards smaller
arterioles but also in arteries.5,43,76 Metabolic signals primarily act on the microcir-
culation, with greatest response in the smallest arterioles (smaller than 25 µm). Kuo
et al. observed that the response to adenosine decreased with increasing diameter
in coronary arterioles.76

The responsiveness to sympathetic modulation is more divers. Most small ar-
terioles are highly innervated and thus responsive to sympathetic modulation.77
Norepinephrine affects arteries and arterioles and to a small degree also venules
and veins. Compared to the cerebral and coronary circulation, resting vasomotor
tone is much higher in skeletal resistance arteries. This is partially due to the strong
sympathetic stimulation in the latter as removal, e.g., by denervation, produces an
increase in blood flow of 40-100%.43

As can be appreciated by the marked pressure drop, most of the resistance resides
in arterioles and small arteries.78 These resistance vessels are therefore important
controllers of blood flow. Additionally, downstream stimuli, such as metabolic
factors, can lead to conducted vasomotor responses independent of flow.43 Local
regulation in response to a specific stimulus in addition induces up-stream changes.
Vasodilation of the smallest arterioles due to hypoxia, for instance, lowers resistance,
and the resulting augmented flow evokes upstream shear stress-mediated vasodila-
tion.43 Such mechanisms recruit the more upstream resistance vessels in regulation
of blood flow.
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Figure 1.4: Paradigm of the structure and function of the arterial network. From the aorta,
blood is distributed in a tree-like manner to the capillary mesh. The large arteries act as
reservoir. The small arteries and arterioles, exhibiting the strongest pressure drop, control
blood flow by adapting their diameters. Large arterioles are most sensitive to flow; the
myogenic response is strongest in intermediate arterioles. Metabolites predominantly act on
the smallest vessels. Smc = smooth muscle cells [The diameter curve and the wall content
are based on data of [70] and [71], respectively. The pressure range (red area) is adapted
from [72]; the individual data points are from [73]. The sensitivity curves are based on [74]].
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Large arteries are less sensitive to changes in pressure or metabolism. They
contribute little to overall resistance under normal physiological conditions, which
is reflected by a small pressure drop.5

1.5 Adaptation of vascular structures
Sustained deviations induce physiological or pathological adaptations depending
on the underlying cause as indicated in Figure 1.5. Wall stress and shear stress are
important regulators of not only vasomotor tone but also of structural changes.

1.5.1 Role of wall stress in structural adaptation
It has been hypothesized that vessels strive towards a preferred range of either
mechanical stress or strain both on the tissue as well as on the cell-matrix level.
Large arteries indeed seem to seek a hoop stress of around 100 kPa.79 Lamellar
thickness is constant in the normotensive aorta, but in hypertension it is largest

Vasomotor Tone
Tone regulation

Network structure
Angiogenesis

Pruning

Vessel structure
Remodeling

Arteriogenesis

seconds

minutes

days

weeks

months

Figure 1.5: Structural regulation and adaptation at different time scales. Tone acutely
regulates diameter, while long-lasting stimuli initiate structural adaptation of the vessel wall
and network structure. These adaptations are strongly related. Sustained vasoconstriction,
for example, causes inward remodeling, which eventually might result in pruning. Based on
Pries et al.46
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in the sub-intimal region, where the hoop stress rises the strongest.80 Also the
nearly proportional relationship between aortic diameter and the number of elastic
lamellae across various mammals suggests that development drives towards a nearly
constant stress per lamella.81

So how can circumferential stress be controlled? The Laplace relation (Equa-
tion 1.6) indicates that a higher pressure requires either a thicker wall (hypertrophy)
or a smaller lumen (inward remodeling) to normalize stress. Both responses are ob-
served in hypertensive subjects and animal models.82 Interestingly, the large arteries
demonstrate hypertrophy, while inward remodeling is the dominant response in
resistance vessels in most hypertensive models, with a varying contribution of wall
hypertrophy, depending on the cause of hypertension.83,84 The causes of this differ-
ence are not properly understood. These may relate to the weaker myogenic response
and the higher elastic content in large vessels, resulting in increased distension. In
resistance vessels, the myogenic response may maintain continuous vasoconstriction
that provides a mold for inward remodeling.85 These responses are complicated
by shear stress-dependent adaptation (below), which aims at maintaining inner
diameter if flow was to remain constant in hypertension.

Control of axial stress seems subordinate. Circumferential and axial wall stress are
coupled. Constant circumferential stress despite higher pressure would reduce axial
stress unless the axial force changes as well,79 matching observations in hypertensive
arteries, which tend to retract less than normotensive ones when isolated from their
tissue.80,81

1.5.2 Role of shear stress in structural adaptation
Endothelial cells respond to the experienced flow by changing their shape, orien-
tation, polarization, and gene expression.86,87 Endothelial cells in static cultures
have a polygonal shape with random orientation,88 whereas they align and elongate
with laminar flow.89,90 Even though the precise response in cultured endothelial
cells can differ with cell-line, endothelial cells in general become increasingly elon-
gated with higher flow and thus shear stress levels,86,91 which goes hand in hand
with a rearrangement of the intracellular stress fibers.89 These in vitro findings are
corroborated by observations in arterial specimens, in which endothelial cells in
“regular” flow regions (i.e., no large spatial or temporal variations) are aligned and
elongated but exhibit random orientation with “cobblestone” shape in regions of
“disturbed” flow, e.g., at bifurcations.41,92 Shear stress furthermore contributes to
network stability. Endothelial cells migrate from regions with low flow to high-flow
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regions, thereby enforcing pruning of low flow vessels and in turn stabilizing and
assisting growth of vessels with high flow.58,86

In addition, shear stress influences the transcriptional regulation of various pro-
cesses, such as inflammation, cell cycle, cell apoptosis, and arterial/venous identity.93

In general, high (yet physiological, as extremely high levels are harmful) levels of
shear stress promote atheroprotective gene expression, with antioxidant signaling
and a quiescent phenotype, whereas low shear stress stimulates atherogenic gene
expression.91,94

Both prolonged decreased flow and hypertension are associated with inward
remodeling.95,96 Not only is there an inverse relationship between shear stress and
lumen diameter, but there is also an inverse linear dependency of wall thickness and
compliance on shear stress,97 with regions of low shear stress having thicker vessel
walls.98 These adaptations are accompanied by cellular signaling, often including
inflammatory processes. Low shear stress is thus not only promoting diameter
reduction but also atherosclerotic processes.99–104

It is important to note that neither wall stress nor shear stress is uniform. Both
display temporal as well as spatial variations, in particular in arteries, where the
pumping of the heart causes pulsations. The spatial variations imply that nearby
segments encounter different stimuli. Temporal variations, on the other hand, affect
endothelial cells individually, but are nonetheless relevant. Oscillatory shear stress,
for example, also promotes proatherogenic gene expression similar to low steady
shear stress.92,105 Also, hoop stress returns to the normal range in distal vessels but
not in the large conductive arteries, which are subjected to a much higher pulse
pressure, indicating that pulsatility, i.e., cyclic stretching, modulates its set point.84

1.5.3 Coupling between vasomotor tone and remodeling
It is striking that in resistance vessels many vasoconstrictors are also related to
inward structural adaptation, while vasodilators are known to induce structural
increases in diameter. Under prolonged elevated blood pressure levels, vessels
sustain a smaller diameter even after return to baseline pressure.55,106 In vitro,
sustained vasoconstriction but not diameter reduction without tone provokes inward
eutrophic remodeling of resistance arteries.85 This has generated the hypothesis that
vascular tone itself is a major drive for structural adaptation. Under the so-called
mold hypothesis, load is transferred away from the contractile elements during
lasting vasoconstriction55 either by intracellular re-organization107 or by continuous
addition of new components with length matching the current diameter.108 After
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removal of the vasoconstrictive stimulus, this re-organization, respectively the new
elements, limit relaxation with resulting reduced passive diameter, where such
structural adaptions already begin within hours.106

Altogether, structural adaptation of vascular diameter can thus be characterized by
change of tone, lumen diameter, vascular wall mass or thickness as well as alteration
of wall composition and arrangement.

1.6 Adaptation of vascular networks
Long-term increases in shear stress, such as under prolonged exercise training,
lead to an increase in skeletal arteriolar density and size as well as capillary-to-
fiber-ratio,109 indicating that not only the existing vessels remodel but that also the
network structure adapts. In principle, one can discriminate between four types
of such angioadaptation: vasculogenesis, angiogenesis, arteriogenesis, and vessel
regression.

1.6.1 Vasculogenesis
Vasculogenesis describes the de novo formation of blood vessels from angiogenic
progenitor cells. Originally, vasculogenesis denoted the differentiation of mesoder-
mal cells into hemangioblasts, forming primitive blood islands with subsequent
formation of the primary vascular plexus during embryogenesis.110 Recently, post-
natal occurrence of vasculogenesis has been debated.111 Irrespective of the definition
of vasculogenesis, there is evidence that endothelial progenitor cells contribute to
angioadaptation also in the adult.112

1.6.2 Angiogenesis
Closely related to vasculogenesis is angiogenesis, the sprouting of blood vessels
from the existing vasculature. Angiogenesis is induced by hypoxia, which stimulates
expression of angiogenic cytokines and growth factors such as vascular endothelial
growth factor (VEGF) in a hypoxia-inducible factor 1 (HIF-1)-mediated manner.113
Some of these factors act locally on the vascular endothelial and smooth muscle
cells. Circulating factors recruit various angiogenic cells, such as mesenchymal
stem cells, from the bone marrow and from remote tissue. These cells home to
the ischemic site, where they stimulate vascular remodeling.113 In the first type,
intussusceptive angiogenesis, an existing vessel is longitudinally split by inward
protrusion of endothelial cells from opposing sides,114 which primarily seems to
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occur at regions of low wall shear stress.86 In sprouting angiogenesis, endothelial
cells of capillaries protrude abluminally, whereas their apical membrane is subjected
to inverse blebbing.115 These so-called tip cells further elongate (“sprout”) and
divide until they make contact with another endothelial cell, merge, and re-align
to form hollow tubes.116,117 Rather than simple attraction to the angiogenic factors
produced by the hypoxic cells, sprouting is directed by VEGF gradients, where
positive gradients stimulate sprouting and negative ones dilation.118 An additional
cue comes from the pressure gradient. Interstitial flow seems to guide the sprouting
towards vessels of higher pressure than at the sprout,118 where the rate of sprouting
is proportional to the pressure difference.119 However, also mechanical stretch seems
to be a cue as static stretching stimulated parallel vessel formation in contrast to a
predominantly diagonal orientation under cyclic stretching.120

1.6.3 Arteriogenesis
Arteriogenesis can be viewed as a special case of structural regulation of the vascular
diameter. It refers to the process during which arterioles or small arteries increase
their lumen area and wall thickness, i.e., they outward remodel, usually in response
to an increase in wall shear stress.121 Elevated levels of wall shear stress activate
molecular pathways initiating proliferation of endothelial and smooth muscle cells
as well as augmentation of the vascular permeability.122 This leads to increased
monocyte attraction and adherence to the wall by chemoattractive proteins such
as vascular cell adhesion molecule 1 (VCAM-1), intracellular adhesion molecule
1 (ICAM-1), monocyte chemoattractant protein 1 (MCP-1), and transforming
growth factor beta (TGF-β). The monocytes migrate into the vessel wall,where they
differentiate to macrophages secreting inflammatory cytokines as tumor necrosis
factor-alpha (TNF-α), growth factors, e.g., fibroblast growth factor (FGF-2), and
matrix metalloproteinases (MMP).123 Degradation of the vessel wall structure,
re-organization, and reinforcement (maturation) of the new structure follow.

Arteriogenesis is most noticeable after occlusion (or experimental ligation) of an
artery causing diversion of blood flow through pre-existing pathways that bypass the
site of occlusion. These arterioles or small arteries typically carry little flow before the
occlusion and experience a strong increase in wall shear stress after occlusion. Over
the course of days to months, they can increase by up to a factor 20 in diameter.124

Initially, all pre-existing bypasses enlarge, but with time,most regress again such that
only few large pathways remain.125,126 There is evidence for innate existence of such
bypasses, called collateral vessels,127 even though the prevalence and responsiveness
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of these collaterals is highly variable128,129 and can be diminished in pathologic
conditions such as diabetes130 or with aging131. Well-developed collaterals can
prevent myocardial ischemia during coronary occlusion and are associated with
reduced mortality in patients with myocardial infarction.129,132

1.6.4 Pruning
To ensure a functional network, the angiopromotive processes described above need
to be counterbalanced by regressive mechanisms. Low wall shear stress promotes
vasoconstriction and migration of endothelial cells,86 which stimulates inflammatory
processes associated with wall remodeling in the most extreme case leading to
apoptosis and collapse of the vessel.93 Without these balancing mechanisms, a
dysfunctional microcirculation containing shunts is formed that is characterized by
heterogeneous, maldistributed blood flow.133 Also pathologies, e.g., hypertension
and diabetes, can cause aberrant networks by microvascular rarefaction.134

1.7 Aim and outline of this thesis
Even though many mechanisms regulating vascular network design by local hemo-
dynamic forces have been unraveled, they represent multiple tesserae that do not
yet complete the overall picture. Inspired by the work of Murray,15 wall shear stress
has long been thought to be the controlled variable. Shear stress, however, varies
throughout the circulation, with typically much lower values in veins (0.1–0.6 Pa)
than in arteries (1–2 Pa).58 The view of constant wall shear stress has accordingly
been altered, by suggesting that wave reflections,60 gene expression,58 or pressure135

modulate the set point. Circumferential wall stress, on the other hand, is also het-
erogeneous.135,136 The question thus remains how the various mechanisms interact
and what variable(s) are eventually controlled.

The vascular network is not a static, a priori determined structure but rather
dynamically adapting. Aging, exercise, dysfunctions as diabetes and hyperlipidemia,
but also occlusive events dynamically affect not only selected local sites but also
the network as whole. The vascular structural regulation outlined above is hence
thought to direct the development of the vascular network structure. Studying the
network design can thus help unraveling vascular regulation. Multi-scale three-
dimensional quantitative data on vascular networks are scarce though. Modeling
the hemodynamics and network adaptation can furthermore assist experimental
studies in separating the effect of different mechanisms.
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The aim of this thesis was to advance our understanding of vascular network
design by further developing tools for collecting comprehensive anatomical data
sets and generating detailed multi-scale representations of arterial networks with
focus on adaptation of collateral vessels.

The first part of this thesis focuses on arterial networks. Understanding the
dynamics of adapting networks provides a direct first insight into the course of
remodeling. In addition, extensive experimental data serve as input for modeling
studies to test what has driven this particular network design.

Chapter 2 provides an overview of current methods for imaging vascular networks
and perfusion of organs, in particular the heart. This chapter also discusses modeling
approaches to study structure–function relationships.

One of the presented tools, the imaging cryomicrotome, is utilized in Chapters 3
and 4 to obtain detailed reconstructions of arterial networks. A method to image and
reconstruct the remodeling arterial network in a model of rat hindlimb ischemia is
presented in Chapter 3, whereby several deep collateral pathways could be discerned
that are missed with superficial imaging methods.

In Chapter 4, the coronary arterial tree of a human heart is reconstructed at
great detail, and hemodynamic simulations are used to assess structure–function
relationships. Network characteristics were found to be far from uniform and in
fact changing with diameter.

The second part of this thesis focuses on one important stimulus of vascular
regulation, wall shear stress. Two methods to estimate wall shear stress in vivo are
presented, which may facilitate assessment in large clinical studies.

The first method (Chapter 5) expands simple Poiseuille-based wall shear stress
estimation to pulsatile flow. In a cohort of 45 patients, this method better captured
the oscillatory nature of shear stress and showed a good correlation with carotid
mean wall thickness while maintaining good reproducibility.

Chapter 6 examines whether structure–function relations can replace invasive
measurements for wall shear stress simulations in the human coronary arteries.
Computational fluid dynamics (CFD) predictions based on scaling laws exhibited
wall shear stress patterns comparable to those based on invasive flow measurements
although the absolute magnitude differed.

The findings and conclusions of this thesis, including a discourse on the meaning
of “collateral vessel”, are discussed in Chapter 7.
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Abstract
Background
One of the main determinants of perfusion distribution within an organ is the
structure of its vascular network. Past studies were based on angiography or
corrosion casting and lacked quantitative three dimensional, 3D, representation.
Based on branching rules and other properties derived from such imaging, 3D
vascular tree models were generated which were rather useful for generating and
testing hypotheses on perfusion distribution in organs. Progress in advanced
computational models for prediction of perfusion distribution has raised the
need for more realistic representations of vascular trees with higher resolution.

Methods
This paper presents an overview of the different methods developed over time
for imaging and modeling the structure of vascular networks and perfusion
distribution, with a focus on the heart. The strengths and limitations of these
different techniques are discussed.

Results
Episcopic fluorescent imaging using a cryomicrotome is presently being devel-
oped in different laboratories. This technique is discussed in more detail, since
it provides high-resolution 3D structural information that is important for the
development and validation of biophysical models but also for studying the
adaptations of vascular networks to diseases. An added advantage of this method
being is the ability to measure local tissue perfusion.

Conclusions
Clinically, indices for patient-specific coronary stenosis evaluation derived from
vascular networks have been proposed and high-resolution noninvasive methods
for perfusion distribution are in development. All these techniques depend on a
proper representation of the relevant vascular network structures.

Keywords: Vascular network, Imaging cryomicrotome, Coronary blood flow, Myocar-
dial perfusion, Personalized model
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Introduction

2.1 Introduction
Over the past 20 years, the technical advances in experimental physiology and
imaging capabilities have vastly increased the quantity and quality of anatomical
and physiological data. The concomitant steep rise in computational power and
numerical techniques has enabled multi-scale biophysical modeling of organ func-
tion.1,2 Apart from integrative modeling of normal physiological function, these
studies also aim to understand mechanisms in pathological conditions such as
atherosclerosis,3 cardiac disease or tumor perfusion and to predict the effect of
interventional treatment. Integrative modeling of the heart ranges from subcellular
mechanisms and cardiomyocyte electrophysiology4,5 to whole heart mechanical and
perfusion simulation.6

Blood flow to the myocardium is distributed via the coronary arteries that com-
prise a densely branching network of blood vessels embedded in the contracting
cardiac muscle. Myocardial perfusion is profoundly heterogeneous at multiple
spatial scales due to heterogeneity in local oxygen consumption and the asymmetric
branching of the intramural vascular tree. Normally, the coronary circulation is
capable of matching blood flow to elevated metabolic demand by adjusting vascular
tone.7 At maximal vasodilation, coronary flow becomes dependent on perfusion
pressure and coronary resistance is essentially determined by microvascular structure
(diameter and length) rather than function (tone). The impeding effect of cardiac
contraction on blood flow in coronary resistance vessels results from a combination
of mechanisms including local tissue pressure and time-varying muscle stiffness.8,9

A major consequence is that coronary blood flow occurs predominantly during
diastole when the heart muscle relaxes. The dynamics of the contraction process
also introduce a transmural gradient in tissue pressure, which is high at the subendo-
cardium and declines toward the epicardium.10–12 As a result, tissue closer to the left
ventricular chamber is more susceptible to ischemia than the outer myocardial layers.
The coronary vascular network is designed to compensate for this impediment by
a larger number of subendocardial arterioles.13 However, in conditions that lower
perfusion pressure (epicardial stenosis) or shorten diastolic duration (elevated heart
rate) the subendocardium will be jeopardized because its flow reserve is exhausted
sooner.14,15

All modeling efforts of organ perfusion share the common need for a proper
definition of the arterial vasculature within the tissue. Early models of vascular
networks were based on generic topological properties rather than actual network
reconstructions. In order to arrive at a realistic tree structure, the arterial system has
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to be visualized in three dimensions, 3D, so that arterial segments, their topology
and geometry can be quantified. Validation of model-based prediction of perfusion
requires methods to accurately measure tissue perfusion distribution in relation to
vascular structure. This paper aims to give an overview of the challenges associated
with collecting experimental data needed as foundation for model development
on tissue perfusion in the heart and validation of these computational models. It
is structured accordingly along the following outline; vascular tree visualization
techniques, analysis and modeling, determination of tissue perfusion and flow model
development for clinical applications.

2.2 Vascular tree visualization techniques

As early as the second century,Galenius (129–200) described the existence of venous
and arterial pools of blood and reasoned that blood was created in the liver and
consumed by other organs. It was not until several centuries later that the existence
of an actual blood circulation and perfusion of organs was postulated by Harvey
(1578–1657) in his “De Motu Cordis”. Harvey’s conclusion was essentially based on
a model interpretation of arterial and venous compartments and the communication
between them, since it was not possible at that time to visualize capillaries. Precise
vascular morphology in humans remains the realm of post-mortem investigation.
Ruysch (1638–1731) conducted numerous studies using vascular infusions with
colored liquid media so that at dissection, arteries could be traced throughout
the body and organs. In 1857, Virchow succeeded in visualizing very fine details,
including arterioles and capillaries of the kidney, by injecting a colored liquid
which was subsequently cleared by gradual increase in alcohol concentration.16
Since then, different kinds of colored vascular casting have been used extensively in
physiological research, with applications ranging from the detection of coronary
collateral arteries17 to vascular anastomoses in placentas.18

In this review we focus on studies aiming at visualization of vascular beds of
organs allowing functional vascular network analysis. Imaging techniques with
a rather limited field of view or superficial penetration such as intravital multi-
photon laser scanning microscopy, optical coherence tomography, and orthogonal
polarization spectral imaging have recently been reviewed elsewhere.19 Systems
combining noninvasive functional imaging information with structural information
from computed tomography in small animals were also recently reviewed.20
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2.2.1 X-ray angiography
The first x-ray angiograms demonstrating coronary collateral vessels were produced
by Schlesinger in 1938 who filled ex vivo coronary vessels with a radiopaque contrast
medium.21 In the 1950s, Fulton used post-mortem stereo-angiography in preserved
human hearts to visualize coronary arteries down to several tenths of millimeters
in diameter.22,23 He demonstrated extensive superficial and deep intercoronary
anastomoses, which were particularly abundant in the interventricular septum
and in the subendocardial plexus of the left ventricle. These images gave a good
impression of the intricate course of the smaller coronary arteries and identified
extensive intercoronary anastomoses (Figure 2.1). The technique was subsequently

Figure 2.1: Ex vivo arteriogram of a short axis slice of a human heart, after filling the
coronary arteries with bismuth-oxychloride-gelatin. Ischemia led to a strong increase in
vascular density in the posterior wall of the left ventricle by formation of coronary collaterals,
with enlargement of deep, subendocardial anastomoses. Branches of the unobstructed left
circumflex artery can be seen on the right hand side of the illustration. Reproduced with
permission from Fulton.23

45



Chapter 2 3D Imaging of vascular networks

used by Schaper and co-workers to examine coronary collateral formation in the dog
in response to timed coronary artery occlusion. These landmark studies identified
the role of coronary collaterals in protecting myocardium against ischemia and the
role of fluid shear stress in driving collateral vessel outward remodeling.24,25

Although these angiographic techniques yielded important morphological in-
formation, the essentially two dimensional, 2D, images were not amenable to 3D
modeling.

2.2.2 Vascular casting
Vascular casting opened the road to 3D visualization of the arterial tree. This tech-
nique involves the cannulation of the feeding artery of the vascular bed, the removal
of blood by flushing with buffer solution and the infusion of a replica material that
polymerizes over time. The intramural vessels of the cardiac muscle were studied in
different ways. Bassingthwaighte et al. used a silicone elastomer to fill the coronary
microcirculation of the dog heart and made the tissue transparent by prolonged
immersion in ethanol and methyl salicylate at increasing concentrations.26 These au-
thors demonstrated the continuity of the capillary bed over several centimeters with
many interconnections between parallel running capillaries, resulting in unbranched
capillary segments with an average length of 100 µm. These replicas yielded an
excellent overview of the capillary bed and its connection to arterioles and venules.
However, the density of the capillary bed is so high that the depth of view was
limited to less than 1 mm in most places.

Corrosion casting is a different technique to re-create the intra-organ vascular
network, by which high-quality physical replicas of the vasculature are obtained
after removal of the surrounding tissue by maceration with a concentrated base
or acid.17 This technique revealed changes in capillary density between normal
and hypertensive rat hearts,27 but the high density of the microvascular network
prevented measurements over large distances. Concurrently but independently,
two research groups pruned sub-trees of porcine coronary corrosion casts down
to the smallest arterioles and carefully measured individual segmental branching
angles, diameters and lengths in order to arrive at branching information over many
orders.28,29 The corrosion technique has delivered statistical descriptions of vascular
networks that gave rise to sophisticated anatomical and flow simulations down to
the capillary level (as discussed below). However, the true 3D structure was lost in
this type of analysis as well as the information on the spatial relation between the
myocardium and the embedded vessel segments.
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BA
Figure 2.2: Vascular corrosion cast showing a transverse section of the ventricular wall
of a rat heart. (A) Right ventricular free wall of an aged rat heart. Ep=epicardial surface,
En=endocardial surface, arrowheads point at large coronary vasculature. Bar equals 500 µm.
(B) Left ventricular free wall of a rat heart. Arrowheads point at capillaries. Bar equals
50 µm. Reproduced with permission from Hossler.31

Improvements in low viscosity resins have led to microvascular corrosion casts
with ultrastructural detail that permit scanning electron microscopy (SEM).This
technique was pioneered in the early 70s30 and applied to vascular casts of small
animal hearts and lungs.31 As depicted in Figure 2.2, these SEM images clearly
illustrate the dense organization of bundles of capillaries and permit the count
of endothelial cells per unit area. The vascular architecture of many tissues has
been analyzed using this technique, ranging from deviations in structure and wall
porosity in brain vasculature in a mouse model for Alzheimer’s disease32 to highly
vascularized plexuses with varying diameters and even blind ends in tumors.33
Despite the attractive detail that can be obtained with SEM analysis, attempts to
derive 3D information from casting combined with EM analysis have proven to be
extremely cumbersome.34

Potential sources of error in casting techniques comprise non-physiological filling
pressure, choice of polymer dilution to arrive at the desired viscosity for adequate
filling of small vessels and the possible inclusion of air bubbles in the casting resin.
In the case of coronary vessels in small hearts, the polymer is infused according to
Langendorff via the aorta with the risk of unwillingly filling the left ventricle, which
interferes with proper filling of the subendocardial microcirculation. Additional
concerns are possible effects of energy dissipation in case of exothermic reaction
and cast shrinkage upon polymerization.

47



Chapter 2 3D Imaging of vascular networks

2.2.3 Micro-computed tomography
Micro-computed tomography (micro-CT) is a relatively new modality that rapidly
advanced high-resolution imaging of fine structures.20,35,36 An important advantage
of micro-CT is the ability to acquire in vivo images, which enables longitudinal
studies of disease progression or vessel formation in single animals. However, given
the radiation exposure, micro-CT with voxel resolution below 50 µm3 is limited to
a single scan in live animals.36 Obviously, in the case of ex vivo imaging, radiation
exposure does not pose such a constraint and resolutions of several microns can be
achieved. Such high resolution 3D images have been obtained of mouse coronaries
(Figure 2.3) and neovessel organization in a mouse model of hindlimb ischemia.37
High-resolution datasets of small animal microcirculation with voxels <2 µm can
be acquired with synchrotron radiation micro-CT.38 In hierarchical microimaging a
regular micro-CT is used to obtain whole organ anatomy and synchrotron radiation
micro-CT to generate high resolution images in selected regions of interest.39

Micro-CT angiography requires injection of a radiopaque contrast material
with high x-ray absorption properties, such as iodinated compounds in case of in
vivo animal imaging. For ex vivo application the vasculature can be filled with a
suspension of lead chromate, barium sulfate or bismuth in silicone rubber or latex.
Low viscosity microfil can overcome issues relating to high viscosity which prevents
optimal penetration of the microvasculature.40,41

Figure 2.3: Maximum intensity projection of mouse coronary arteries obtained by micro-
CT imaging with 4 µm acquisition, downsampled twofold for display. Bar equals 1 mm.
Image provided courtesy of Dr. Ghassan S. Kassab, Indiana University—Purdue University
Indianapolis.
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At present, possibilities for perfusion imaging with micro-CT are limited. Using
advanced image reconstruction,42 mean transit time determination from CT images
is currently under investigation. Silver coated microspheres have been applied43 but
this method does not allow for multiple measurements and control-intervention
studies are not possible.

2.2.4 Episcopic (cryo-) microtome fluorescence imaging
The classical manner to arrive at a 3D reconstruction from microtomy is to separately
image individual histological slices and subsequently re-align consecutive images
using computer based 3D rendering.44 Episcopic 3D imaging, introduced about
15 years ago, overcomes the difficulty of dealing with unavoidable distortions, by
creating digital volume data from images of the embedded tissue block surface
after successive removal of imaged sections.45,46 Episcopic microtome techniques
frequently employ high-resolution fluorescence imaging to result in a registered
stack of 2D images containing detailed structural and/or functional information.

One of the first imaging cryomicrotomes using this principle (Barlow Scientific,
Inc. Olympia WA) was developed for the purpose of automated detection of
fluorescent microspheres in tissue (see Section 2.2.6) as tracers for spatial flow
distribution.47,48 Using filter wheels for excitation and emission light, 4 different
fluorescent labels could be detected. In the original design, the reciprocal linear
motion of the cutting blade was realized via a connecting rod attached to a rotating
crank and wheel, which introduced sinusoidal variation in the cutting force and
speed across the frozen tissue surface with each stroke and essentially prevented
high quality reconstructions from the individual fluorescent images.

The group of Spaan designed a more robust imaging cryomicrotome in which
the blade moves at a constant speed across the sample surface (Figure 2.4).49 In
addition to microsphere detection, high quality vascular network visualization down
to the arteriolar level (Figure 2.5) is achieved by prior injection of a fluorescent
plastic replica material.50,51 Through spectral unmixing, the number of fluorescent
labels was increased to 6.52 A typical dataset of a porcine heart processed at an
isotropic voxel resolution of 25 µm may comprise close to 4000 slices. Depending
on the number of fluorescent color channels, complete datasets may reach over
120 GB with images captured at 4096 × 4096 pixels and are acquired in 3–4 days of
unattended continuous cutting and imaging.

A tradeoff exists between resolution and field of view. Since tissue perfusion is
determined by the vascular architecture at multiple scales ranging from the relatively
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A

FE

C

B

D

Figure 2.4:View of the cutting plane of the imaging cryomicrotome as developed by Spaan
illustrating the image acquisition that yields co-registered vascular and microsphere data.49

Panels (A) through (F) show the same sample surface of a frozen human heart being cut in
a short axis configuration, with illumination on the left and corresponding captured images
on the right hand side. (A) Normal white light illumination; (B) gray scale outline image.
(C) Excitation at 650 nm for scarlet fluorescent microsphere emission at 712 nm in panel
(D). (E) Illumination with 440 nm for emission of vascular replica material at 505 nm shown
in Panel (F).
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5 cm

A
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Figure 2.5: Intensity projection image of a normal porcine heart with high viscosity flu-
orescent replica material injected into the coronary arteries. The coronary vessels were
reconstructed from 4080 slices, imaged with 4096 × 4096 pixels in-plane resolution, with
voxel size 25 × 25 × 25 µm3. (A) Anterior view of the left anterior descending artery with
major side branches (downsampled two-fold for display); (B) detail at higher resolution
(between the white lines in panel (A)), showing the dense vasculature from a proximal LAD
sidebranch and part of the vasa vasorum.

large conduit arteries to the small arterioles, systems with a larger field of view such
as the Spaan or Barlow type cryomicrotome are best suited for whole organ vascular
network reconstruction of larger mammals and humans. Other episcopic fluores-
cence imaging setups have been designed for whole mouse imaging by equipping
commercially available cryostats with fluorescent imaging capabilities.53,54 Systems
based on paraffin embedding achieve ultra-high resolution of 0.5–2 µm to visualize
embryonic mouse hearts,55,56 by repetitive tissue staining, imaging and milling of
the remaining tissue block57 or by employing two-photon imaging.58 Recent hybrid
techniques combine micro-magnetic resonance imaging, µ-MRI, and subsequent
high resolution tissue microtomy.59

2.2.5 Image restoration and analysis for tree segmentation and
microsphere detection

Extensive post-processing of the 3D image stack achieves detailed segmental re-
construction and quantitative analysis after image restoration. In case of episcopic
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fluorescence imaging with a cryomicrotome, blurring is introduced not only by lens
distortions and inherent optical noise, but also by artifacts of subsurface fluorescence
introduced by embedded microspheres or fluorescent cast material. Deblurring can
be achieved by deconvolution with the system’s 3D impulse response, or point spread
function (PSF),60,61 or by “next image out of plane fluorescence” correction.52,62

Segmentation of the vascular network, dependent on the outcome parameters,
e.g. connecting nodes, vessel angles, vessel diameters, may require the determination
of centerlines for all vessel segments. Several algorithms for this purpose have
been described for larger vessels imaged by e.g. CT angiography or MRI.63,64

However, in terms of computational cost these techniques are not easily applicable
to the much more extensive 3D whole-organ datasets produced by an imaging
cryomicrotome. A computationally efficient method for skeletonization that can
be implemented in parallel on multiple processor cores is based on a topology
preserving thinning algorithm65 results in a collection of points along the vascular
center. This peeling procedure produces a segmented tree that serves as a topological
representation of the vascular network (Figure 2.6) and connecting nodes, branch
angles, as well as local segmental diameters can then be extracted for a complete
anatomical characterization. Moreover, the image analysis software developed for

Figure 2.6: Illustration of vascular tree segmentation from cryomicrotome images. (Left)
Main branches of left anterior descending artery. (Middle) Consecutive points indicate
the centerline of the topological representative vascular tree. Color indicates local vascular
diameter ranging from large (red) to small (dark blue) and black for endpoints. (Right)
Detail of middle panel, where the mesh represents the average measured diameter of the
segments, S0 the mother segment and S1 and S2 being daughter segments.
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this instrument allows co-registration of vessel structure and microsphere density
as measure of local perfusion during various experimental conditions, or of other
fluorophores as tracers of (patho-)physiological actions.

2.2.6 Tissue perfusion measurement with microspheres
Tissue perfusion is defined by the amount of blood per unit time that enters a
tissue region of unit mass and passes through capillaries in that region. Perfusion
distribution can be measured by addition of appropriately labeled microparticles
or molecular tracers to the arterial bloodstream and quantifying the subsequent
deposition per unit mass of tissue.66,67 This method is based on the underlying
assumption that particle deposition density represents the relative distribution of
flow within the tissue region of interest. The use of differently labeled tracers allows
the perfusion distribution measurement under different circumstances in the same
experiment.

Historically, in most microsphere and molecular tracer studies, tissue was first cut
into small pieces, which were weighed and the amount of tracer in the tissue sample
was determined. For radioactive microspheres, automated gamma counters are used
to determine radioactivity for different isotopes in the samples. For fluorescent
microspheres, the tissue samples are homogenized and microspheres subsequently
counted by a fluorescence activated cell sorter analyzer68 or dissolved and fluores-
cence is measured in the solvent by a fluorescence spectrophotometer.69 The spatial
resolution of these methods is determined by the volume of the tissue samples
and the accuracy of the perfusion distribution measurement is determined by the
amount of microspheres in the samples. Assuming the deposition of microspheres
follows a Poisson distribution, the accuracy relates to 1/

√
N , N being the number

of microspheres in the sample. Hence, an accuracy of 5% requires 400 microspheres
in a sample.70 However, detailed topological information of perfusion distribution
is lost with this approach.

Epifluorescence images obtained with a cryomicrotome allow detecting the actual
3D position of each individual microsphere.52,71 The great advantage is that this
avoids the pitfalls of an a-priori tissue cutting scheme,whereby the resulting samples
may contain tissues of diverse regions of interest, e.g. by crossing the boundary of an
infarcted area. In the Spaan cryomicrotome, the original microsphere position is co-
registered in 3D space with vascular structure and anatomical landmarks identifiable
from the images. Since vascular structures can be visualized at high resolution,
the flow distribution in these structures can be assessed with high spatial accuracy
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A B

Figure 2.7: Example of the coronary vascular tree and perfusion territories obtained by
processing cryomicrotome images of a dog heart. (A) Intensity projection image of a mid-
LV transverse section. (B) Overlay of two microsphere populations (shown in green and
blue) injected into different major left coronary arteries; microspheres are not represented
to scale, width of the heart is 7.5 cm.

(Figure 2.7). Since also the segment diameter is known, shear stress distribution in
the arterial tree can be estimated as well. Moreover, knowledge of all microsphere
positions may allow for the development of new statistical techniques describing
perfusion distribution.72

Limitations associated with perfusion measurement by microsphere deposition
relate to the number of issues ranging from the number of microspheres required
for a volume sample and adequate mixing to rheological effects. To obtain a similar
accuracy as in large animals, the number of microspheres per unit body mass needs
to be higher in small animals, although flow disturbances have not been observed
in small animals.73 Microspheres need to lodge in the tissue at first pass, which
is accomplished by using microspheres of sufficient size, i.e. 15 µm. Preferential
streaming of microspheres may occur at bifurcations.74 The effects of variations
in particle density or particle dislodging have all shown to be negligible. Micro-
sphere distribution measurement maintains its importance in studying perfusion
distribution73 and forms the gold standard for validating in vivo techniques for the
measurement of perfusion distribution such as perfusion MRI.75
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2.3 Vascular tree modeling
The coronary vascular tree is the backbone for myocardial perfusion and a proper
understanding of its structure and flow distribution capabilities is of great impor-
tance in unraveling the regional distribution of ischemia. At a global level and under
normal physiological circumstances coronary flow is well matched to myocardial
oxygen consumption. However, expressed per unit tissue, both oxygen consumption
and perfusion are not homogeneously distributed76 and local microheterogeneity
can result in patchy myocardial ischemia and necrosis, where areas of well-perfused
myocardium are close to ischemic tissue units of only a few cubic mm, especially in
the subendocardium.77 These regional and local differences are not only due to the
spatial organization of the coronary vascular tree, but are strongly influenced by the
compressive forces of the contracting myocardium on the embedded vessels.8,78

Experimental findings and progress in tree visualization techniques have given
rise to the development of structural and functional models of the coronary circu-
lation. Moreover, such models have now reached the stage of clinical application,
underlining their relevance.

2.3.1 Biophysical principles for vessel diameters and branching
Over more than a century, theories have been built for explaining the tree like
characteristics of the arterial system. More than a century ago, Thoma reported
a marked correlation between the diameter of a vessel and the flow conveyed by
it.79 Murray postulated that the relation between the flow and vascular diameter
of a vessel results from a minimum energy hypothesis consisting out of a term
related to producing blood to fill a particular vessel and one for transporting it.80

A smaller diameter vessel requires less blood for the same length but will have a
higher resistance according to Poiseuille’s law. Accordingly, Murray’s law describes
the flow in the form of Q = kr3, where Q is the flow, k is a constant and r is the
vascular lumen radius. Since at a bifurcation the flow in the mother vessel must
equal the sum of the flow rates in the daughter vessels, their sizes are related by
r30 = r31 + r32, where r0 is the radius of the mother vessel and r1 and r2 are the radii
of the daughter vessels.

Although some studies confirmed a third power relation between flow and radius,
it is certainly not a general rule. An exponent of 2.3 has been reported for the
human lung81 and 4 for the rabbit ear.82 For the heart, the exponent varied between
2 and 3 depending on vascular diameters.28,83,84 Especially within the coronary
system, flow is pulsatile and energy is lost by wave reflection at branch points.
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Hence, an additional optimization rule can be derived based on the principle of
minimal wave reflections at branch points. For a symmetrical tree one arrives at
d2.55

0 = d2.55
1 + d2.55

2 .85 Although the coronary vascular tree is highly asymmetric,
this branching rule corresponded with a scaling law relating the number of distal
segments with a diameter of 0.4 mm belonging to a branch to the diameter of the
feeding vessel.

Note that these relationships do not take into account the dynamic nature of the
vascular geometry. The diameter of arterial segments is not constant and changes
due to adaptive tone of smooth muscle in their walls. This is especially the case in
the small resistance arteries that are involved in control of blood flow. At relaxed
smooth muscle tone, hyperemic coronary blood flow can be four times higher
than at rest. Moreover, local adaptation in reaction to reduced tissue perfusion
stimulates angiogenic and arteriogenic compensatory processes in a patient- and
disease-specific way.86 Adaptation of wall structure and diameter takes place in
vessels with tone and isolated vessel studies indeed showed that tone is even a
prerequisite for remodeling.87 Wall shear stress has a predominant role in remodeling
of vessels and thereby on re-structuring the arterial tree. A reduction in wall shear
stress induces a decrease in diameter and vice versa via an endothelium-dependent
process.88 Mathematically, Murray’s law corresponds with the constant shear stress
hypothesis.89,90 However, the relation between shear stress and vessel diameter is
not fixed and depends on vessel type and species.91,92 This needs to be taken into
account when relating tree properties, often measured at maximal dilatation, to
biophysical quantities such as pressure, flow and wall shear rate.

2.3.2 Vascular tree generation
Network models have been developed to understand the heterogeneous flow dis-
tribution in the cardiac muscle, which was experimentally shown to be fractal in
nature, implying that the relative dispersion of flow distribution has a power law
relation with sample volume for perfusion measurement.93 Similarly, a vascular
network is considered fractal when branching patterns recur over multiple spatial
scales.94 A relation has been suggested between the fractal flow distribution and
the fractal nature of the coronary network.95 Optimized constraint models in fact
suggest a duality between heterogeneity in flow and shear stress and found that
uniform shear and homogeneous perfusion cannot be obtained simultaneously.96

From the corrosion cast studies discussed above, coronary networks have been
generated based on measured scaling relationships at branch points, not necessarily
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fractal.28,29 Vanbavel and Spaan reported asymmetry and expansion ratios as the
two most mutually independent parameters obtained from their morphological
dataset, where asymmetry, S, is the ratio between the diameters of the smallest
and the largest daughter vessel as S = ds/dl and expansion, A, is the ratio between
the sum of the daughter radii squared and radius squared of the mother vessel as
A = (d2

1 + d2
2)/d2

m. Using Strahler ordering97 starting at the pre-capillary level,
networks were created applying statistical information on the relationship between
asymmetry and expansion ratios as function of diameter as well as the segmental
length–diameter relation. Models based on several combinations of asymmetry and
expansion ratios demonstrated that the experimentally reported pressure–segment
diameter relation could only be obtained in trees with high asymmetry.98 Kassab
and coworkers reported their experimental data according to a modified, diameter-
based Strahler ordering which facilitated calculations of flow distribution in the
network.29 This work was extended to include the capillary bed and venous vascular
network.99 Network studies based on these corrosion cast data resulted in fractal
flow distribution as described above.100

2.4 Predictive biophysical based modeling
2.4.1 Structure–function relationships
A class of models based on scaling laws has evolved to relate simulated tree struc-
ture to physiology. In these models stochastic tree growing algorithms based on
morphometric branching rules serve as the basis for the extension to power law
relations of a stem–crown system that can be mapped onto the myocardium.101–104

A stem can be any segment that feeds a crown formed by the subtree distal to the
stem. These models are essentially a generalization of Murray’s law to a subtree level
and describe relationships of diameter, length, and volume between the feeding
segment and its corresponding crown.83 Note that length and volume are cumulative
quantities and refer to the sum of segmental lengths and volumes in the crown
under consideration.

Flow simulations across these tree designs yielded hemodynamic relations be-
tween crown resistance and its volume and length, and between stem blood flow
and stem diameter and crown length, respectively, which were consistent with exper-
imental observations105,106 and measurements in patients.107,108 Choy and Kassab
found that V ∝ m1, L ∝ m¾, D ∝ m⅜, and Q ∝ m¾, where V and L correspond
to cumulative arterial volume and length, respectively, D is arterial diameter, Q
the volumetric flow, and m the myocardial mass.109 Additional structure–function
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scaling relations have been formulated on the basis of a volume–scaling relation
(HK model) that is based on a 7/3 exponent, slightly less than Murray’s exponent
of 3.105 The resulting scaling laws included the diameter–length, volume–length,
flow–diameter, and volume–diameter relations, with exponent values of 3/7, 9/7, 7/3,
and 3, respectively. The ¾ power law relation between total crown lumen volume
V and flow Q was extended to a resistance scaling law for a vascular tree, i.e. the
resistance of a vessel segment scales with the equivalent resistance of the corre-
sponding distal tree. This relation can be expressed as (Rs/Rc ∝ Ls/Lc), where Rs
and Ls are the resistance and length of a vessel segment, respectively, and Rc and
Lc are the equivalent resistance and total length of the corresponding distal tree,
respectively.106 Morphology derived scaling laws have made it possible to relate
geometric information obtained from vascular images to functional properties of
the coronary circulation.

2.4.2 Image-based modeling of coronary blood flow for patient-specific
diagnosis

Although the above relationships assume generalized design principles underlying
the structure–function relationship of the coronary arterial tree, they provided a
rationale for clinical applications, whereby (partial) trees obtained from digital
angiography, CT, or magnetic resonance imaging are used to predict flow and
pressure distribution for diagnostic purposes. The applicability of these methods
for clinical diagnosis remains to be established. Flow calculations in simulated
trees demonstrated a remarkable consistency of the ¾ power relation between
maximal coronary blood flow and the perfusion bed size expressed as the sum
of the perfused arterial volume at maximal vasodilation.110 These findings were
confirmed in vivo and allowed prediction of hyperemic blood flow in a swine animal
model by estimating the crown volume from angiographic images of the coronary
arteries.111 Fractional flow reserve (FFR) is a clinical index defined as the ratio
between the maximal coronary flow through a stenotic vessel and the theoretical
maximal coronary flow through the same vessel without a stenosis.112 The above
method can be employed to derive FFR based on angiographic data alone, in
conjunction with videodensitometrically measured hyperemic blood flow in the
presence of an epicardial stenosis. It should be noted however that these methods
implicitly rely on the translation of relations that were established in healthy animals
and volunteers.
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Sophisticated numerical models have been developed that combine computa-
tional fluid dynamics (CFD) and finite element models (FEM) in order to derive
patient-specific diagnostic information, based on extraction of anatomical as well
as hemodynamic or functional information from medical images.113,114 One of
the most important challenges is to apply realistic boundary conditions in order
to simulate dynamic blood flow in the extracted (truncated) geometry of the im-
aged vascular system. For the coronary circulation, the periodic deformation and
compression of the vasculature are a must to consider.8,115 Myocardial–vascular
interaction has been incorporated by a lumped parameter coronary vascular bed
model including the intramyocardial pump action for discrete coronary outlets to
represent the impedance of downstream coronary vascular networks.116–118 Others
have used 1D models to prescribe the distributed outlet pressure and flow101,119,120

or integrated the microvascular domain in terms of a multi-compartment coupled
porous-mechanical model of the cardiac left ventricle.121

Depending on the desired predictive power of integrated heart models, inter-
actions between the blood, deformable vessel wall and surrounding tissue need to
be taken into account by incorporating fluid–structure interaction (FSI) and cou-
pling with a myocardial mechanical model.122 In order to keep the computational
demands on a feasible level, flow rate and pressure on the outflow (or inflow) of
an image-based, 3D numerical domain can be coupled to the inflow (or outflow)
of a reduced-order model, i.e. a one-dimensional network or zero-dimensional
(lumped) model.123 This multi-scale approach was adopted by Kim et al. to compute
physiologically realistic pressure and flow waveforms in coronary vessels at baseline
conditions using a FEM model of the upper aorta and major coronary arteries
constructed from CT images.124 3D CFD simulations, including FSI with elastic
boundary conditions for the image-based domain, were coupled with an analytical
1D model of the circulation and a lumped-parameter coronary resistance model.
This model is now being applied clinically to compute mean pressure fields along
stenotic coronary vessels at simulated maximal hyperemia to predict FFR noninva-
sively from cardiac-gated CT images in patients.125 Despite the initial success of this
application, some underlying assumptions give rise to potential limitations: baseline
flow is related to LV mass, but flow depends on the amount of viable myocardium
and oxygen consumption; hyperemic flow is simulated assuming a fully functional
microcirculation, although the effects of obstructive epicardial disease extend into
the microcirculation, perfusion pressure is not linear with flow and microvascu-
lar resistance in relaxed vessels is pressure-dependent;112 vascular remodeling and
collateral flow are not considered, and uniform vessel wall properties are assumed.
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Finally, the coronary arteries are fixed to the surface of the heart which is frozen in
space and time, i.e. the motion of cardiac contraction is not modeled and transmural
mapping of coronary arteries is not incorporated.

Advanced integrated models of coronary perfusion using CFD-FEM simulations
include active cardiac–coronary mechanical coupling and several generations of
coronary vessels embedded within the ventricular wall in a multi-scale multi-physics
approach.6,126 Conversely, models directed at excitation–contraction coupling and
cardiac wall mechanics based on myocyte force generation and tissue deformation
need incorporation of perfusion since it places an upper limit on metabolism and
affects contraction.127,128

2.5 Discussion
This paper provides an overview of the different techniques that have evolved in
the past decades for the visualization and analysis of vascular structures and organ
perfusion. The discussion focused on the heart since it is not only one of the
most vital but also one of the most complex organs in terms of understanding and
modeling of blood flow. The principal aspects, however, apply to organ perfusion in
general.

Morphology derived scaling laws have made it possible to relate image-based
vascular structure to functional properties of the coronary circulation. A proper
characterization of the intramural vascular network is at the basis of such a modeling
effort. Knowledge of structure alone, however, is often not sufficient, since local
perfusion also depends on organ function. Control and regulation of adequate
tissue perfusion is realized by adaptation of vessel diameters via a process termed
autoregulation. In case of the myocardium, the recurrent compression of the em-
bedded blood vessels and the time-varying stiffening of the heart muscle itself add
another level of complexity to assess local tissue perfusion. Since perfusion deter-
mines the metabolic substrate availability for cardiomyocyte contraction, significant
“cross-talk” exists between the perfusion and the pumping of the heart.8 Numerous
physiological and patho-physiological processes modify this interaction through
short-term and long-term adaptation of both vascular and fiber structure of the
cardiac muscle. Most CFD studies cover a duration of a few seconds, but diseases
develop over years. Mathematical models and numerical methods are needed that
span the diverse spatial and temporal scales in clinically relevant problems.

Simulation of flow in arteries and organ perfusion forms an important opportu-
nity in computational physiology and medicine. The possibility to noninvasively
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determine the functional severity of coronary occlusions or derive estimates of
the theoretical maximal coronary flow carries promising clinical implications.129

At the heart of integrative models of organ perfusion in health and disease is
the concept of ‘intelligent’ imaging, i.e. the derivation of diagnostic information
from non-invasive image data to improve early diagnosis and optimize treatment
planning on a patient-specific basis. Prominent examples of current research in
pursuit of this goal are the EU-wide ICT-based projects for modeling and simu-
lation of human physiology under the umbrella of the Virtual Physiological Hu-
man (VPH) initiative (www.vph-noe.eu).130 Among these, the euHeart project
(http://www.euHeart.eu) focuses on the translational aspects of multi-scale
multi-physics cardiovascular modeling and the suitability of these models for use
in clinical environments, based on realistic 3D information on vascular branching,
fiber sheet information and perfusion.6 The envisioned benefits of this approach are
improved diagnosis with better selection of patients for treatment, and enhanced
personalized care that is based upon the interpretation of the individual patient
data and medical history rather than population derived averages.131

Many challenges remain associated with image-based modeling for patient-
specific diagnosis. A key challenge in realizing the goal of clinical application
of personalized modeling is to establish a practical, reliable, efficient tool for in
vivo detailed perfusion predictions from noninvasive imaging data that is not only
adequately verified, but also easy to use and fast. Other issues relate to the defi-
nition of reliable and predictive branching rules and the proper assessment of the
patient-specific parameters. The step from a generic to a patient-specific model of
organ perfusion involves matching the model predictions to clinical data by appro-
priately tuning model parameters. To this end, integrative patient-specific model
development has benefited tremendously from the increase in available clinical
observations for validation, ranging from cardiac wall motion and chamber flow
patterns to coronary pressure and flow waveforms and from the sequence of electri-
cal activation to mechanical contraction and local tissue perfusion. The question is
whether clinical observations contain enough detail to unambiguously determine
the unknown model properties. Application of fluorescent cryomicrotome imaging
for this purpose may offer a valid strategy to obtain the necessary data, since it allows
the detailed quantitative analysis of structural as well as functional information of
the arterial tree that supplies the heart muscle with blood.

In conclusion, the development of integrated multi-scale and multi-physics
models of the heart has the potential to make a real impact on medical practice. Such
an endeavor needs strengthening the collaboration between biomedical engineers
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developing image-based modeling tools and basic scientists and clinicians focused
on understanding and treating vascular disease. The promising outlook of patient-
specific modeling is that the beneficial outcome may well be more than the sum of
its parts.
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Abstract
Background
Development of collateral vessels, arteriogenesis, may protect against tissue
ischemia, however, quantitative data on this process remain scarce.

Methods
We have developed a technique for replicating the entire arterial network of
ischemic rat hindlimbs in three dimensions (3D) based on vascular casting
and automated sequential cryo-imaging. Various dilutions of Batson’s No. 17
with methyl methacrylate were evaluated in healthy rats, with further protocol
optimization in ischemic rats.

Results
Penetration of the resin into the vascular network greatly depended on dilution;
the total length of casted vessels below 75 µm was 13-fold higher at 50% dilution
compared with the 10% dilution. Dilutions of 25–30%, with transient clamping
of the healthy iliac artery, were optimal for imaging the arterial network in
unilateral ischemia. This protocol completely filled the lumina of small arterioles
and collateral vessels. These appeared as thin anastomoses in healthy legs and
increasingly larger vessels during ligation (median diameter 1 week: 63 µm, 4
weeks: 127 µm).

Conclusions
The presented combination of quality casts with high-resolution cryo-imaging
enables automated, detailed 3D analysis of collateral adaptation, which fur-
thermore can be combined with co-registered 3D distributions of fluorescent
molecular imaging markers reflecting biological activity or perfusion.

Keywords: 3D imaging, vascular imaging, vascular casting, hindlimb ischemia,
collateral vessels
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Introduction

3.1 Introduction
Remodeling of the arterial network, including enlargement of preexisting anas-
tomoses, may protect against chronically developing tissue ischemia. The ro-
dent hindlimb ischemia model is frequently employed to unravel mechanisms
of such angio-adaptation1–3 and to determine the effect of pro-angiogenic and
pro-arteriogenic therapies.4–6 The changes in vascular anatomy in this model are
typically assessed with X-ray or magnetic resonance angiography,7,8 however, these
methods have limited spatial resolution. Contrast-enhanced micro-computed to-
mography (micro-CT) and optical techniques provide alternatives.9–11 Of these,
optical techniques provide the advantage of molecular imaging possibilities. Such
techniques, in combination with anatomical imaging, are needed for monitoring
expression of relevant markers in among others endothelial and inflammatory cells.
Histological techniques provide excellent resolution for immunohistochemical and
other molecular markers. However, imaging over large tissue volumes or in three
dimensions (3D) is generally not feasible. Alternative molecular imaging meth-
ods include nuclear imaging methodologies, such as single photon emission CT
or positron emission tomography. These allow high sensitivity probing of expres-
sion and also of regional perfusion in vivo,12 yet these modalities have very limited
resolution and do not provide details on individual vessels beyond the major arteries.

The recent surge in the development of fluorescent markers presents opportunities
for 3D optical imaging technologies that can track the remodeling process of
the involved vascular networks in response to an ischemic insult or therapeutic
intervention in combination with the distribution of fluorescent biomarkers that
report on local molecular activity. Such combined acquisition is feasible with an
imaging cryomicrotome, which performs sequential cutting and high-resolution
episcopic imaging, discriminating up to six distinct fluorescent labels in frozen
organs.13 Complete vascular networks can be visualized in 3D with this technique,
based on classical vascular casting techniques using a fluorescently labeled replica
material.14

High-resolution imaging of angio-adaptation covering a wide range of vessel
sizes over a larger volume requires balanced filling by the casting material. Obviously,
collateral vessels should be reliably casted. Filling of capillaries, however, should
be prevented as the large volume of interest can only be imaged at supra-capillary
resolution and at such resolution, filled capillaries would appear as increased back-
ground fluorescence that diminishes image contrast. Therefore, the aim of this study
was to optimize vascular specimen preparation for detailed 3D fluorescence cryo-
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imaging and quantification of the entire arterial network, especially all collateral
anastomoses, in the ischemic rat thigh. We tested the outcome of different cast
materials, resin compositions as well as infusion methods both in healthy hindlimbs
and at different time points after inducing vascular remodeling by selective artery
ligation and provide an optimized protocol for this method.

3.2 Materials and Methods
In an initial series of experiments, the effect of resin composition on small artery
penetration was investigated in 34 healthy hindlimbs of 23 rats obtained immediately
post mortem after completion of other in-house studies. Optimized filling of
collateral arteries was subsequently tested in 12 rats (male Sprague-Dawley rats,
9–12 weeks old; Charles River, Germany) in which arteriogenesis was stimulated
by unilateral hindlimb ischemia, as described below. The animals had access to
food and water ad libitum. The protocol was approved by the Institutional Animal
Care and Use Committee of the Academic Medical Center of the University of
Amsterdam.

3.2.1 Hindlimb Ischemia Model
After receiving a subcutaneous injection of buprenorphine (temgesic, 0.03 mg/kg)
and carprofen as analgesics (15 mg/kg), the animals were anesthetized in an induc-
tion box with isoflurane (3%). Throughout the procedure, anesthesia was maintained
by inhalation of 2.5% isoflurane mixed with oxygen through a nose mask and the
animal was kept on a heating pad to maintain body temperature. The right thigh
was shaved and disinfected with iodine solution. Moderate hindlimb ischemia was
induced by ligating three arteries with 7-0 silk sutures: the epigastric artery, the
proximal saphenous artery, and the femoral artery just proximal to its division into
the saphenous and popliteal artery. The skin was closed with a sterile 5-0 suture,
and the animal was allowed to recover.

3.2.2 Replica Materials
The cast was formed by polymerization of a base solution with a catalyst. Three
components were utilized for the base solutions: Batson’s No. 17 monomer solution
(Polysciences,Warrington,PA,USA),Mercox (Ladd Research Industries,Williston,
VT, USA) and methyl methacrylate (MMA; Polysciences, Warrington, PA, USA),
where Batson’s monomer solution is more viscous than Mercox and MMA acts as
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a diluent. Different base solutions were created by varied combinations of these
components: Batson’s diluted 10–50% with MMA, Batson’s-Mercox mixtures, and
undiluted Mercox. Fluorescent dye (UV blue; VasQTec, Zurich, Switzerland)
was added to the base solutions. Polymerization was initiated either with Mercox
catalyst or with Batson’s promoter and catalyst based on the main component.

3.2.3 Vascular Casting
In the healthy rats, the abdominal cavity was opened immediately post mortem and
either the abdominal aorta or one or both of the iliac arteries were dissected free
and cannulated (short tubing of 0.3–0.6 mm inner diameter attached to a longer
tubing of larger diameter).

In the ischemic animals, anesthesia was induced 1 (n = 6) or 4 (n = 6) weeks after
surgery with isoflurane, which was hereafter maintained using an intraperitoneal
injection of ketamine (75 mg/kg) and dexdomitor (0.5 mg/kg). Heparin (250 U)
was injected for anticoagulation. Then, both hindlimbs were shaved, the legs were
fixated in a spread position, and the abdomen was opened. The abdominal aorta was
dissected free and cannulated distal to the renal arteries in the direction of flow. For
this purpose, a custom-built cannula was made by connecting a 2.5 cm tip of a rat
femoral catheter (1.02 mm outer diameter; 0.61 mm inner diameter; Alzet, Charles
River Laboratories, L’Arbresle Cedex, France) to an extension tube (2.5 mm inner
diameter; Vygon, Valkenswaard, The Netherlands). Subsequently, the rats were
euthanized by an injection of pentobarbital into the vena cava.

After cannulating the arterial access vessel, the vena cava was severed to pro-
vide outflow. To prevent thrombus formation and to ensure maximum and re-
producible vasodilation, the hindlimb vasculature was flushed with heparinized
calcium-free buffer solution (composed of 8.474 g/l sodium chloride, 0.628 g/l 3-(N-
morpholino)propanesulfonic acid (MOPS), 0.351 g/l potassium chloride, 0.288 g/l
magnesium sulphate, and 0.166 g/l monosodium phosphate, pH = 7.35) prewarmed
to 37 °C. First, the buffer was infused manually using a syringe. When sanguineous
efflux from the vena cava was noticed, the cannula was connected to a pressure-
controlled system kept at 100 mmHg. After the hindlimb(s) became pale, perfusion
was switched to the replica material at the same pressure. Great care was taken to
not introduce any air bubbles to the perfusate, and observed bubbles were removed
via a T-junction.

For the ischemic rats, the filling protocol was additionally modified to improve
collateral penetration. The left iliac artery and vein (healthy side) were clamped

79



Chapter 3 3D Episcopic Imaging of Rat Hindlimb Collaterals

during flushing once the efflux was clear of blood. These clamps were released
during vascular casting as soon as arrival of the fluorescent resin was noted in the
right, ischemic foot (typically within a few minutes) to complete arterial filling of
the healthy leg.

The onset of polymerization could be noted by a temperature rise as well as by a
color change from light yellow to orange. The resin was allowed to cure at ambient
temperature for several hours, after which the specimen was frozen at −20 °C. In
preparation for episcopic cryo-imaging, the frozen rat hindlimbs were embedded
in a gel containing carboxymethylcellulose sodium solvent (Brunschwig Chemie,
Amsterdam,The Netherlands) mixed with Indian ink (Royal Talens, Apeldoorn,
The Netherlands). The embedded sample was frozen and stored at −20 °C.

3.2.4 Episcopic Cryomicrotome Imaging
Co-registered stacks of sequential 2D images were acquired for each specimen with
an automated imaging cryomicrotome.14,15 The sample surface was illuminated by
light emitting diodes (Luxeon emitters; Philips Lumileds Lighting, San Jose, CA,
USA).The camera lens (AF-D Zoom Micro-Nikkor 70–180 mm; Nikon,Tokyo,
Japan) and the slice thickness were set to yield an isotropic voxel resolution of
24 µm over a field of view of 9.8 × 9.8 cm2. After each slice was cut, two 12-bit
images of the bulk surface were acquired with a 4096 × 4096 pixel charge-coupled
device camera (Alta U-16; Apogee Imaging Systems Inc., Roseville, CA, USA).
The first image was of vascular cast fluorescence with peak excitation at 361 nm
and emission at 435 nm (bandwidth 25 nm) or 505 nm (bandwidth 30 nm) using
interference filters (Chroma Technology, Bellows Falls, VT, USA). To optimize
the image quality for segmentation, the emission filter, the camera aperture, and
exposure time were slightly varied during the initial stage (f/8–f/22, time 10–20 s).
The improved lens performance at 505 nm outweighed the weaker fluorescent signal
such that the 505 nm filter (f/8, exposure time 10 s) was subsequently used. The
second (brightfield) image was acquired in order to obtain structural information
using excitation at 440 nm and emission at 435 nm.

3.2.5 Image Analysis and Quantification
The detailed 3D vascular architecture of the entire hindlimbs was reconstructed
from the co-registered image stacks. Preprocessing included correction of pixels
suffering from dark current noise and Richardson-Lucy deconvolution16 of the
raw cast images with a system-specific point-spread function established by blind
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deconvolution (Matlab;The MathWorks Inc.,Natick,MA,USA).Visualization and
segmentation of the vascular structures was done in Amira 5.6 (FEI Visualization
Sciences Group, Mérignac Cedex, France). First, a coarse binary mask to select
the regions containing fluorescent structures was created by morphological growth
(hole filling, dilation) of the union of the 0.5% voxels with highest intensity and
the connected components (minimum size 1000 voxels) of the 1% voxels with
highest intensity. As vascular trees are connected and the morphological operations
accounted for possible artifacts such as broken cast segments, this mask was then
restricted to connected components with a minimum size of 10 000 voxels. The
segmented vasculature was obtained by thresholding the masked de-blurred image
stack. Finally, the segmented vasculature was skeletonized and represented as a graph
consisting of segments with associated length and mean diameter using Amira’s
Auto Skeleton module. Graphs were visualized with continuous pseudo-coloring
of the local diameter.

In order to evaluate the effect of resin dilution, a region of interest of 10 × 15 × 15
mm3 was defined around the distal femoral artery for the healthy animals. The
segments in this region were grouped according to their diameter, counted, and
the average segment length as well as the cumulative length per tissue volume
was computed per diameter class. The segmented vasculature within this region
normalized to the tissue volume was defined as the vascular volume fraction. In
the ischemic hindlimbs, the gracilis collaterals, which form superficial anastomoses
between the muscular branch of the femoral artery and the saphenous artery, are
frequently used to assess arteriogenesis and were identified in Amira and segmented
for two representative cases as described in Figure 3.1.

In addition, the vasculature of one ischemic hindlimb was segmented, the vessels
were represented by their centerlines, and collateral candidates were automatically
detected as previously described.17 Collaterals were selected from the candidates
bridging the femoral occlusion, followed by manual verification of their pathways
against the raw data. Collateral length was computed as the sum of the distances
between adjacent centerline points. The ratio of collateral length to the distance
between the end points of the collateral was taken as a measure of tortuosity, where
unity represents straight vessels and higher values reflect increasing tortuosity.

Kruskal–Wallis tests with Dunn’s post-hoc analysis were employed to compare
segment lengths and collateral diameters. Differences in segment characteristics
per diameter class between dilutions were assessed using Friedman’s test. A p-value
of 0.05 was considered significant. All analyses were performed using SPSS version
20.0 (IBM Corporation, Armonk, NY, USA).
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Figure 3.1: Identification of the gracilis collaterals (GC) based on anatomic landmarks as
depicted in (A). First, the femoral artery (FA) and the saphenous artery (SA) were identified
in a three-dimensional volume rendering of the entire raw data set (B).Then, the field of
view was iteratively increasingly restricted as indicated by the boxes (C,D) up to a final,
manually selected region of interest (E). For the final region, a binary mask was created by
thresholding (F). Segmentation of the GC was obtained by restriction of this mask with
subsequent manual inspection (G). MB = muscular branch of femoral artery.
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3.3 Results

All specimens were successfully casted and cryo-imaged in continuous sessions
lasting between 25 h for part of a leg and 165 h for the entire lower body of a rat.
Typical data sets ranged from 60 GB (1500 slices) for part of the thigh to 220 GB
(5500 slices) for the lower body.

3.3.1 Vessel Filling in Healthy Rats
Penetration into the vascular bed and polymerization of the resin were achieved
with all resin combinations. The degree of filling varied with dilution of the base
solution. The most viscous resin (10% dilution) only reached arteries and main
arterioles (Figure 3.2). With increasing dilution, more detailed arterial structures
were penetrated by the resin as reflected in the segmented vascular network (middle
and bottom panels of Figure 3.2). These graphs comprised 755, 9300, and 18 129
segments for the 10%, the 20%, and the 50% dilution, respectively. Figures 3.3A and
3.3B illustrate that the total length of filled vessels strongly increased with dilution
in the region of interest (as indicated by boxes in Figure 3.2, p < 0.001) and in the
thigh in general (p < 0.001). The cumulative normalized length of small vessels
(mean diameter <75 µm) rose fivefold and 13-fold in the region of interest for the
moderate and the strong dilution, respectively. Also the summed length of medium-
sized (75–300 µm) vessels increased with dilution, yet to a smaller degree (inserts in
Figure 3.3). This was paralleled by a rise in casted vascular volume fraction from
0.1% to 0.4% and 1.8%. Figure 3.3C shows that the increase in length was mainly
due to a larger number of segments (p = 0.002) rather than an increase in individual
segment length (Figure 3.3D).The normalized number of small segments increased
by factors of 6 and 13, respectively, whereas there was no significant difference in
median segment length between the low and the moderate dilution with a moderate
increase for the strongest dilution (respectively 184, 176, and 236 µm).

Venous filling was generally observed with low viscosity resins, such as Mercox
or high dilutions of Batson’s, as reflected by the presence of vessels >600 µm for the
50% diluted resin. Such large segments were absent in the other resins (Figure 3.3).
Overall, a mixture of Batson’s with 25–30% MMA produced optimal casts of arteries
and arterioles for cryo-imaging with little venous filling. This dilution was selected
for casting of the ischemic hindlimbs.
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600 µm0 µm
vessel diameter

10%
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20%
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90°

Figure 3.2: Effect of resin dilution on vessel penetration. The segmented vasculature in
the hindlimbs of healthy rats is shown by volume renderings pseudo-colored by diameter
(left and center panels, orthogonal views) and by maximum intensity projections of the
raw data in a region of interest (right panels). Diluted Batson’s penetrated smaller vessels:
limited penetration at 10% dilution (top), 20% dilution (middle), and filling of veins at
50% dilution (bottom). D, dorsal; L, lateral; M, medial; Pr, proximal; V, ventral. Scale bar:
(left and center) 3 mm and (right) panels 1 mm.
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Figure 3.3:Effect of resin dilution on cumulative vessel length versus diameter in hindlimbs
of healthy rats for the thigh (A) and a region of interest around the distal femoral artery (B).
Inserts show expanded length scale for diameters ≥100 µm. Both the number of segments
(C) and, to a smaller degree, the individual segment lengths (D) contributed to the difference
in cumulative length. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3.2 Vessel Filling in Unilateral Hindlimb Ischemia
Simultaneous perfusion of both the healthy and ischemic hindlimb with the op-
timal resin mixture established for healthy legs resulted in an imbalanced filling
(Figure 3.4A). Although the resin reached the toes of the healthy left leg, no vessel
distal to the femoral ligation was penetrated. Modification of the protocol by initial
clamping of the iliac artery of the unligated side during infusion of the replica
material yielded more complete vascular casts (Figures 3.4B, 3.4C). Main vessels
of all regions in the leg such as the femoral, saphenous, and tibial arteries were
consistently visible in both hindlimbs. Casts replicated the arterial network with
a great level of detail. Histology confirmed successful penetration of the selected
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Figure 3.4: Three-dimensional visualization of hindlimb vasculature 1 week post unilateral
ligation using the optimized resin dilution. In contrast to unbalanced filling of the healthy
left and ischemic right hindlimb with simultaneous filling (A), collaterals and vessels distal
to the femoral obstruction were adequately penetrated when sequential perfusion was
applied by initial clamping of the left iliac artery [(B) raw data, (C) segmented vasculature].
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Figure 3.5: Representative histological sections of a healthy rat thigh perfused with resin
according to the optimized protocol (blue) and stained with lectin [green, (A)] and against
laminin α-1 as basement membrane marker [cyan, (B)].Cast material demonstrates complete
filling of the lumina including small vessels. The inset of (B) demonstrates occasional filling
of capillaries close to major vessels.

resin into small vessels (diameter in the order of 15 µm) with complete filling of the
vascular lumen (Figures 3.5A, 3.5B). The capillary bed remained unfilled in most of
the hindlimb (Figure 3.5A), with occasional filling of capillaries that were located
close to much larger arteries (Figure 3.5B and inset).

Importantly, the collateral vessels of the ischemic leg were reliably replicated as
assessed by macroscopic inspection of the commonly described preexisting anasto-
moses. Figure 3.6 and Supplementary Movie 1 (Figure 3.S1) show the 12 collateral
pathways bypassing the ligation that were found in an exemplary hindlimb 1 week
post ligation. The deep pathways tended to be more tortuous, with the collaterals
re-entering into the popliteal artery exhibiting the longest paths (Table 3.1). The
gracilis collateral pathways appeared as thin anastomoses in healthy legs and early

Table 3.1: Collateral characteristics

Re-entry location n Length (mm) Tortuosity
Saphenous artery 4 28.2 ± 2.6 1.5 ± 0.1
Popliteal artery 4 39.9 ± 8.9 2.0 ± 0.4
Geniculate artery 4 25.8 ± 2.3 1.9 ± 0.3
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Figure 3.6:Collateral pathways in a hindlimb 1 week post ligation. Multiple deep pathways
feed the popliteal artery (red) and the geniculate artery (yellow); the saphenous artery is
supplied by one deep pathway as well as by the superficial gracilis collaterals (blue). Cr,
cranial; L, lateral; M, medial; V, ventral.

after femoral artery ligation, whereas they became increasingly prominent 1 and 4
weeks post ligation. Figure 3.7 illustrates segmentation and diameter estimation of
the gracilis collaterals with a representative case shown for each time point. Four
weeks post ligation (Figure 3.7B), the collateral network was more developed than in
the hindlimb 1 week post ligation (Figure 3.7A).This was reflected by an increase in
both the number of vessels and the diameter of the main collateral vessels. The total
length and volume of the collateral vasculature increased threefold and sevenfold,
respectively. The median diameter of the main collateral vessels enlarged from 63 µm
1 week post ligation to 127 µm after 4 weeks of ligation (p < 0.001).

3.4 Discussion

We presented an optimized vascular casting method of the ischemic rat hindlimb
for episcopic fluorescence imaging with an automated cryomicrotome. The resulting
image stacks yielded detailed 3D reconstructions of the entire arterial network in
the lower body, with vessels ranging from 24 µm to 1.5 mm, enabling quantification
of collateral vessel remodeling with prolonged ischemia.
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Figure 3.S1: Supplementary Movie 1 visualizing the collaterals in a hindlimb 1 week
post ligation. The movie can be found online at https://static.cambridge.org/
content/id/urn:cambridge.org:id:article:S1431927617000095/resource/
name/S1431927617000095sup001.mp4

3.4.1 Factors Influencing the Quality of Arterial Vascular Filling
The completeness of a vascular cast greatly depends on the material and infusion
protocol. Choice of preparatory steps, material as well as infusion pressure has
been a matter of controversy18–20 and depends on the experimental objective. In
order to quantify collateral growth, it is paramount that the cast includes all arterial
vessels, with minor filling of capillaries that would otherwise elevate the background
fluorescence level.

We optimized the composition of the replica material with the goal to visualize
small collateral vessels in the rat hindlimb with cryomicrotome imaging. Filling
could be restricted to the main arteries and large arterioles by selection of a viscous
resin such as undiluted Batson’s. The degree of arterial filling was associated with
the amount of dilution of the base solution. Partial venous filling was already
noted with moderately diluted resins. We speculate that in the absence of capillary
penetration over most of the tissue, arterio-venous shunts caused such locally
confined venous filling. The nature and location of such shunts, however, remains to
be established. We also tested Mercox as casting material, but observed substantial
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Figure 3.7: Representative examples showing three-dimensional renderings of the vascular
cast in the ischemic rat hindlimb with segmented collaterals color-coded by diameter. The
superficial gracilis collaterals are notably smaller 1 week post ligation (A) compared with 4
weeks post ligation (B).

filling of the capillaries. In addition, for low viscosity resins, such as Mercox and
Microfil, extravasation has been reported.21,22 Such resins should therefore be used
cautiously.

The degree of filling further depends on the pressure gradients throughout the
vascular bed, which can be controlled by either using a constant flow rate or by
applying a constant pressure at the infusion site.23 The latter is usually controlled
upstream of the cannulation site such that pressure losses along the infusion catheter
must be taken into account. Control of the flow rate has been reported to provide
more complete casts. However, local pressures may become very high, causing
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vascular distension.23 Perfusion fixation before vascular casting can reduce such
distension,24 but at the risk of shrinking the vasculature or resulting in less complete
casts.25 We therefore chose to infuse the resin under pressure-controlled conditions,
maintaining the input pressure at physiological levels. Also the outflow pressure at
the severed vena cava was comparable with the in vivo pressure. Under controlled
inflow and outflow pressure, the flow rate depends on the vascular resistance as well
as on the viscosity of the fluid. The resulting pressure distribution for a specific
vasculature, however, is independent of the viscosity of the material. In order to
allow for a deep penetration of the resin, we induced a slow polymerization. We
speculate that in the short filling phase of the moderately to strongly diluted resins,
polymerization was minimal, such that large differences in viscosity remained absent
and local pressures therefore approached physiological levels. In 90% Batson’s, flow
was much slower and ceased before reaching the small vessels. Apart from poor
filling, this may have resulted in more variation in local pressures, depending on the
sites where polymerization starts.

Shrinkage of the cast material while curing also influences the accuracy of repli-
cated dimensions. High monomer content causes 5–20% shrinkage.26,27 Shrinkage
is even more pronounced in samples that undergo maceration or clearing. An aver-
age diameter reduction of 65% has been reported for Microfil after methylsalicylate
clearing.28 Modified Batson’s mixtures are less prone to shrinkage,29,30 and we did
not observe any partially filled lumen by histological examination, whereas incom-
plete luminal filling has been observed with Microfil casts.31,32 Our fluorescent cast
cryo-imaging does not require any tissue clearing or maceration steps in order to
obtain sufficient contrast to visualize small vessels. Therefore, we are confident that
shrinkage did not greatly affect our quantitative results.

3.4.2 Optimized Filling of Collateral Vessels in Ischemic Hindlimbs
The challenges to reliably fill collateral vessels in the rodent hindlimb, especially in
unilateral hindlimb ischemia, have been acknowledged previously.33,34 Our method
of transiently clamping the iliac artery on the unligated side produced successful
sequential filling of the ischemic and the healthy hindlimb, whereas only requiring a
single cannulation of a large vessel. Slow onset of polymerization ensured that both
legs were filled under similar conditions. In some cases, the preexisting collateral
vessels on the healthy side were less reliably filled than on the ischemic side, with
a cleft void of cast appearing between two filled aligned segments on either side.
Flow in the preexisting collateral vessels in the healthy leg is bidirectional with low
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flow rates in the mid portion32 which could explain incomplete penetration of the
resin in these collateral segments.

3.4.3 3D Fluorescence Cryo-Imaging of Vascular Networks
Collateral vessels have been suggested to develop from preexisting small arterioles,
by arteriolization of connecting capillaries, or even by de-novo formation of blood
vessels.35 With the proposed filling technique, the vascular architecture of the rat
hindlimb could be reliably filled to reflect dimensional changes of collateral growth.
Sequential stacks of 2D images, obtained by automated episcopic cryomicrotome
imaging, allowed reconstruction of the entire network at a resolution comparable
with ex vivo micro-CT. Such detailed 3D vascular networks of the entire leg are a
first step toward a detailed analysis of vascular adaptation in response to an ischemic
insult, as, for example, reflected by an increase in diameter, length, and tortuosity,
and can serve as rigorous input for modeling studies on blood flow and shear stress
distribution, vascular remodeling, and oxygen transport to tissue.14 Unlike micro-
CT, joint 3D fluorescence cryo-imaging of vascular cast and molecular and cellular
tracers permits co-registered high-resolution reconstruction of fluorescently labeled
markers of biological activity and perfusion.36,37 Together these facilitate future
integrative studies on arteriogenesis that combine local activity and shear stress
with adaptation of vascular morphology and perfusion.

Our 3D imaging covers a very large tissue volume, but simultaneously imaging
resolution is limited. Voxel size was 24 µm, and based on the ability to detect
calibration spheres we estimate that vessels of 15 µm in diameter are reliably detected
due to the very strong fluorescence signal. Diameters of these vessels, however,
cannot be estimated. Based on these limitations, the current technique would allow
the detection of preexisting arteriolar connections of 15 µm or larger in diameter,
but would not allow discrimination between outgrowth of still smaller vessels or
the other modes of collateral artery formation. Inclusion of molecular markers37

or combination with high-resolution confocal microscopy would be required to
address these issues.

3.4.4 Study Limitations
As vascular casting techniques only permit investigations at a single time point and
do not allow longitudinal follow up of individual rats, we compared the influence
of resin viscosity and femoral artery ligation across animals. To limit the resulting
variability, we assessed the level of filling of similarly sized vessels in a region of
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interest based on anatomic landmarks. Some variation was unavoidable as, for
example, the size of the femoral artery of the 10% dilution was notably smaller
than for the other resins. This could have been either due to intraspecies variability
(despite similar age and same strain as the rat with 20% dilution) or due to the
filling procedure.

The parameters influencing a vascular cast have been previously studied in the
context of corrosion casting,23 and cast quality has frequently been assessed by
the quality of the endothelial imprints.27 The objective of casting for 3D vascular
imaging of entire organs or vascular regions differs, in that the cast should be a
facsimile of vessels ranging from the highest imaging resolution of a few micrometers
to large arteries. The goal of this study was to optimize the filling protocol for
fluorescence imaging of the ischemic rat hindlimb arterial vasculature in sectioned
frozen tissue. As such, our study was restricted to methacrylate resins which are
suitable for cryomicrotome cutting, in contrast to more elastic materials such as
Microfil, neoprene, or latex that are commonly used for micro-CT.

3.5 Conclusions
We developed a casting protocol with material and infusion pressure of 100 mmHg
optimized for reliably replicating the arterial and collateral network in ischemic rat
hindlimbs. Together with episcopic cryomicrotome imaging, this method allowed
3D reconstruction of the entire rat hindlimb vasculature with great level of detail.
In future work, this method can be combined with fluorescent markers reflecting
biological activity or perfusion.
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Abstract
Background
Many processes contributing to the functional and structural regulation of the
coronary circulation have been identified. A proper understanding of the complex
interplay of these processes requires a quantitative systems approach that includes
the complexity of the coronary network. The purpose of this study was to provide
a detailed quantification of the branching characteristics and local hemodynamics
of the human coronary circulation.

Methods
The coronary arteries of a human heart were filled post-mortem with fluorescent
replica material. The frozen heart was alternately cut and block-face imaged using
a high-resolution imaging cryomicrotome. From the resulting 3D reconstruction
of the left coronary circulation, topological (node and loop characteristics), topo-
graphic (diameters and length of segments), and geometric (position) properties
were analyzed, along with predictions of local hemodynamics (pressure and flow).

Results
The reconstructed left coronary tree consisted of 202 184 segments with diameters
ranging from 30 µm to 4 mm. Most segments were between 100 µm and 1 mm
long. The median segment length was similar for diameters ranging between 75
and 200 µm. 91% of the nodes were bifurcations. These bifurcations were more
symmetric and less variable in smaller vessels. Most of the pressure drop occurred
in vessels between 200 µm and 1 mm in diameter. Downstream conductance
variability affected neither local pressure nor median local flow and added limited
extra variation of local flow. The left coronary circulation perfused 358 cm3 of
myocardium. Median perfused volume at a truncation level of 100 to 200 µm was
20 mm3 with a median perfusion of 5.6 ml/(min g) and a high local heterogeneity.

Conclusion
This study provides the branching characteristics and hemodynamic analysis of
the left coronary arterial circulation of a human heart. The resulting model can
be deployed for further hemodynamic studies at the whole organ and local level.

Keywords: human, coronary circulation, hemodynamics, myocardial perfusion, mod-
eling, branching patterns, scaling laws
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4.1 Introduction

The coronary arterial circulation consists of a myriad of vessel segments, starting
at the main stem and right coronary artery and repeatedly branching toward the
smallest arterioles that connect to the capillary bed. This system, covering around
a 500-fold range in diameters in humans, normally allows for adequate matching
of local perfusion to the oxygen needs. Thus, coronary autoregulation ensures by
adjusting vasomotor tone that local perfusion at rest increases with, among others,
oxygen demand, and is relatively insensitive to changes in systemic pressure.1,2 It is
generally believed that also the coronary artery structure adapts to allow for optimal
perfusion capacity, although the concepts and mechanisms here are far less clear.3,4
This system is challenged in coronary artery disease (CAD),where proximal stenoses
cause flow impairment. In addition, downstream coronary arteries and arterioles
may also be affected by CAD, resulting in endothelial dysfunction and, consequently,
impaired regulatory capacity and reduced ability for structural adaptation.

Many processes have been identified that contribute to functional and structural
regulation in the coronary circulation. For acute autoregulation, these include effects
of local metabolites released from the cardiomyocytes, the myogenic response to
changes in local pressure, and flow-dependent dilation.5 In addition, conducted
vasomotor responses may further integrate the local responses.6 Structural adaption
may include hypoxia-driven angiogenesis, flow-dependent remodeling, and pressure-
induced changes in wall-to-lumen ratio.7–9 We also demonstrated in a range of in
vitro and in vivo settings that vasomotor tone itself is a drive for structural changes
in arterial caliber.10,11

It has long been realized that proper understanding of the interplay of all of these
processes requires a quantitative systems approach that includes the complexity
of the coronary network. Accordingly, several previous studies provided detailed
descriptions of such networks, based mostly on porcine coronary arterial casts.12–15

Yet, data on human coronary branching patterns are extremely scarce.16–18

The purpose of the current study therefore was to provide a detailed quantification
of the branching characteristics of the human coronary circulation. These data were
obtained from a human heart in which coronary arteries were filled with casting
material, followed by sectioning in a 3D imaging cryomicrotome, 3D reconstruction,
and post hoc image processing.19 Our analysis included topological (e.g., node and
loop characteristics), topographic (diameters and length of segments) and geometric
(position) data along with predictions of local hemodynamics (pressure and flow).
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These data allow evaluation of the relevance of previous animal studies and provide
a base for a systems analysis of human coronary flow regulation.

4.2 Materials and Methods

4.2.1 Human Heart
The data in this study were derived from a post-mortem human heart obtained
at the Department of Pathology of the Academic Medical Center, University of
Amsterdam, Netherlands. Heart weight was 330 gram. The patient was an 84-year-
old female suffering from amyotrophic lateral sclerosis (ALS). Cause of death was
listed as euthanasia. The patient history included atrial tachycardia, mitral stenosis,
abdominal aortic aneurysm, atherosclerosis, and hypertension. However, the patient
had never suffered any major cardiovascular events, and the heart had a normal
appearance, without evidence of contracture. The patient’s relatives gave written
consent to use this heart for research.

4.2.2 Vascular Cast and Imaging
A 3D-representation of the coronary vasculature was obtained utilizing the cry-
omicrotome imaging procedure described previously.19,20 In brief, after removing
the heart, the left circumflex, left anterior descending artery, and right coronary
artery were cannulated, flushed with calcium-free buffer and thereafter filled with
fluorescent vascular cast material (UV-Blue, VasQtec, Switzerland, suspended in
Batson’s no. 17, Polysciences, United States; infusion pressure 90 mmHg). The
vascular filling protocol was optimized to fill down to arterioles of around 15 µm
in diameter to avoid background fluorescence via capillary filling. After the cast
material had hardened, the heart was suspended in a carboxymethylcellulose sodium
solvent (Brunschwig Chemie, Netherlands) blackened with 5% Indian ink (Royal
Talens,Netherlands) and frozen at −20 °C. To acquire a 3D digital reproduction, the
frozen sample was sectioned with a slice thickness of 30 µm, matching the in-plane
image resolution. After every slice, the remaining block surface, rather than the slice
itself, was imaged twice for two optical settings. This automated procedure thereby
yielded two co-registered image stacks, each containing 4200 4096 × 4096 16-bit
images: a stack with reflection images and a stack of fluorescent images optimized
for the vascular cast (excitation, 365 nm and emission, 505 nm) (Figure 4.1A).
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B10 mm C10 mm

F10 mm

A10 mm

E10 mm

G
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Figure 4.1:Reconstruction of the coronary vasculature. (A) Raw data. Dashed lines indicate
the 1 cm slab (transversal, parallel to the cutting plane) used for the MIP. (B) Segmented
vasculature. (C) Reconstructed tree with color coded diameter (yellow = 4 mm,blue = 50 µm).
(D) 1 cm MIP of raw data. (E) 1 cm MIP of segmented data (red, left; blue, right circulation).
(F) 3D visualization of a 1 cm slab parallel to the cutting plane. (G) Magnification of the
reconstructed vasculature (area indicated in F).
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4.2.3 Vessel Segmentation and Quantification

As a next step, the topological tree was extracted from the digital reproduction of
the fluorescent vascular cast. For this, dark current artifacts were eliminated and
optical blurring was corrected by deconvolving the images with a system-specific
point-spread function (Matlab;The MathWorks Inc.,Natick,MA,United States).21

Subsequently, the vessels were segmented (Figure 4.1B) in three steps. First, the
major coronary arteries were manually segmented in Amira (FEI Visualization
Sciences Group, France) using a fourfold down-sampled image stack. Secondly,
arterioles and arteries were enhanced by multi-scale vesselness filtering. For vessels
smaller than 300 µm the original resolution was used; larger vessels were enhanced
at half the original resolution. Thirdly, the centerline representation of the entire
arterial vasculature was obtained by thresholding the result of the second step and
subsequent merging with the skeleton of the manually segmented large vessels from
step 1. The resulting image stack was up-sampled to full resolution, after which
the centerlines were obtained by 3D-skeletonization.22 We visually inspected the
results and compared these with the original image data. Obvious artifacts resulting
from cast interruption or cutting debris were corrected.

Every point on a centerline was classified according to the number of neighboring
points. Points with a single neighbor were classified as terminal node. Points with
two neighbors were considered to be mid-segmental points. Points with three
or more neighbors in the skeleton reflected internal nodes connecting multiple
segments.

The diameter at each point was estimated using a full width at half maximum al-
gorithm on the normal plane. Segments were defined as the centerline path between
two nodes. Internal segments connect two internal nodes, while terminal segments
connect an internal and terminal node. Segment diameters were determined as the
mean of the diameters of the segment’s mid-segment points. Spurious terminal
segments and triangular loops were eliminated based on quality measures for the
diameter, including the condition that the segment length should be larger than the
segment diameter. Diameters of internal segments that were underestimated, e.g.,
due to cast artifacts, were corrected by interpolation from diameters of neighboring
segments. The results were stored in graph notation, a means to study relations and
processes in networks, representing the vasculature as a set of nodes and cylindrical
segments with associated information on its characteristics and its neighboring
nodes and segments. For every node, the proximity to its coronary root was calcu-
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lated. Segment description included their path length, mean diameter, as well as
myocardial region (Figure 4.1C).

In order to study vessel branching, bifurcations were identified. For every bi-
furcation, the three connected segments were classified into mother and daughter
segments based on flow direction.

The symmetry (S) of the daughters was defined as the ratio of the smaller (dS) to
the larger (dL) diameter.

S = dS/dL (4.1)
As a second parameter, the relation between mother (M) and her daughters was
represented by the increase in total cross-sectional area:

A =
d2
L + d2

S

d2
M

(4.2)

For analysis, segments and bifurcations were grouped into ten classes based on
(mother) diameter (dM).

4.2.4 Extension of the MeasuredTreeToward theTerminal
Microcirculation

The extracted coronary vascular network terminates at 30 µm segments, since this
was the resolution of the imaging technique, or at larger diameters where cast
material had insufficiently filled the arterial bed. In order to estimate hemodynamic
properties of the human coronary circulation, extrapolation toward the terminal
arterioles is required. Notably, distributions of downstream conductances distal
to the extracted end segments are needed. These were obtained by simulating
segments smaller than 30 µm based on interpolation and extrapolation of the ex-
tracted vascular network. These in silico trees were generated as follows. Starting
with an initial segment with a diameter between 300 and 400 µm, two daughter
segments were created with symmetry stochastically drawn from the symmetry
distribution observed in this human heart coronary network for segments of the
same diameter class. Their diameters were set to match the area growth for their
symmetry and mother diameter as expected from the data. Segment lengths were
randomly assigned based on the segment-length-to-diameter distribution of their
diameter class. For diameters below 30 µm, extrapolated branching characteristics
were used. This procedure was iterated until the capillary domain (5.0–7.5 µm) was
reached. For every segment, the total conductance of its distal network was calcu-
lated. Fifty trees in total were generated for this purpose, resulting in a distribution
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of downstream conductances for segments in the range between 30 µm and 400 µm.
These predictions were then imputed to the recorded tree. Finally, hemodynamics
in the extracted coronary tree was determined for 1000 simulations of the stochastic
terminal conductances.

4.2.5 Computational Hemodynamic Modeling
Blood was modeled as an incompressible, isotropic homogeneous fluid. To account
for the Fåhræus-Lindqvist effect, an empirical diameter-dependent relationship
derived by Pries et al.23,24 was used to model blood viscosity (µ), assuming a constant
hematocrit Hd = 0.4:

µ = [1 + (µ∗0.45 − 1) (1 −Hd)C − 1
(1 − 0.45)C − 1

( d
d − 1.1

)
2
]( d

d − 1.1
)

2
(4.3)

with

µ∗0.45 = 6e−0.085d + 3.2 − 2.44e−0.06d0.645

C = (0.8 + e−0.075d)(−1 + 1
1 + 10−11d12) +

1
1 + 10−11d12

The fully developed, laminar axisymmetric steady-state flow through a segment was
modeled based on Poiseuille’s law including the above Fåhræus-Lindqvist effect.
For a segment with nodes i and j, the flow (Qi→ j) through and the conductance
(Gi j) of the segment are:

Qi→ j = Gi j (Pi − Pj) (4.4)

Gi j =
πd4

i j

128µi j li j
(4.5)

where Pi is the pressure at node i, µi j is the blood viscosity, di j is the diameter and
li j the length of the segment between nodes i and j. Applying Kirchhoff ’s current
law, i.e., conservation of mass at every junction,

∑
i∈N j

Qi→ j = 0,

where N j is the set of neighbor nodes, yields a system of linear equations that can be
solved via matrix inversion for a given set of flow or pressure boundary conditions.
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We used a coronary inlet pressure of 90 mmHg and capillary pressure of 20 mmHg.
Wall shear stress was estimated under the premise of non-accelerating flow such
that the frictional forces with the wall balance the force from the pressure gradient
in every segment.25

τi j =
(Pi − Pj) di j

4li j
(4.6)

Perfusion was derived by relating the flow through 100–200 µm segments to the
weight of their perfusion territory. The perfusion territories were determined in
3D by Voronoi tessellation. Voxels within the heart belong to the Voronoi cell
of the closest terminal node. The union of all Voronoi cells perfused by a single
100–200 µm segment was taken as its perfusion territory.

4.2.6 Statistical Analysis
The difference between two daughter symmetry classes was tested using a Mann–
Whitney U-test. Differences between multiple diameter classes and myocardial
regions were tested using a one-way Kruskal–Wallis analysis followed by a Dunn’s
multiple comparison test. A two-way ANOVA followed by Bonferroni’s correc-
tion for multiple comparisons was employed to assess differences in area growth.
Statistical analyses were performed using GraphPad Prism (GraphPad Software,
Inc., La Jolla, CA, United States). Least-squares regression in Matlab was used
for testing the agreement between hemodynamic results, for analyzing the relation
between diameter, symmetry, and area growth (linear fit) and for determining the
power laws (non-linear fit). A p < 0.05 was considered statistically significant.

4.3 Results
4.3.1 Coronary ArterialTopology
Figure 4.1A provides a 3D visualization of the coronary arterial cast (raw data), as
acquired with the imaging cryomicrotome, while Figures 4.1B,C show the results
of the segmentation in single color and diameter-encoded color, respectively. Fig-
ures 4.1D–G provide maximum intensity projections of a transversal section and a
magnification. Visual inspection of the raw data revealed nearly complete filling of
the arterial tree down to 30 µm, covering the expected perfusion territory. Vascular
density appeared highest in the subendocardium and lowest in the subepicardium.
While Figure 4.1 depicts both the left and right coronary circulation, the remainder
of the study focused on the left coronary circulation.
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Table 4.1: Segment distribution

All Terminal Subepi-
cardium

Midmyo-
cardium

Subendo-
cardium

Diameter
class Number of segments (n, %) LV density of terminal segments

(n/cm3, %)

30–45 µm 8 047 (4.0) 6 695 (6.6) 12.2 (7.2) 20.9 (5.8) 34.9 (7.3)
45–60 µm 22 204 (11.0) 20 760 (20.6) 37.4 (22.2) 65.5 (18.3) 104.2 (21.9)
60–75 µm 32 500 (16.1) 27 545 (27.3) 46.2 (27.4) 90.3 (25.2) 136.3 (28.6)
75–90 µm 33 605 (16.6) 22 872 (22.7) 38.0 (22.6) 83.0 (23.2) 106.8 (22.4)
90–105 µm 27 816 (13.8) 12 860 (12.7) 21.9 (13.0) 52.0 (14.5) 50.2 (10.5)

105–120 µm 19 444 (9.6) 5 428 (5.4) 7.9 (4.7) 23.9 (6.7) 21.6 (4.5)
120–150 µm 24 598 (12.2) 3 274 (3.2) 3.4 (2.0) 15.3 (4.3) 14.8 (3.1)
150–200 µm 19 718 (9.8) 1 204 (1.2) 1.1 (0.7) 5.5 (1.5) 6.2 (1.3)
200–400 µm 12 665 (6.3) 321 (0.3) 0.3 (0.2) 1.5 (0.4) 1.6 (0.3)
≥400 µm 1 587 (0.8) 2 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Total 202 184 (100.0) 100 961 (100.0) 168.4 (100.0) 357.8 (100.0) 476.6 (100.0)

Diameter,
median (µm) 92.3 72.4 71.2 75.4 70.6

Diameter,
interdecile
range (µm)

54.3–178 47.8–105 47.4–100 48.9–110 46.7–103

Length,
median (µm) 441 443 473 453 391

The reconstructed left coronary tree consisted of 202 184 segments with diameters
ranging from 30 µm in small arterioles to 4 mm for the epicardial arteries. Table 4.1
gives an overview of distribution of these segments over diameter classes and
myocardial regions. Taking the class sizes into account, the data show increased
density of smaller segments, as expected,which levels off below 60 µm diameter. We
attribute this to incomplete filling of vessels smaller than 60 µm. Terminal segment
density increased strongly from subepicardium to subendocardium, in accordance
with visual inspection of the transversal sections of Figure 4.1. The distributions of
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terminal segment diameters in the three myocardial regions were very comparable,
indicating that the increased subendocardial density is not a result of better filling
of the distal vessels in this region.

The reconstructed coronary network was not a simple tree with only bifurcations.
Rather, 91% of the nodes were bifurcations, 8% were trifurcations (connecting four
segments) and less than 1% connected more than four segments. The network also
contained arcades or loops: an analysis based on graph theory revealed 3202 such
loops.

As shown in Figure 4.2A, segment length exhibited a large range, from 60 µm
for distal vessels to around 2 mm for the main coronaries, with a strongly skewed
distribution. Most segments were between 100 µm and 1 mm long. While the
segments with smallest diameter were also the shortest, median segment length
was remarkably similar in the diameter range between 75 and 200 µm (Figure 4.2B).
Subepicardial terminal segments were longer than midmyocardial and subendocar-
dial ones (Table 4.1, p < 0.001).
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Figure 4.2: (A) Segment length distribution. (B) Segment length–diameter relation for ten
diameter classes. Boxplot indicates median (black line); the left and right edges of the box
indicate the 25th and 75th percentiles. Whiskers indicate 1.5 IQR. Outliers are not shown.
* Significant different from all (p < 0.001).
# Significant different from 30–45, 45–60, 60–75, 90–105, 200–400, ≥400 (p < 0.001).
† Significant different from 30–45, 45–60, 60–75, 90–105, 120–150, 200–400, ≥400
(p < 0.001).

‡ Significant different from 30–45, 45–60, 60–75, 90–105, 105–120, 200–400, ≥400
(p < 0.001).
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Figure 4.3: Daughter symmetry for (A) ten mother diameter classes. (B) Distributions for
mother diameter 75–90 µm (blue) and (C) ≥400 µm (yellow).
* Significant different from all (p < 0.05).
# Significant different from 30–45, 75–90, 90–105, 105–120, 120–150, 150–200, 200–400,
≥400 (p < 0.05).

Figure 4.3A depicts the symmetry of the bifurcations, reflected by the ratio of
daughter segment diameters, in the various mother diameter classes. Very asymmet-
ric branches generally reflected consecutive segments of large vessels having small
side branches. Here, dL is expected to be close to dM and indeed, the dL/dM-ratio
was significantly larger for such asymmetric nodes (p < 0.001). For all diameter
classes, in particular for segments larger than 150 µm, node symmetry was highly
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Figure 4.4: Area growth and mother diameter relation. Per mother diameter class, data are
grouped in two daughter symmetry classes. Numbers above the bars indicate group size.
Significant difference: ** p < 0.001, * p < 0.01.

variable. With decreasing diameter, the nodes became more symmetric, and the
dispersion in symmetry decreased slightly, as illustrated by the histograms in Figures
4.3B,C.

The area growth at bifurcations was also highly variable. For segments larger than
400 µm, on average the cross-sectional area remained stable (median area growth:
1.02). For most other bifurcations, the total cross-sectional area of the daughters
was larger than the cross-sectional area of their mother segment. Linear regression
showed that area growth (A) increased with decreasing mother diameter (dM) and
increasing symmetry (S): (A = −0.66dM + 0.34S + 1.13, dM ∈ [75, 600] × 10−6m).
Even though all coefficients in the fit were highly significant (p < 0.001), the low
r2 = 0.047 indicates that mother diameter and daughter asymmetry account only
little (4.7%) for the encountered variability. Figure 4.4 shows this relationship,where
the data are grouped in order to comprehensively visualize the effect of both mother
diameter as well as symmetry.

4.3.2 Prediction of Distal Arterial Conductance
The fifty in silico trees, generated from the above described relationships for segment
length, daughter symmetry and area growth, on average consisted of 1.22 ± 0.05 mil-
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Figure 4.5: Dependency of hemodynamic parameters on segment diameter for the trees
stochastically generated based on the branching characteristics of the human vasculature (in
silico) and the reconstructed human coronary circulation with extrapolated microcirculation
(cast). (A) Arterial distal conductance–diameter relation, (B) pressure–diameter relation,
(C) flow–diameter relation, and (D) centerline velocity–diameter relation. (E) Wall shear
stress–diameter relation. Lines indicate the median; areas indicate the interquartile range.

lion segments. For all trees, there was a linear relation between the log-transformed
segment diameter and distal arterial conductance. As the linear regressions were
very similar for all trees (coefficient of variation for both coefficients below 0.5%), all
in silico data were pooled (Figure 4.5A, turquoise area). For the smallest segments
with diameter less than 12 µm, the distal arterial conductance was more variable
than for larger segments. Moreover, distal conductance became less dependent on
diameter. The increase in distal arterial conductance (in m3/Pa/s) for larger vessels
was well predicted by the allometric relation Gis = 1.64 × 10−3 ⋅ d2.49 (d in m;
r2 = 0.98, p < 0.001).

4.3.3 Pressure and Flow Distributions
Hemodynamics in the reconstructed arterial network with stochastically extended
downstream conductances were determined in 1000 simulations of this whole net-
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Figure 4.S1: 3D-renderings of the reproduced coronary vasculature visualizing the hemo-
dynamics for imputed median distal arterial conductances. Segments are colored according
to their log-transformed values.

work. Supplementary Figure 4.S1 provides a 3D rendering of the median parameter
values derived from the hemodynamic simulations across the segmented vascular
segments.

The coefficient of variation of the conductance downstream of a specific end
segment over these simulations was 0.11 (median over all end segments). We ques-
tioned to what extent this variation in chosen downstream conductances affects
the calculated pressure and flow in the complete left coronary network. Table 4.2
summarizes this analysis. In the stochastic model, pressure in individual segments
varied marginally between the simulations, whereas the median coefficient of varia-
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Table 4.2: Stochastic variation

Variability Agreement with median

CV MAD Power fit Median G

Median P95 Median P95 PCC β PCC β

Pressure
(mmHg) 0.004 0.011 0.10 0.36 1.000 0.997 1.000 1.000

Flow (ml/min) 0.074 0.104 <0.001 <0.01 1.000 1.008 1.000 0.999
Wall shear stress
(Pa) 0.074 0.104 0.21 1.13 0.999 0.994 1.000 1.000

Variability of outcome over the 1000 simulations (Variability) and agreement with de-
terministic models (Agreement with median). CV, coefficient of variation over the 1000
simulations; MAD, mean absolute deviation over the 1000 simulations; P95, 95-percentile;
power fit, comparison to a deterministic model based on a power fit of distal conductance
on end segment diameter. Median G, comparison to a deterministic model taking the
median distal conductances in 2.5% diameter classes; PCC, Pearson’s correlation coefficient;
β, unstandardized coefficient.

tion for flow was 7.4%. Hemodynamic simulations with deterministically assigned
distal arterial conductances yielded flow and pressure values that fully agreed with
the median values of all stochastic simulations. This was the case for two choices for
downstream conductance in each measured end segment: based on the power fit
above or based on the median value of downstream conductance for similar-sized
segments (diameter within 2.5%) in the in silico data. This analysis thus reveals that
downstream conductance variability affects neither local pressure or its variability,
nor median local flow, and adds limited extra variation of local flow in the various
diameter classes. For these reasons, further analysis was based on the determin-
istic model for distal conductance, using the median values in the 2.5% diameter
intervals.

The brown line in Figure 4.5A represents the median distal arterial conductance
for the reconstructed human left coronary tree with extrapolated microcirculation.
This line closely matches the in silico results by design for small diameters, mostly
reflecting terminal segments, yet also agrees well for larger segments (G = 1.58 ×
10−4 ⋅ d−2.22, d in m,G in m3/Pa/s, r2 = 0.81; for internal segments the exponent
was: 2.18).
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Figure 4.5B shows the pressure as a function of segment diameter. Most of the
pressure drop occurred in vessels between 200 µm and 1 mm in diameter whereas
only little pressure drop was seen in larger arteries. Despite this trend, the pressure
differed greatly between segments of similar diameter. The pressure–diameter
relation was P = 5.40×103 ⋅d0.60 (d ∈ [250, 800]×10−6 m, P in mmHg, r2 = 0.14).

Blood flow varied with diameter by about a fivefold interquartile range as indi-
cated by the brown area in Figure 4.5C. Arteries larger than 1 mm carried a median
of 36.6 ml/min, about 3000-times as much blood per vessel as 100 µm segments.
An allometric fit of flow (Q = adγ) over the whole diameter range predicts an
exponent γ of 2.53 (Q = 5.07 × 108 ⋅ d2.53, d in m, Q in ml/min, r2 = 0.83).

As shown in Figure 4.5D, centerline velocity followed the same trend as blood
flow and increased with increasing diameter. The diameter velocity relation was:
v = 3.00 × 104 ⋅ d0.89 (d in m, v in cm/s, r2 = 0.21). Centerline velocity along the
epicardial arteries decreased with branching.

The brown area in Figure 4.5E visualizes the high variability of wall shear stress,
particularly for segments between 100 µm and 1 mm. For larger segments, the
variation decreased. For segments smaller than 300 µm, median wall shear stress
leveled off around 5 Pa.

4.3.4 Local Myocardial Perfusion
The left coronary circulation perfused in total 358 cm3 of myocardium. Truncating
the measured tree in the range of 100–200 µm resulted in 4954 segments per-
fusing as many territories. The median perfused volume of these truncated seg-
ments was 20.2 mm3 (interquartile range: 7.2–56.5 mm3) with a median perfusion
of 5.6 ml/(min g) (flow per weight of the perfusion territory), yet with high local
heterogeneity (interquartile range: 2.6–10.8 ml/(min g), Figure 4.6). Despite the
higher vascular density, subendocardial perfusion in the left ventricle free wall was
lower than midmyocardial and subepicardial perfusion. Septal perfusion from the
left coronaries tended to drop from the left toward the right ventricular layer.

4.4 Discussion
In this study, we extensively quantified the branching characteristics of the human
coronary circulation, and used these data to predict local hemodynamics, including
pressure, flow and wall shear stress, and their variation along the vascular network.
These data add to previous work on various animal species and provide a base for a
systems analysis of human coronary flow distribution and regulation.
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4.4.1 Previous Data
To the best of our knowledge, no extensive studies have been made on branching
patterns and related hemodynamics in the human coronary circulation. Available
anatomical studies address specific research questions and provide only limited data
that do not allow a translation toward global coronary hemodynamics. This includes
the vascularization of the anterior papillary muscle, perfused by the LCA versus
RCA,26 the impact of branching on wave propagation,27 the effect of side branches
on coronary flow,28 and branching patterns of only the large coronary arteries.3,29–35

In an initial study, we analyzed the presence of collateral connections within and
between the perfusion territories in the human heart.18

While human data are rare, several animal studies do provide quantitative data on
coronary artery and microvascular branching patterns. Thus, VanBavel and Spaan
analyzed the branching patterns in corrosion casts of porcine hearts, covering the
major arteries down to precapillary arterioles.12 In that work, “branching rules”
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were derived that relate diameter and length of individual segments, as well as the
diameters of mother and daughter segments in nodes. A combination of actual
data for the larger vessels and computer-generated distal branches was then used
for the assessment of local pressures, flows and their dispersion. A shortcoming
in that work was the limitation to topology, ignoring the 3D distribution over the
myocardium. More extensive work came from the group of Kassab,who in a series of
studies described these characteristics in the arterial, capillary, and venous coronary
bed of pigs, also based on corrosion casts, followed by extensive modeling and
hemodynamic analyses.4,13,14,36–41 Following initial work on manual segmentation of
the coronary vasculature based on corrosion casts, our lab has developed an imaging
cryomicrotome that allows for extensive 3D recording of branching structures19 and
applied this technique for the study of network characteristics in several species and
organs,20,21,42–46 culminating in the current work on the human heart.

4.4.2 Topology

The branching characteristics were described in terms of segmental diameter–length
relations in addition to symmetry and area growth at branch points, as was previously
done in porcine hearts.12 Segmental length was intrinsically variable, reflecting the
stochastic nature of the network. There was no clear correlation between segment
length and diameter as already has been previously noted for the human right
coronary artery.17 Our previous porcine data predict a mean length of 275 and
619 µm in, respectively, the 90–105 and 200–400 µm diameter class, as compared to
the currently observed mean values of 675 and 908 µm. However, in the same animal
model Kassab et al.13 observed values that are closer to our findings in the current
study. The differences between the porcine data may be explained by differences
in filling by the casting material. Since very asymmetric nodes occur regularly, the
exclusion of very small unfilled side branches would affect a substantial part of the
diameter–length relation. Also symmetry was intrinsically variable. Yet, branching
was more symmetric and very asymmetric nodes occurred far less in the current
human heart as compared to porcine hearts. For example, for large mother diameters
(>500 µm) the median observed symmetry ratio was 0.59, in contrast to values below
0.40 for porcine data.12,27,37 Despite the same trend of increasing symmetry with
decreasing diameter, this difference was found for all diameter classes, and at least
for the larger diameter classes this cannot be attributed to the 30 µm resolution in
the current study.
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The absence of growth of cross-sectional area in the largest diameter class (mother
diameter ≥400 µm) is in accordance with previous observations on human17 and
porcine data,12,40 as well as observations from angiographic imaging of the epicardial
arteries.3,29,31,35 Nodes originating from smaller vessels did show growth of cross-
sectional area, implying a decreasing flow velocity toward the microcirculation,
as was to be expected. If the diameters of a node would adhere to a scaling law
(Equation 4.7), area growth (A) at that node would be directly related to the daughter
symmetry S by

dγM = d
γ
L + d

γ
S (4.7)

A = 1 + S2

(1 + Sγ)2/γ
(4.8)

implying that growth in cross-sectional area increases with increasing daughter
symmetry for γ > 2 ( ∂A∂S = f (S , γ)(S2 − Sγ), f (S , γ) > 0, S ≤ 1). In our study,
symmetric bifurcations indeed tended to show a larger area growth than asymmetric
nodes, agreeing with previous observations in the human16 and in the porcine
heart.27 A comparison with prior findings reveals that area growth tends to be
higher in the present human heart as compared with similar sized arteries in the
porcine hearts,12 rat and human hearts,16 while the variability in area growth was
less in the human hearts. Area growth, however, tended to be smaller in the human
heart in comparison to values observed in the human cerebral vasculature47 and in
mice hearts48 while following the same general trend of increasing area growth for
smaller segments. Estimates of area growth are intrinsically sensitive to precision
of diameter measurements, with random errors causing a strong upward bias in
the estimate. This holds even more strongly for misclassification of mother versus
daughter segments in nodes, and such bias may underlie the high growth in the
smallest diameter classes.

4.4.3 Hemodynamic Predictions
We initially aimed to derive hemodynamic parameters throughout the network by
solving the Poiseuille and Kirchhoff equations with assumptions on distal boundary
conditions, such as diameter-defined flow or back pressure. Such attempts resulted
in highly variable estimates for local pressure and flow that were at variance with
the assumed boundary conditions. A better strategy therefore was to assume a
diameter-dependent downstream conductance for each outflow segment in the
casted vasculature. The generation of this relation by constructing and imputing
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simulated networks, based on observed and extrapolated branching characteristics
and taking variability into account, allowed the hemodynamic analysis of the full,
hybrid network.

A comparison of the recorded and imputed part of these networks (brown and
blue lines and areas in Figure 4.5) reveals that the imputed data demonstrated less
variability. We conclude from this that we did not fully cover the properties of
the recorded data. Aspects that were not included in the simulated parts of the
network include arcading segments, trifurcations, and possible deeper correlations
in the data, such as correlations between area growth in successive nodes. Such
deeper correlations are difficult to discern and quantitate, and we do not expect that
including them would strongly affect the predictions of the hemodynamic profiles.

It is now commonly accepted that the major part of the pressure drop occurs over
the arterial system, with substantial contribution of arterioles and small arteries.
Direct recordings of this pressure distribution are very limited and do not include
human hearts. In a classical study in the porcine heart at diastolic arrest and
vasodilation, Chilian et al. demonstrated that pressure in 80–120 µm vessels has
dropped to 60% and 80% of the perfusion pressure in the subendocardium and
subepicardium, respectively.49 VanBavel and Spaan indeed predicted this range of
pressures in their network analysis.12 However, the current human study predicts
a median pressure in 100 µm vessels around 32% of systemic pressure, suggesting
that far more of the pressure dissipation occurs in vessels much larger than 100 µm
(mainly between 200 µm and 1 mm). This could have been caused by arcades and
trifurcations in the data. Also, the presence of daughter segments with a larger
diameter compared to their mother could have contributed to this finding. The
in silico data, with a more standardized vascular pattern, suggest that most of the
pressure drop occurs in the range of 30 µm to 300 µm.

The hemodynamic parameters reported in this study for a vasodilated arterial
network were slightly higher than measurements in human subjects during hyper-
emia. Flow velocities in the range of 10–30 cm/s are reported in angiographically
normal epicardial coronary arteries at rest and 60–100 cm/s at hyperemia and are
highly variable between individuals.50,51 Flow velocities tend to be lower in the
left anterior descending and left circumflex coronary artery compared with the left
main coronary artery.50 The high flow velocities found in our study were associated
with high levels of perfusion (median: 5.6 ml/(min g)). Perfusion as measured with
positron emission tomography typically increases from 0.6–1.2 ml/(min g) at rest to
values between 1.9 and 5.0 ml/(min g) during hyperemia, with higher values found
in females.52,53 In animal models, regional differences in perfusion were reported
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with generally equal or higher perfusion at the subendocardium compared to the
subepicardium.54 For the human heart in the present study we found the opposite.
Since the simulations were based on data obtained in a diastolic heart, the results
resemble hemodynamics in a diastolically arrested heart. Furthermore, the influence
of cardiac contraction and myocardial tone were not taken into account in our
hemodynamic model. In the beating heart, systolic flow in notably the subendo-
cardium is impaired by the contracting surrounding myocardium.55 In a model
study, Namani et al. showed that not only is flow higher under passive conditions
than under autoregulation, but that ignoring the interaction between vessels and
the surrounding myocardium indeed results in increased flow and thus perfusion
estimates.41 Bache et al. found an increase in the subendocardium/subepicardium
perfusion ratio with decreasing heart rate at maximal vasodilation.56 This together
with topology artifacts, ignoring extra resistance in bifurcations or possibly a com-
paratively low prescribed capillary pressure could have influenced our hemodynamic
calculations.

4.4.4 Allometric Description ofTopology and Hemodynamics
Allometric (power law) relations have regularly been used to describe relations
between physiological and anatomical parameters,57 including the coronary circula-
tion.4,58–62 The arguably best known relation is “Murray’s law”63 that, based on cost
minimization principles, relates flow in a blood vessel to the cube of its diameter. In
Poiseuille flow, this relates to wall shear stress being constant along the vasculature.
Murray’s law certainly is not universally valid, and alternative allometric relations
have been derived from various optimality principles, including space-filling require-
ments,64,65 relating properties of stems to corresponding crowns,61 optimization
of total conductance,66 and application of constructional laws.67 The postulated
scaling exponent typically ranges between 2 and 3.

Our observation of constant cross-sectional area in the larger coronaries is in
accordance with several other studies,12,39 suggesting an exponent close to 2 rather
than 3 for large coronaries. The scaling exponent γ can be derived from area growth
by fitting Equation 4.8 or alternatively by fitting any reformulation of Equation 4.7.
There are various possible optimization strategies, resulting in different estimates
for γ, which are furthermore strongly influenced by extreme values. It was therefore
difficult to thoroughly quantitate γ based on branching. In general, the scaling
exponent increased with decreasing diameters, typically from a value close to 2 for
the large segments toward values larger than 3 for small segments. Rivolo et al. also
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observed the same trend in the porcine heart,with a γ increasing from approximately
2.25 for large vessels to values around 4 for vessels smaller than 100 µm.27 For the
human heart in the present study, the scaling exponent in the diameter–flow relation
decreased from 3.21 in the smallest vessels to 2.55 in the major vessels, and shear
stress depended biphasically on diameter,having its peak at 630 µm. Van der Giessen
et al. found an exponent of 2.55 based on biplanar angiography of human epicardial
arteries for the flow–diameter relation,68 which matches our results. The exponents
in the human heart appear to be higher than the ones observed in porcine hearts.
VanBavel and Spaan also described non-constant exponents, increasing from 2.35
for segments larger than 200 µm to 2.82 for diameters smaller than 40 µm.12 Mittal
et al. used morphometric data of the entire porcine coronary arterial tree down
to the first capillary branch to conduct hemodynamic analysis and determined a
flow–diameter power law relation with exponent 2.2.38 Despite these deviations
from Murray’s and other invariant scaling laws, downstream conductance scaled
with diameter to the power 2.22 over a large range. Common to all invariant
allometric relations is that they postulate a general optimality principle. However,
as derived by Uylings, different exponents are ideal for different flow types (ranging
between 2.33 for turbulent to 3.0 for laminar flow).69 Similar effects have been
shown for rheological variation67 and flow pulsatility.27 Flow in the coronaries is
pulsatile and near-Newtonian whereas laminar, non-pulsatile flow subject to shear-
rate dependent viscosity is characteristic for the small vasculature. These differences
together with other influences mainly affecting the larger vessels such as areas of
low or oscillating wall shear stress31 and wave reflections27,70 may lead to shifting
optimal branch relations as we have observed. Altogether, while it is tempting to
use allometric descriptors, reality seems a bit more complex and the deviations may
lead to substantial differences in physiological parameters such as shear stress and
local pressure.

4.4.5 Limitations
A series of image processing steps was required to translate the image stack to
a network representation. These included segmentation of the arterial bed, 3D
skeletonization, and diameter estimation. This was a major challenge, due to the
large difference in vascular diameter between the major branches and the 30 µm
smallest vessels that were included. Manual and automated correction was needed.
The choices here were based on comparison of the original images to the vascular
network representations as well as on common sense. Thus, a few interruptions in
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cast filling of the major vessels needed to be corrected manually. Very short triangular
loops were clearly the result of errors in skeletonization and were pruned to simple
paths. Likewise, spurious side branches were removed and some regularization of
diameter along vascular paths was included. Since as many as 202 184 segments
were included in the final representation, some level of error in the topology and
diameters remains unavoidable. However, while it remains necessary to further
test and improve the procedures, we do believe that the current work provides an
adequate translation from the image stack to the graph representation.

The heart was imaged at 30 µm resolution. Moreover, care was taken not to fill the
vessels toward the capillary bed, as this would have resulted in strong background
fluorescence. Meanwhile, data on the more distal arterioles were needed for the
hemodynamics analysis. We therefore extrapolated branching characteristics when
simulating the network toward 5.0–7.5 µm segments. Future work should provide
branching characteristics of also the smallest arterioles. While it will not be feasible
to fully cover such branching in the whole heart, microscopic data from much
smaller tissue samples could be imputed into the simulated networks, improving
reliability of the hemodynamic analysis.

The current study is based on a single heart from an elderly patient having
atherosclerosis and may not be representative for a normal heart from a person in
the same age category or for a healthy young heart. Even though Chen et al. showed
in a mice model that the scaling exponent is not affected by aging,71 we acknowledge
that this may limit the current work. Yet, human hearts rarely become available
for this purpose and the whole procedure from filling to graph representation is
extremely labor- and computer-intensive. While it will not be feasible to perform
studies such as the present one on large numbers of human hearts, inclusion of more
hearts is needed to draw conclusions on reproducibility and dependence on age,
sex and morbidities. The current study provides a pipeline for doing this work, and
with further optimization, automation of the procedures, and improved computer
power the inclusion of more samples should become feasible in the near future.

Further limitations of the work include the assumption of Poiseuille flow, the
exclusion of the capillary and venous bed in the hemodynamics calculations, and the
exclusion of the wave transformation effect. We presume that these assumptions
have not substantially altered our main findings. We also were not able to analyze
the right coronary artery perfusion territory due to insufficient quality of the vascular
filling and subsequent segmentation.
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4.4.6 Future Work and Application of the Current Data
An important next step will be the direct quantification of also the most distal
vessels, as well as improved routines for image processing and imputation strategies
based on a deeper analysis of the data, in addition to extension of the data set.

It has become clear over the years that CAD is not limited to the epicardial
vessels. Rather, intra-myocardial arteries and arterioles are also affected, as evi-
denced by impaired endothelial responsiveness and alterations in vascular structure,
caliber and resistance.72 Moreover, the vasculature adapts, for better or worse, to
the presence of a proximal stenosis and the associated reduced pressure, vascular
tone, and hyperemic flow.73–75 Local perfusion and perfusion reserve are known to
be heterogeneous in animal models and healthy humans,76–78 with heterogeneity
increasing at smaller length scales. Depending on the adaptation of the coronary
bed, developing CAD and its effects on the microcirculation may well affect such dis-
persion of local perfusion and reserve, leading to local ischemic zones. A framework
such as presented here could help understanding the relation between microvas-
cular structure and function and the local perfusion and perfusion reserve. We
therefore foresee application of the current data and analyses in systems approaches
of the coronary circulation, leading to new experimentally testable hypotheses on
microvascular adaptation in CAD. In addition, the current study may add to the
modeling required in silico clinical trials on new drugs and devices, in extension to
the current in silico work on drug-eluting stents79 and in analogy to work currently
done in acute ischemic stroke.80

4.5 Conclusion

We have presented a processing pipeline and extensive data on branching char-
acteristics and predicted hemodynamics of the human coronary circulation. Our
findings provide a base for further modeling, including incorporation of vasomo-
tor responsiveness, structural adaptation and their effects on the balance between
oxygen demand and supply in health and CAD.
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Abstract
Background
Endothelial shear stress (ESS) dynamics are a major determinant of atheroscle-
rosis development. The frequently used Poiseuille method to estimate ESS
dynamics has important limitations. Therefore, we investigated whether Womer-
sley flow may provide a better alternative for estimation of ESS while requiring
equally simple hemodynamic parameters.

Methods
Common carotid blood flow, centerline velocity, lumen diameter and mean wall
thickness (MWT) were measured with 3T-MRI in 45 subjects at three different
occasions. Mean ESS and two measures of pulsatility [shear pulsatility index
(SPI) and oscillatory shear index (OSI)] were estimated based on Poiseuille and
Womersley flow and compared to the more complex velocity gradient modelling
method. The association between ESS and MWT was tested with multiple
linear regression analysis; interscan reproducibility was assessed using intraclass
correlation coefficients (ICC).

Results
Mean ESS and pulsatility indices based on Womersley flow (ESSwq β = −0.18,
p = 0.04; SPIwq β = 0.24, p = 0.02; OSIwq β = 0.18, p = 0.045) showed equally
good correlations with carotid MWT as the velocity gradient method (ESSvg
β = −0.23, p = 0.01; SPIvg β = 0.21, p = 0.02; OSIvg β = 0.07, p = 0.47). This
was in contrast to the Poiseuille flow method that only showed a good correlation
for mean ESS (ESSpq β = −0.18, p = 0.04; SPIpq β = 0.14, p = 0.14; OSIpq
β = 0.04, p = 0.69). Womersley and Poiseuille methods had high intraclass
correlation coefficients indicating good interscan reproducibility (both ICC =
0.84, 95% confidence interval 0.75–0.90).

Conclusions
Estimation of ESS dynamics based on Womersley flow modelling is superior to
Poiseuille flow modelling and has good interscan reproducibility.

Keywords: Endothelial shear stress, Cardiovascular magnetic resonance, Common
carotid artery, Intima media thickness
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5.1 Introduction
Endothelial shear stress (ESS) is the hemodynamic force that flowing blood ex-
erts on the vessel wall.1 This force is continuously sensed by mechanoreceptors
that are attached to the cytoskeleton of endothelial cells.2 Processes involved in
endothelial cell turnover, inflammation, coagulation, extracellular matrix degrada-
tion, and production of vasoactive substances such as nitric oxide are all tightly
regulated by ESS.1–4 In vitro and animal studies showed that protracted decrease in
ESS and high variation of ESS during the cardiac cycle cause endothelial receptor
and gene expression to switch to an atherogenic phenotype.1–4 Vascular imaging
studies corroborate these findings, showing a causal relationship between ESS and
atherosclerosis development.5–8

Assessing ESS in vivo is technically challenging, which is the reason why hu-
man studies on ESS remain scarce, and are typical performed in small sample
sizes. Various methods are used, including computational fluid dynamics, veloc-
ity gradient modelling, and methods assuming Poiseuille flow.9 Computational
fluid dynamics can solve the Navier–Stokes equations of fluid flow,9 while velocity
gradient modelling is based on the spatial gradient of the velocities close to the
artery wall using second-order curve fitting of the velocity profile.5,9,10 Although
accurate methods, their downsides pertain to the fact that high resolution infor-
mation is needed on the local velocity vector throughout the cycle, respectively as
boundary condition for the Navier–Stokes equations and as base for the accurate
fitting of the velocity gradient perpendicular to the wall. Obtaining such data is
labor intensive and dedicated software is needed for the complex data analysis,
which is not freely available. In contrast, Poiseuille based methods are simpler as
they merely require measurement of artery diameter and flow rate or centerline
velocity followed by a simple calculation.9 Estimations of ESS dynamics are then
based on the instantaneous hemodynamics during the cycle. However, Poiseuille
flow requires among others steady flow in straight rigid tubes. These conditions are
violated in vivo in human arteries, resulting in deviation from the assumed parabolic
velocity profile.9,11 Despite the inherent inadequacy of Poiseuille based methods,
the majority of current literature relies on this approach due to its simplicity and
availability.6–8,12,13

Therefore, we investigated whether an equally simple method based on similar
parameters (diameter and flow rate or centerline velocity) provides a better alterna-
tive to the Poiseuille based method. This method is based on Womersley flow,14
which in contrast to Poiseuille covers pulsatile flow components. We compared the
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Womersley method to the Poiseuille based method as well as to velocity gradient
modelling from high resolution phase contrast (PC)-MRI. We correlated ESS of
each method with carotid artery wall thickness, assuming that higher correlations
are obtained with more accurate ESS estimations.15 We also compared reproducibil-
ity of each of the methods. All measurements were performed in the common
carotid arteries by 3T-MRI.

5.2 Methods
5.2.1 Subject population
Forty-five subjects (age range 19–79 years) were enrolled prospectively. The popu-
lation consisted of 30 volunteers and 15 patients with cardiovascular disease who
were selected from the outpatient clinic of the Department of Vascular Medicine
of the Academic Medical Center, Amsterdam, The Netherlands. In all subjects
repeat 3T-MRI scans were acquired on three separate occasions, 1–3 weeks apart.
All image analyses were done off-line. Prior to the studies, approval was obtained
from the institutional review board of the Academic Medical Center, Amsterdam,
The Netherlands. All subjects gave written informed consent.

5.2.2 Image acquisition
Magnetic resonance imaging scans were obtained bilaterally on a 3T-MRI scanner
(Intera, Philips Medical Systems, Best,The Netherlands) using a single-element
microcoil (Philips, Hamburg, Germany) with a diameter of 5 cm. Axial magnetic
resonance angiography images were acquired using a time of flight sequence to
localize the left and right common carotid artery and position the scan planes
perpendicular to the vessel.

For hemodynamic assessments, axial gradient echo phase-contrast images were
acquired with a temporal resolution of 17 ms, and temporal interpolation was per-
formed by the scanner software to 60 phases per heartbeat (retrospective electrocar-
diography gating). The scan plane was positioned 27 mm proximal to the carotid
flow divider. Sequence parameters were: slice thickness 3 mm, non-interpolated
pixel size 0.65 × 0.65 mm2, field of view 60 × 60 mm2, velocity encoding 150 cm/s
(unidirectional), repetition time 8.1 ms, echo time 5 ms, flip angle 10°, number of
signal averages 2, total scan time 3–4 min. Both magnitude images and velocity
encoded phase images were reconstructed.

To assess carotid wall thickness, axial T1-weighted Turbo Spin Echo image
stacks were acquired at end-diastole using double inversion recovery black blood
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preparation applying active fat suppression (spectral attenuated inversion recovery
technique) as described previously.5 Sequence parameters were: slice thickness 3 mm,
imaging matrix size 240, field of view of 60 × 60 mm2, non-interpolated pixel size
0.25 × 0.25 mm2, echo time 9 ms, repetition time according to the subjects’ heart
rate (approximately 900 ms), echo train length 7, echo train duration 63 ms. All
imaging was performed with cardiac gating.

5.2.3 Image analysis
For assessment of hemodynamic parameters in the carotid arteries, off-line semi-
automated qualitative and quantitative image analysis was performed using software
written in Matlab developed at the Academic Medical Center, Amsterdam, The
Netherlands. The lumen area (LA, mm2) of all 60 phases per cardiac cycle was
assessed by automated tracing of the lumen-wall boundaries on the gradient echo
images.16 The velocity at each pixel in the artery lumen was measured,which enabled
the calculation of the volumetric flow rate (Q, cm3/s) and centerline velocity (v,
cm/s) of each phase in the cardiac cycle. The measured lumen area, flow rate,
and centerline velocity were used to calculate the Poiseuille and Womersley based
endothelial shear rate (ESR, 1/s). The calculations are shown in the Supplementary
Methods. While Poiseuille and Womersley should predict identical mean ESS, a
very minor difference exists in the data due to taking respectively an actual and
a time-averaged diameter for the calculations. For the assessment of ESR based
on the velocity gradient modelling method, we used dedicated software written in
Matlab developed at the Academic Medical Center, Amsterdam,The Netherlands.
We have described the method in detail previously.5 Firstly, the lumen area (LA,
mm2) of all 60 phases per cardiac cycle was assessed as described above. Secondly,
for each pixel the shortest distance to the artery wall was calculated. The lumen-
wall boundaries were projected on the velocity encoded images. The ESR was
assessed by determining the spatial gradient of the velocities close to the artery
wall using second order curve fitting of the velocity profile. The pixels located from
0.31 to 1.56 mm from the wall were included for the analysis. The fit was forced
to include the position of the artery wall with a velocity of zero to conform to the
zero-slip condition.

For all methods (Poiseuille, Womersley and velocity gradient modelling), ESR
was multiplied with the blood viscosity to calculate the ESS throughout the cardiac
cycle. Blood viscosity was assumed to be 3.2 cP.17 Poiseuille and Womersley methods
were either based on flow rate (ESSpq, ESSwq) or centerline velocity (ESSpv, ESSwv).
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From these dynamics, we calculated the mean ESS of all phases in the cardiac
cycle as well as the shear pulsatility index (SPI) and the oscillatory shear index
(OSI). SPI was defined as difference between the maximum and minimum ESS
in the cardiac cycle divided by their sum. The oscillatory shear index represents
the proportion of shear stress deviating from its predominant direction during the
cardiac cycle.18

For the carotid wall thickness quantification, semiautomated image analysis was
performed using VesselMass software (Leiden University Medical Center, Leiden,
The Netherlands). VesselMass performed automated tracing of the lumen-wall
boundaries and the outer wall boundaries. The software algorithm for boundary
detection and analysis methods are described elsewhere.19,20

5.2.4 Statistical analysis
Continuous variables are expressed as means ± standard deviations (SD). We used
multiple linear regression analysis to assess the association between the ESS values
and MWT with MWT as the response variable and ESS as the explanatory variable.
We determined by stepwise analysis with backward elimination that age and systolic
blood pressure were the only significant confounders among all measured cardio-
vascular risk factors (patient characteristics and biochemistry as listed in Table 5.1).
We therefore adjusted for these confounders. The agreement between successive
ESS estimations was assessed using intraclass correlation coefficients (ICC) and the
95% confidence intervals of the ICCs. For all statistical analyses Statistical Package
for the Social Sciences version 20.0 for Windows was used.

5.3 Results
Three MRI scans were performed in all 45 subjects. The population consisted of
20 females and 25 males. Their characteristics are shown in Table 5.1. Figure 5.1
shows two examples of wall thickness (Figure 5.1A,D), measured peak systolic
flow velocity (color scales in Figure 5.1B,C,E,F), and estimations of peak systolic
flow velocity based on Poiseuille (Figure 5.1B,E) and Womersley (Figure 5.1C,F)
with flow rate as input. As can be seen, both vessels were approximately circular
and measured flow velocity was relatively axisymmetric in both examples. The
Womersley-based prediction far more closely matched the measured profile as com-
pared to the Poiseuille-based estimate. The Womersley but not the Poiseuille model
predicted flow reversal at the wall (OSI > 0), while in these cases the thicker wall
was associated with a larger OSIwq. Average data for common carotid lumen area,
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Table 5.1: Volunteer characteristics, hemodynamics and ESS estimates

(N = 45)

Patient characteristics
Age (years) 48.9 (17.6)
Male gender (n, %) 26 (58)
Body Mass Index (kg/m2) 24 (22–26)
Smokers (n, %) 5 (11)
Cardiovascular disease (n, %) 15 (33)

Biochemistry
Total Cholesterol (mmol/l) 4.7 (3.9–5.5)
Low density lipoprotein cholesterol (mmol/l) 2.5 (1.9–3.5)
High density lipoprotein cholesterol (mmol/l) 1.6 (0.4)
Triglycerides (mmol/l) 0.8 (0.6–1.1)
Fasting glucose (mmol/l) 5.2 (0.7)

Carotid wall and lumen
Carotid lumen area (mm2) 34.0 (8.4)
Carotid wall thickness (mm) 0.72 (0.23)

Hemodynamic parameters
Heart rate (1/min) 64 (10)
Systolic blood pressure (mmHg) 127 (15)
Diastolic blood pressure (mmHg) 73 (7)
Mean carotid flow (cm3/s) 6.27 (1.14)
Peak carotid centerline velocity (cm/s) 71.14 (14.42)

Velocity gradient modelling
Mean ESSvg (N/m2) 0.87 (0.25)
SPIvg (–) 0.82 (0.12)
OSIvg (–) 0.001 (0.004)

Womersley, centerline velocity
Mean ESSwv (N/m2) 0.63 (0.15)
SPIwv (–) 1.67 (0.41)
OSIwv (–) 0.083 (0.055)

Womersley, flow
Mean ESSwq (N/m2) 0.76 (0.19)
SPIwq (–) 1.30 (0.21)
OSIwq (–) 0.026 (0.021)

Poiseuille, centerline velocity
Mean ESSpv (N/m2) 0.63 (0.15)
SPIpv (–) 0.60 (0.08)
OSIpv (–) 0.000 (0.000)

Poiseuille, flow
Mean ESSpq (N/m2) 0.73 (0.18)
SPIpq (–) 0.67 (0.08)
OSIpq (–) 0.000 (0.001)

Mean (± SD) values or median (interquartile range) values for non-normal distributions for volunteer charac-
teristics, biochemistry, hemodynamic parameters, and carotid wall and lumen parameters measured by 3T-MRI
(reported previously). ESS is endothelial shear stress, SPI is shear pulsatility index and OSI is oscillatory shear
index
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Figure 5.1:Two examples of measured mean wall thickness (MWT, (A,D)) and peak systolic
flow velocity profiles with their Poiseuille- and Womersley-based estimates. The phase
contrast MRI-based velocity profiles are shown as color-coded image (B,C,E,F). Estimated
profiles are indicated as contour plots. (B,E) Poiseuille-based with flow rate as input, (C,F)
Womersley-based with flow rate as input. OSI: estimated oscillatory shear index

mean wall thickness (MWT, mm), hemodynamic parameters, and ESS parameters
are shown in Table 5.1. Mean ESS is by definition equal when based on Poiseuille or
Womersley flow, and these estimates were comparable to the estimate from velocity
gradient modelling. SPI for the Womersley based methods was around twice as
high as that for the other methods. The amount of negative shear stress as assessed
with OSI was low for all methods with Womersley based methods exhibiting the
highest values (Table 5.1). In particular, the OSIpv was constantly zero such that its
reproducibility and correlation with MWT could not be assessed. Figure 5.2 shows
the different ESS estimates throughout the cardiac cycle averaged for all subjects.

Partial regression coefficients between ESS, SPI and OSI values and MWT,
adjusted for the potential confounders age and systolic blood pressure, are shown in
Table 5.2. The mean ESS and SPI of the velocity gradient modelling and Womersley
flow rate based modelling methods correlated equally well with MWT, while only
the mean ESS of the Poiseuille flow rate based method correlated with MWT.The
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Figure5.2:Common Carotid Endothelial Shear Stress (ESS,N/m2) during the cardiac cycle
averaged for all subjects for all estimation methods (red velocity gradient modelling method,
blue Poiseuille flow modelling based on centerline velocity, interrupted blue Poiseuille flow
modelling based on flow rate, grey Womersley flow modelling based on centerline velocity,
interrupted black Womersley flow modelling based on flow rate). Per cardiac cycle, 60 image
frames were made where the first frame coincided with the R wave of electrocardiogram.
ESS was quantified for all 60 frames per heartbeat

OSI of both Womersley methods (either based on flow rate or centerline velocity)
correlated with MWT. The Poiseuille centerline velocity based method did not
show any good correlations with MWT.The interscan variabilities of the different
methods are shown in Table 5.3. Womersley and Poiseuille based methods tended to
have higher intraclass correlation coefficients than the velocity gradient modelling
methods, indicating better interscan reproducibility.

5.4 Discussion
In the present study we show that for estimation of dynamic ESS from flow rate
or centerline velocity in the common carotid artery, methods based on Womersley
outperform Poiseuille based methods. Furthermore we show that flow rate-based
methods perform better than centerline velocity-based methods. We base these
conclusions on the correlation of predicted ESS with the mean wall thickness of the
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Table 5.2: Relation between endothelial shear stress and carotid wall thickness

Beta coefficient 95% CI p

Velocity gradient modelling
Mean ESSvg −0.23 -0.35 to -0.05 0.01
SPIvg 0.21 0.06 to 0.66 0.02
OSIvg 0.07 -6.64 to 14.23 0.47

Womersley, centerline velocity
Mean ESSwv −0.13 -0.45 to 0.09 0.19
SPIwv 0.23 0.02 to 0.23 0.02
OSIwv 0.19 0.03 to 1.41 0.04

Womersley, flow
Mean ESSwq −0.18 -0.42 to -0.01 0.04
SPIwq 0.24 0.04 to 0.47 0.02
OSIwq 0.18 0.04 to 3.61 0.045

Poiseuille, centerline velocity
Mean ESSpv −0.13 -0.45 to 0.09 0.19
SPIpv 0.12 -0.16 to 0.77 0.19
OSIpv – – –

Poiseuille, flow
Mean ESSpq −0.18 -0.42 to -0.01 0.04
SPIpq 0.14 -0.12 to 0.81 0.14
OSIpq 0.04 -373.49 to 556.56 0.69

Linear regression analysis to assess the association between endothelial shear stress (ESS)
values and mean wall thickness (MWT) adjusted for age and systolic blood pressure are
shown (beta coefficients and 95% confidence intervals of the unstandardized coefficients).
SPI is shear pulsatility index, OSI is oscillatory shear index

vessel. A third method, based on the velocity gradient near the wall, also predicted
ESS that correlates with MWT, but this method requires detailed information on
the flow pattern, which is not commonly available. All methods had good interscan
reproducibility. Our findings implicate that the easily applicable Womersley based
method enables better ESS, SPI and OSI estimation in future clinical studies and
can replace the currently frequently used Poiseuille based methods.

Womersley theory is far from new.14,21 Yet, it is not commonly applied for esti-
mation of ESS parameters22 with few in vivo applications,23–26 and studies on the
correlation with MWT in the common carotid arteries were lacking. The funda-
mental difference between Poiseuille and Womersley flow is that the latter takes the
inertia of blood into account. This effect of inertia depends on the flow dynamics
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Table 5.3: Interscan measurement variability of endothelial shear stress estimations

ICC 95% CI p

Velocity gradient modelling
Mean ESSvg 0.78 0.67–0.86 <0.001
SPIvg 0.74 0.61–0.84 <0.001
OSIvg 0.66 0.51–0.78 <0.001

Womersley, centerline velocity
Mean ESSwv 0.86 0.78–0.92 <0.001
SPIwv 0.62 0.47–0.76 <0.001
OSIwv 0.75 0.62–0.84 <0.001

Womersley, flow
Mean ESSwq 0.84 0.75–0.90 <0.001
SPIwq 0.80 0.70–0.88 <0.001
OSIwq 0.73 0.60–0.83 <0.001

Poiseuille, centerline velocity
Mean ESSpv 0.86 0.78–0.92 <0.001
SPIpv 0.66 0.51–0.78 <0.001
OSIpv – – –

Poiseuille, flow
Mean ESSpq 0.84 0.75–0.90 <0.001
SPIpq 0.69 0.55–0.80 <0.001
OSIpq −0.01 -0.16 to 0.18 n.s.

Intraclass correlation coefficients (ICC, 95% confidence interval) for all estimation methods
are shown. ESS is endothelial shear stress,SPI is shear pulsatility index and OSI is oscillatory
shear index

and the geometry and is known to be substantial for common carotid arteries.27

For the mean ESS, inertia is not relevant and Poiseuille and Womersley provide
identical estimates.

A low time-averaged ESS is considered to be atherogenic.3,6–8,28–30 We indeed
observed that low mean ESS, when using the flow rate as input, or based on the
velocity gradient method, correlated with a thicker wall. We did find differences
in estimates for mean ESS between the methods. In particular, using centerline
velocity as input predicted lower values, which also were no longer correlated with
MWT.This may be caused by more inherent noise in centerline velocity as compared
to the flow rate, as well as by systematic deviations of the time-averaged velocity
field from an axisymmetric parabolic profile, towards a flatter profile. For flow rate
as input, the difference between the Womersley-based prediction and the velocity
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gradient method was limited to ≈13%. Such systematic deviation would not affect
the relevance for clinical studies, as demonstrated by the significant correlation of
mean ESS with MWT.Taken together, the data suggest that flow rate should be
preferred over centerline velocity as input for estimation of mean ESS.

Temporal variations in ESS and notably a change in direction during part of
the cycle have strong effects on endothelial biology towards a pro-atherogenic
phenotype.1,3,28,29 The more than twofold difference in estimated SPI between
Poiseuille and Womersley flow and the lack of correlation between Poiseuille-based
SPI and OSI estimation and MWT demonstrate the necessity to account for blood
inertia in pulsatility assessment. This is notably the case in peak systole, where a
major deviation from a parabolic flow profile occurred. The supplementary material
analysis shows the consistency of flow profiles under Womersley and Poiseuille.

Importantly, in Womersley flow, phases of negative ESS can co-exist with con-
tinuous forward flow and forward centerline velocity. In Poiseuille flow, this is not
possible. Indeed, Womersley flow predicted a non-zero OSI in part of the cases,
while for Poiseuille flow OSI was zero, in concordance with the absence of flow
reversal in the studied non-stenotic common carotid arteries. The occurrence of
a non-zero OSI in the Womersley predictions depends primarily on the balance
of mean flow and the amplitude of the pulsatile components. Also, the SPI was
defined as this balance. The correlations of the Womersley-predicted OSI and SPI
with MWT strongly suggest that this balance is clinically relevant. Vascular stiffen-
ing and increased pulse pressure are conditions that would increase the pulsatile
flow components and cause a non-zero OSI. A high mean flow would reduce the
likelihood of a non-zero OSI. It remains to be established whether the correlation
of low mean flow with thicker walls that we observed is in fact the consequence of
reversal of ESS during the heart cycle.

A substantial difference remained between Womersley-based and gradient-based
estimates of ESS pulsation. Extensive work on software phantoms has evaluated
the accuracy and precision of a comparable velocity gradient technique as a function
of scanning and resolution parameters,31 providing arguments for the accuracy of
this method. However, in the absence of a golden truth in the current data, there is
no straightforward way of quantitating accuracy of any of the methods. We suspect
that the bias is also in the gradient method. ESR is defined as the velocity gradient
in an infinitesimal small space above the endothelial cells. This gradient quickly falls
further away from the endothelium in notably dynamic flow. The gradient method,
having a finite resolution, might thus underestimate ESS pulsatility and also miss
local reversal of the direction. Womersley provides a continuous solution for velocity
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as function of distance from the endothelium,which under the assumption of no-slip
should give an inherently better estimate of ESS pulsatility. The Womersley-based
and gradient-based SPI correlated equally well with MWT, indicating that these
differences do not affect the usefulness of either SPI estimate in clinical studies.
However, the OSI, which relies on subtle changes of the flow in the boundary layer,
only correlated with MWT for Womersley-based methods.

5.4.1 Applicability
The current approach uses vascular diameter and either centerline velocity or flow
rate as input, without requirement for more detailed data on the spatial velocity
profile. Techniques that can provide such data include Echo-Doppler scanning
and phase contrast MRI.The ability to estimate ESS from Echo-Doppler scanning
allows implementation as pseudo-endpoint in large clinical studies. MRI methods
based on direct measurement of local velocity vectors in 3D, such as 3D PC-MRI,
may form a good approach for dedicated studies in complex geometries.32 Yet, the
current findings suggest that a much simpler implementation of Womersley-based
estimation of shear parameters with consequently much shorter scanning times is a
good alternative strategy in clinical studies on common carotid arteries.

All applied methods had good reproducibility. Reproducibility of the flow-based
Womersley estimates for mean ESS and pulsatility exceeded that of the gradient
modelling. While flow rate should be preferred over centerline velocity for mean
ESS, for pulsatility (SPI and OSI) centerline velocity also provides a good correlation
with MWT and good reproducibility, supporting the use of ultrasound or simple
MRI protocols for pulsatility quantification.

5.4.2 Limitations of the study
It is clear that the requirements for Womersley flow were violated to some de-
gree. Recently, Mynard et al.33 evaluated the consequences of carotid curvature
on Poiseuille- and Womersley-based estimates for mean and peak ESS. In that
study, computational fluid dynamics based on the Navier–Stokes equations were
used as the gold standard. Their results indicate that even a slight curvature causes
substantial bias and circumferential heterogeneity of these estimates. The effect of
curvature on SPI or OSI was not tested. In the current study, we did not apply
computational fluid dynamics, and it remains to be established to what extent
deviations from a straight tube influence the pulsatile ESS parameters and their
correlation with MWT. Computational fluid dynamics methods are, apart from
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being time-consuming, affected by errors in boundary conditions and geometry
definitions, as well as by assumptions on wall rigidity and blood rheology, precluding
their general use in large clinical studies.

In the absence of a gold standard for ESS in large clinical studies, evidence
for usefulness of any ESS method comes from correlation with wall biology and
thickening, and it seems reasonable to evaluate the accuracy of the ESS estimates
from the correlation with MWT. The current correlation of Womersley-based
mean ESS, SPI and OSI with MWT as a marker for atherosclerotic burden is not
necessarily causal; longitudinal studies on predictive value of shear parameters for
cardiovascular events should allow evaluating their usefulness as pseudo-endpoints
in clinical studies.

5.5 Conclusions

In the present study we developed a reproducible and accurate Womersley flow
based method to estimate the endothelial shear stress dynamics in the common
carotid arteries. We showed that this method is equally good as the more complex
velocity gradient modelling method and superior to the simpler Poiseuille flow based
method to estimate ESS.The Womersley based method we present solely requires
the measurement of flow rate or centerline velocity and carotid artery diameter.
This renders the method applicable for large clinical studies without the need for
complex analyses and computations. While having its limitations, the Womersley
based method should therefore replace the frequently used Poiseuille based method,
enabling better assessment of the relationship between ESS, atherosclerosis and
cardiovascular disease in future clinical studies.
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Computations and models
The endothelial shear stress (ESS) was predicted by assuming Poiseuille or Wom-
ersley flow. Both models carry several assumptions that are not necessarily met
in the common carotid artery: Most notably, they both describe (axisymmetric)
flow through a rigid cylindrical tube; less stringent limitations include ignorance
of entrance effects and assuming laminar flow as well as blood being a Newtonian
fluid.34 Contrary to Poiseuille flow, Womersley profiles account for the pulsatile na-
ture of the pressure gradient in blood vessels. Both models were used to predict the
wall shear stress based on either centerline velocity or blood flow. For (quasi-static)
Poiseuille flow, the predictions were:

ESSpv(t) =
2µ
R(t) ⋅ v(0, t) (5.1)

ESSpq(t) =
4µ

πR3(t) ⋅ Q(t) (5.2)

where µ is the blood viscosity (taken as 3.2 × 10−3 Pa s), R the radius of the vessel,
v(0, t) the centerline velocity, and Q(t) the flow rate. The (time-dependent) radius
R was estimated from lumen area assuming a circular cross-section of the vessel.

Womersley described flow caused by a pulsatile pressure gradient:14

v(y, t) = A
iωρ
(1 − J0(αyi3/2)

J0(αi3/2)
) e iωt (5.3)

Q(t) = πR2A
iωρ

(1 − 2αi3/2J1(αi3/2)
i3α2J0(αi3/2)

) e iωt (5.4)

A is the (complex) amplitude and ω is the angular frequency of the driving pressure
gradient. R is the radius of the tube, y the fractional radial position y = r

R , ρ is the
fluid density, Jn is a Bessel function of order n, and α is a dimensionless number
describing the relation of inertial to viscous forces: α = R

√
ωρ
µ .

For calculating Womersley flow, we decomposed both the measured centerline
velocity and the flow rate into their Fourier components. Harmonics of the heart
rate (HR, beats/min), i.e. frequencies of approximately 1 Hz, 2 Hz, etc. up to the
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order of 30 were included:

v(0, t) =
30
∑

n=−30
vn(t) (5.5)

Q(t) =
30
∑

n=−30
Qn(t) (5.6)

where vn(t) and Qn(t) are the n-th Fourier component of the centerline velocity
and the flow rate respectively, e.g. vn(t) = ane inωt ,with ω the base angular frequency,
which in this case equals 2πHR/60, and an being the complex amplitude. Each
component has its own Womersley number αn:

αn = R
¿
ÁÁÀ∣n∣ωρ

µ
(5.7)

with ρ the density of blood (1.05 g/ml) and R being the time averaged radius. The
ESS was derived by describing the derivative of Equation 5.3 at the vessel wall
(r = R) in terms of either the centerline velocity v(t) or the flow rate Q(t) and a
subsequent summation over the harmonics:

ESSwv(t) =
2µ
R
v0(t) −

µ
R

30
∑
n=−30
n≠0

R( J1(bn)
J0(bn) − 1

vn(t)) (5.8)

ESSwq(t) =
4µ
πR3Q0(t) +

µ
πR3

30
∑
n=−30
n≠0

R(bn J1(bn)
J2(bn)

Qn(t)) (5.9)

where bn ∶= αn i3/2 and R denotes that only the real part is taken. Thus, based on
the equations above we predicted ESS based on four different models: Poiseuille
with flow rate or centerline velocity as input as well as Womersley with flow rate or
centerline velocity as input.

Consistency of centerline velocity and flow
Maximum velocity as predicted by the flow models was compared to measured
maximum velocity to assess the applicability of the Poiseuille and the Womersley
model. There was good agreement for both models in diastole (see Figure 5.S1). In
systole, the centerline velocity predicted by Womersley flow matched well whereas
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Figure 5.S1: Bland–Altman-plot comparing measured maximum velocity to maximum
velocity predicted from total flow rate based on (A) Poiseuille flow and (B) Womersley
flow (all frames for all acquisitions ignoring the correlated nature of the data points). The
solid lines indicate the mean difference; the dashed lines demark the mean ± 1.96 SD. Four
phases of the cardiac cycle are discriminated as indicated by the inset: in red the accelerating
systole, in blue late-systole, in green and in grey are early and late diastole respectively.

Poiseuille flow predicted a higher maximum velocity. The variability in prediction
was higher during the decelerating phase for both models with Womersley tending
towards a higher maximum velocity than measured.

The bias in the Poiseuille estimation during systole can be attributed to the blunt
flow in the common carotid,35 which implies an improper pulsatility description of
the Poiseuille model. In contrast, for Womersley the extreme velocities are in good
agreement.
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Abstract
Aim
The aim of this study was to determine if reliable patient-specific wall shear stress
(WSS) can be computed when diameter-based scaling laws are used to impose
the boundary conditions for computational fluid dynamics. This study focused
on mildly diseased human coronary bifurcations since they are predilection sites
for atherosclerosis.

Methods
Eight patients scheduled for percutaneous coronary intervention were imaged
with angiography. The velocity proximal and distal of a bifurcation was acquired
with intravascular Doppler measurements. These measurements were used for in-
flow and outflow boundary conditions for the first set of WSS computations. For
the second set of computations, absolute inflow and outflow ratios were derived
from geometry-based scaling laws based on angiography data. Normalized WSS
maps per segment were obtained by dividing the absolute WSS by the mean
WSS value. Absolute and normalized WSS maps from the measured-approach
and the scaled-approach were compared.

Results
A reasonable agreement was found between the measured and scaled inflows,
with a median difference of 0.08 ml/s [−0.01; 0.20]. The measured and the scaled
outflow ratios showed a good agreement: 1.5 percentage points [−19.0; 4.5].
Absolute WSS maps were sensitive to the inflow and outflow variations, and
relatively large differences between the two approaches were observed. For
normalized WSS maps, the results for the two approaches were equivalent.

Conclusions
This study showed that normalized WSS can be obtained from angiography data
alone by applying diameter-based scaling laws to define the boundary conditions.
Caution should be taken when absolute WSS is assessed from computations
using scaled boundary conditions.

Keywords: coronary bifurcation, CFD, boundary conditions, scaling laws, shear
stress
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6.1 Introduction
Plaque development in coronary arteries is the underlying cause of stable angina and
acute myocardial events.1 Predilection sites for plaque development are regions near
bifurcations, which are exposed to low time-averaged wall shear stress (WSS).2,3

When a plaque grows and subsequently protrudes into the lumen, it will be exposed
to different WSS patterns.4 At the location of the narrowing and proximal to that
narrowing, the plaque is subjected to relatively high WSS. Evidence suggests that
prolonged high WSS initiates processes that promote plaque destabilization.5–8 To
study these processes in large patient groups, a tool that can compute WSS in a
clinical setting would be valuable.

WSS can be obtained by performing flow simulations with computational fluid
dynamics (CFD).The first requirement to perform CFD in coronary arteries is to
obtain an accurate representation of the lumen geometry. During coronary interven-
tions, angiography is the preferred imaging technique and thus routinely available.
Recent advancements in the field of image reconstruction led to online techniques
for the reconstruction of lumen geometry.9,10 Angiography-based reconstruction
techniques are therefore an attractive possibility to generate three-dimensional (3D)
lumen surfaces for WSS computations.11

The second requirement for CFD in coronary bifurcations is imposing appro-
priate boundary conditions at the inlet and outlets. Boundary conditions can be
determined based on flow measurements. In previous studies the inflow boundary
conditions were set using quantitative velocity measurements that were performed
with catheter-based Doppler technique.7,8,12

While Doppler velocity measurements provide absolute velocity data, they do
require insertion of an additional catheter. It is also possible to use image-based
modeling techniques to estimate flow boundary conditions. Diameter-based scaling
laws directly relate flow to the diameter at specific locations. The scaling laws were
first formulated by Murray13 who postulated that blood flow is proportional to the
diameter to the power 3 based on the assumption of energy efficiency. Later studies
found that the value of the power for the coronary vasculature ranged between 2 and
3 for the coronary system.14–19 In the study by van der Giessen et al.,20 empirical
relations were found specifically for mildly diseased coronary bifurcations. These
models are relatively simple and could prove to be effective alternative for invasive
measurements in setting boundary conditions.

Whether these scaling laws are accurate enough to serve as boundary conditions,
even in healthy arteries, is largely unknown. Application of these scaling laws in
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diseased vessels is further compromised by the fact that changes in the resistance of
the distal vascular bed due to atherosclerosis are not accounted for. Nonetheless,
these models are frequently used as to determine boundary conditions in diseased
coronary arteries.21–25 Therefore, this study investigates whether diameter-based
scaling laws can be applied to impose boundary conditions to accurately compute
patient-specific WSS maps. We performed CFD simulations in mildly diseased
human coronary bifurcations following two different methodologies: one with
boundary conditions based on invasive velocity measurements and the other with
boundary conditions derived from geometry-based scaling laws. This allowed
for a direct comparison of the WSS resulting from the two approaches, and we
determined whether angiography data alone is sufficient to obtain WSS data in
mildly diseased human coronary bifurcations.

6.2 Methods
6.2.1 Patient selection
The patient population used in this study was previously described in Nolte et al.26

Briefly, patients with stable angina pectoris scheduled for percutaneous coronary
intervention were included. From this population, patients were retrospectively
selected when three requirements were met: first, adequate image quality of the an-
giographic data and the angular projections needed to generate a 3D reconstruction
of a coronary bifurcation. Second, two locations of velocity measurement had to be
proximal and distal of that bifurcation, without any side branches visible other than
the bifurcation (Figure 6.1). Third, the velocity measurements were performed in
an angiographically healthy segment. Ultimately, eight eligible cases were selected.

6.2.2 Geometry reconstruction
Angiography images were recorded with a Philips Integris H system (Philips Health-
care,Best,The Netherlands). Two projections were selected that optimally visualized
the region of interest with minimal foreshortening and at least 30° between the
imaging angles. On the basis of those angiographic images 3D volumes of the coro-
nary bifurcations were constructed using commercially available software (CAAS
v3.11; Pie Medical Imaging, Maastricht,The Netherlands).

6.2.3 Velocity measurements
The velocity in the coronary arteries was measured by a catheter-based Doppler
technique (Combowire XT, model 9500; Volcano, San Diego, CA).The wire was
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Figure 6.1:Overview of a patient dataset. (A) Angiography recording of a coronary bifurca-
tion in the left anterior descending artery. The dashed lines indicate the region of interest.
The 2 arrows point to the location where the velocity was measured. (B) 2nd angiography
recording from a different angle allowing for a 3-dimensional (3D) reconstruction. (C) 3D
reconstruction of the luminal surface of the coronary bifurcation. (D) Intravascular velocity
measurement at the proximal location. The recordings of multiple consecutive heartbeats
are normalized to the length of their cardiac cycle (T) and superimposed (black lines). The
purple line is the average of the recordings per time point in the cardiac cycle, with the blue
area around it indicating the standard deviation.

advanced into the coronary artery where it was manipulated to obtain optimal
signals. Phasic recordings of maximal cross-sectional velocity were obtained at
stable positions proximal and distal to a bifurcation. From these recordings,multiple
consecutive heartbeats during rest with a stable signal were selected (Figure 6.1D); on
average a period of 23 ± 14 heartbeats was used. From that period, the time-averaged
velocity was calculated. Velocity data were combined with diameter measurements
to obtain the flow rate. The local diameter was measured with conventional two-
dimensional (2D) QCA at the location of the Doppler-wire tip in the same two
projections as used for the 3D reconstruction. From the mean diameter of the two
projections the cross-sectional area was determined, and by assuming a parabolic
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velocity distribution the flow was computed. This methodology was followed to
determine the flow in the mother branch (qin) and in one daughter branch (qout1).
The flow through the second daughter branch (qout2) was not measured but followed
from conservation of mass.

6.2.4 Scaling laws
The flow through the inlet and daughter branches can be estimated with scaling
laws. Van der Giessen et al.20 derived two diameter-based scaling laws from a
patient population with mild coronary artery disease. With the first scaling law the
inflow was estimated and the second scaling law was used to estimate the outflow
ratio. The first scaling law is defined as:

qin = 1.43d2.55
in , (6.1)

resulting in a flow (q) for the inlet. The diameter (d) and the velocity was measured
at the same location in the mother branch. The second scaling law for the outflow
ratio was defined as:

qout2
qout1

= (dout2
dout1
)

2.27
. (6.2)

The diameter dout1 was measured in the largest daughter branch and dout2 in the
other daughter branch. The diameter of the daughter branch with the Doppler
wire was determined at the location where the velocity was measured. In the other
daughter branch the diameter was measured at an angiographically healthy section
distal to the bifurcation near the ostium.

6.2.5 Computational fluid dynamics
Before the mesh generation,flow extensions were added to the 3D volumes (VMTK;
Orbix, Bergamo, Italy). To ensure a smooth inlet profile for the CFD computations
the inlet was extended with five times the radius. An outlet extension of five times
the radius was added to exclude upstream effects due to the imposed boundary
conditions.27 Meshes were built with commercially available software (ICEM v14.5;
Ansys,Canonsburg, PA).A typical cell size of 0.1 mm was used and five prism layers
at the wall were constructed. This resulted in a typical mesh size of 2 × 106 cells.
Blood was modeled as a non-Newtonian fluid by applying a Carreau model with
the parameters taken from Cho and Kensey.28 The density was set to 1060 kg/m3.
The wall was modeled as rigid and a no-slip condition was imposed at the wall.

162



6

Methods

Figure 6.2: Cartoon illustrating the study setup. The inflow and outflow boundary condi-
tions for wall shear stress (WSS) computations in mildly diseased coronary plaques were
set by 2 different approaches. First, the measured boundary conditions were used, for which
the flow is measured in the mother branch and in 1 daughter branch. The overbars indicate
that a time-averaged value was used. Second, the scaled-approach was used, which sets the
inflow and outflow conditions using diameter-based scaling laws.

A Poiseuille profile was prescribed at the inlet based on either the measured or
the scaled flow rate (Equation 6.1, Figure 6.2). At the outlets of the two daughter
branches either the measured or the scaled outflow ratio (Equation 6.2) was defined.
Since the association of WSS with enhanced plaque vulnerability is based on time-
averaged data we focused on steady flow simulations.29–32 A finite volume solver
was used to perform steady-state simulations using standard numerical techniques
(Fluent v14.5; Ansys).

We performed two CFD simulations in 3D lumen reconstructions of all eight
geometries. First, intravascular velocity measurements were imposed as boundary
conditions at both the inlet and outlets. Subsequently, the boundary conditions for
the same cases were assigned using diameter-based scaling laws based on geometry
(Figure 6.2).
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6.2.6 Data analysis
The WSS magnitude was extracted from the CFD results and mapped to a 2D
coordinate system for further analysis. First the centerline was traced (VMTK;
Orobix, Bergamo, Italy). Next, cross sections were defined at 0.45-mm intervals
perpendicular to the centerline. The cross sections were partitioned in sectors of
22.5°, resulting in 16 bins between 2 sequential cross sections.27 The mean WSS
of each bin was used to construct the 2D map. The 2D maps of the mother
and daughter branches were analyzed separately. The mean WSS in the axial
and circumferential direction was calculated per branch. Next, a point-to-point
comparison was performed with the data from the 2D WSS maps of the two
approaches. A correlation plot was generated, with a linear fit going through the
origin. By forcing the fit through zero, the correlation was characterized by a single
quantity, coefficient k, the slope of the fit. A k-value equal to 1 indicates that the
WSS results of both methodologies were similar. Complementary to that, the value
of ∣1 − k∣ is used as a measure for the difference between the methods.

Normalized WSS was also investigated in addition to the absolute WSS. For the
normalization procedure each 2D WSS map was normalized by its 50th percentile
value.

6.2.7 Statistics
Summarized data are presented as the median and the 25th and 75th percentiles. A
Spearman correlation test was used as a measure of agreement between the WSS
resulting from the two methods. The outflow ratio over the outlet of the bifurcation
is given in percentage of the total flow. The difference in outflow through a branch
due to the different methods is therefore expressed in percentage points.

A noninferiority test was employed to find statistical evidence whether the two
models provide outcome that can be regarded as equivalent.33 In this test the null-
hypothesis states that the absolute WSS difference between the two models is
larger than a chosen margin, which was rejected at a significance level of α = 0.05.
In a previous report by Schrauwen et al.34 the margin to test for differences was
set to 0.25 Pa. This value was based on the resolution limitation of angiography
and its effect on the precision of the computed absolute WSS. The margin for
normalized WSS was set using the previously reported 1.3-Pa baseline value for
WSS in coronary arteries.35 By taking the ratio of 0.25 and 1.3 Pa, a margin of 0.2
was established for normalized WSS.
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6.3 Results

Figure 6.3A shows the measured diameter–flow relation for the mother branch and
the daughter branch. The black line is the diameter–flow relationship derived by van
der Giessen et al.20 A similar behavior was found with a median inflow difference of
0.08 ml/s [−0.01; 0.20], although the measured flow in the mother branch tended to
be higher than the scaled value. In the daughter branch, the difference between the
measured and scaled flow was −0.01 ml/s [−0.04; 0.07]. The measured flow ratio is
plotted as a function of the diameter ratio of the daughter branches in Figure 6.3B,
with the black line representing the relationship found by van der Giessen et al. In
six out of the eight cases, a good agreement was found: The median of the difference
for all cases was 1.5 percentage points [−19.0; 4.5]. In two cases the measured flow
ratio was above 1. Since dout1 was defined to be larger than dout2, this indicates that
in these two cases more flow was going through the smaller daughter branch.

Figure 6.4 illustrates the WSS results for one case (arrow in Figure 6.3). In this
case the measured and scaled inflow differed, with a measured flow of 0.55 ml/s and
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Figure 6.3: Hemodynamic data from the patient populations. (A) Measured diameter–flow
relation in the mother branch (dots) and daughter branch (diamonds) of 8 patients. (B)
Measured diameter ratio of the daughter branches vs. the measured flow ratio in those
branches. On the x-axis the diameter ratio is defined as the smaller over the larger diameter
of the daughter branches. The black lines in both panels plot the relationships derived
by van der Giessen et al. The arrow indicates the measurement associated with the case
described in Results and Figure 6.4.
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Figure 6.4: Overview of results for one case. The inflow was underestimated by the scaled
approach, while the outflow ratios were similar. (A) 3D reconstruction of the geometry
with color map indicating the WSS computed with measured boundary conditions (BC);
TA, time averaged. (B) 2D maps of the computed absolute WSS with the 2 approaches.
The maps of the mother branch and the daughter where the flow was measured are plotted.
(C) Circumferential average of the absolute WSS in the two segments for the measured-
approach (circles) and scaled-approach (diamonds). (D) Axial average in the mother branch
of both methods. (E) Axial average of the daughter branch of both methods. (F) Normalized
2-dimensional (2D) WSS maps computed with the 2 methods. (G) Circumferential averages
of the normalized WSS in the mother branch. (H) Axial average of the normalized WSS
in the mother branch. (I) Axial average of the normalized WSS in the daughter branch.

a scaled flow of 0.43 ml/s. The outflow ratios for both approaches agreed nicely:
29%/71% with the measured approach and 23%/77% with the scaled approach. In
Figure 6.4A the WSS computed with the measured-approach is plotted in 3D. Just
distal of the inlet, the mother branch shows a lumen-intruding plaque, causing a
region of high WSS. Halfway down the mother branch, a local widening of the
lumen induces low WSS, immediately followed by a high WSS spot. As expected,
higher WSS was found at the flow divider of the main daughter branch. The
curvature of the segment is not very strong, leading to only minor asymmetries
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Table 6.1: Overview of the percentage of area where the WSS outcome of the 2 models in
axial and circumferential direction can be regarded as equal according to the noninferiority
test

Absolute WSS Normalized WSS

Circumferential Axial Circumferential Axial

Case Mother Daughter Mother Daughter Mother Daughter Mother Daughter

1 0 0 0 0 92 93 100 100
2 0 30 0 13 78 83 94 94
3 0 2 0 0 80 72 81 50
4 100 88 100 94 100 100 100 100
5 4 0 0 0 91 90 100 100
6 20 18 0 0 100 94 100 100
7 45 0 0 0 91 91 100 100
8 57 14 38 0 94 93 100 94

Median 12 8 0 0 92 92 100 100
IQR [0; 48] [0; 21] [0; 10] [0; 3] [88; 96] [88; 93] [99; 100] [94; 100]
The percentages are reported for both absolute and normalized wall shear stress (WSS).
IQR, interquartile range.

in WSS distributions. The 2D representations of the WSS computed with both
approaches are plotted in Figure 6.4B. In these maps the focal high WSS are clearly
distinguishable. In both the mother and the daughter branch, the WSS from the
scaled approach is lower than the WSS from the measured approach, due to the
lower inflow but similar outflow ratio. The averaged WSS in Figure 6.4, C–E,
confirmed these observations, with more pronounced differences at high WSS
regions. The triangles indicate equal WSS values for both models based on the
noninferiority test. Most sections show that the WSS was not equivalent.

In Figure 6.4, F–I, the results of the same cases are given after normalization to
the 50th percentile of each branch. The 2D maps in Figure 6.4F show that the results
were in good agreement. Also the circumferential and axial averaged normalized
WSS values showed an excellent agreement between the results for the different
boundary conditions. This was confirmed by the results of the noninferiority test.

Table 6.1 gives the percentage of area per branch where the WSS from both
models was equal. The absolute WSS showed little agreement in nearly all the
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Figure 6.5: Quantitative comparison of the 2D WSS maps from the case in Figure 6.4. (A)
Absolute WSS from the measured approach vs. the absolute WSS from the scaled approach.
The WSS in the mother segment (blue) and daughter (pink) are plotted separately. The lines
represent the linear fit through the data points and the origin. The coefficient k indicates
the slope of the fit. CFD, computational fluid dynamics (CFD). (B) Normalized WSS in
the mother branch from both methods (r2 = 0.88). (C) Normalized WSS in the daughter
branch from both methods (r2 = 0.92). The black solid lines represent the line of identity
and the dashed lines represent the 50th percentile values.

cases. In case 4 the boundary conditions of the models matched exceptionally well,
resulting in a high agreement. The normalized WSS shows that in all the cases a
high agreement was found between the models.

The WSS data from the 2D maps of case 2 from Table 6.2 are plotted in Fig-
ure 6.5A.The linear fit through the WSS data in the mother branch resulted in a
coefficient k = 0.67 for the slope, which indicates that the scaled approach underes-
timated the absolute WSS. In the daughter branch this was k = 1.12, demonstrating
general overestimation of the WSS.The result after normalization in the mother
branch is plotted in Figure 6.5B. A high agreement between the results was seen,
as indicated by k = 0.95. Similarly, a high agreement (k = 0.94) was found in the
daughter branch (Figure 6.5C).The median values of the coefficients (and [1st; 3rd
quartile]) of the fits for all cases are given in Table 6.2. The much smaller interquar-
tile range of k for the normalized WSS in the daughter vessel indicated that the
agreement between the two approaches improved. Moreover, the median of the
absolute difference of ∣1− k∣ decreased from 0.35 [0.23; 0.40] to 0.04 [0.01; 0.05] for
the mother vessel and from 0.31 [0.21; 0.43] to 0.05 [0.02; 0.06] for the daughter
vessel. This decrease of ∣1 − k∣ indicates that the normalized WSS results were in
much better agreement than the absolute WSS.
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Table 6.2: Overview of k for all 8 cases

Absolute WSS Normalized WSS

Case Mother Daughter Mother Daughter

1 0.57 0.59 0.96 0.93
2 0.67 1.12 0.95 0.94
3 0.64 0.50 0.93 0.86
4 1.20 1.25 1.01 1.01
5 0.61 1.11 0.99 0.98
6 0.77 1.24 0.99 1.00
7 1.49 1.54 1.05 1.04
8 0.78 0.63 0.96 0.95

Median 0.72 1.12 0.98 0.97
Quartiles [0.63; 0.89] [0.62; 1.24] [0.96; 1.00] [0.94; 1.00]
This coefficient is indicative for the agreement between the WSS results from the 2 methods;
when k equals 1, there is high agreement in the results.

With the Pearson correlation a high agreement was found for the mother and
daughter branch in Figure 6.4: r2 = 0.88 and r2 = 0.92, respectively. In the other
seven cases, the r2 ranged between 0.90 and 1.00. These values did not change after
normalization.

6.4 Discussion
We studied the WSS distribution in mildly diseased human coronary bifurcations
using CFD. We applied boundary conditions for both the inlet and outlet derived
from catheter-based invasive measurements. Additionally, the inflow and outflow
boundary conditions were determined by combining diameter-based scaling laws
with diameter measurements from angiographic images. Although in general a
reasonable agreement was found for the inflow and a good agreement for the
outflow ratio, the differences between the two approaches were considerable in
some cases. These differences in the boundary conditions in turn led to differences
in the computed absolute WSS values. However, after normalization to the 50th
percentile an excellent agreement was found between the normalized WSS maps
from the two approaches.
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The diameter–flow relationship used in this study was derived by van der Giessen
et al. For their derivation they used the measurements reported by Doriot et al.36
In the study by Doriot et al., the velocity of the blood was measured in the mother
and the two daughter branches of angiographically normal coronary bifurcations
of patients suffering from coronary artery disease. These measurements showed
a consistent behavior and a simple diameter-based scaling law could describe the
diameter–flow relation.20 We previously derived the outflow ratio of mildly diseased
coronary bifurcations from computed tomography perfusion measurements and
found a high agreement between the measured and the scaled outflow ratio.27

The results in that study showed a homogeneous perfusion of the myocardium
associated with the daughter branches of the bifurcations. In this study, the scaling
laws generally worked well for the outflow ratio, but in some cases it led to relatively
large discrepancies in the flow estimation. The deviations between the measured
and scaled flow were most likely caused by differences in the resistance of the distal
vascular bed. However, we could not identify these cases based on the angiography
data, for instance, by using the area stenosis. As long as these cases cannot be
identified with angiography, caution should be taken when employing diameter-
based scaling laws to estimate boundary conditions, especially for the inflow in
more diseased cases.

Many studies tried to correlate absolute WSS to a marker of atherosclerosis.3,8,32

To compute WSS in geometries with multiple outlets, several studies rely on a
form of scaling for setting the boundary conditions.22,37–41 Van der Giessen et al.20

investigated how different outflow boundary conditions affect computed WSS
values but could not incorporate patient-specific measurements to compare their
results. Alternatively, Molony et al.42 studied the effect of imposing patient-specific
or scaled inflow boundary conditions on computed WSS. In a previous study,
we investigated the effect of scaled outflow conditions on WSS computations at
hyperemic conditions.27 In our current study patient-specific measurements were
available for both the inlet and outlet boundary conditions. The studies by van der
Giessen et al.20 and Molony et al.42 showed that the difference between measured
and scaled boundary conditions can give rise to large difference in absolute WSS.
In our study this was particularly striking at focal spots of high WSS, but areas
exposed to decreased WSS can be misinterpreted as well. This could frustrate the
search for a correlation between absolute WSS and an atherosclerotic marker.43

On these grounds geometric scaling does not seem to be appropriate to accurately
determine absolute WSS values in mildly diseased coronary bifurcations. The point-
by-point comparison confirms these findings: a considerable difference between
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the two approaches was shown, and although axial and circumferential averaging
led to smaller differences, the noninferiority test demonstrated that they were not
negligible.

The normalized WSS on the other hand was unaffected by the difference between
the measured and scaled boundary conditions. It has been hypothesized that, instead
of absolute WSS levels, the endothelium is sensitive to deviations from normal WSS
values at baseline flow.44 These deviations from the baseline WSS values might thus
be a potential marker for the onset and progression of atherosclerosis and could
be detected with normalized WSS maps. For instance, in a study by Gijsen et al.7
normalized WSS levels were correlated to strain levels within plaques. The highest
strains were found in regions exposed to high normalized WSS, which suggests that
high WSS might be associated with plaque destabilization. The study by Eshtehardi
et al.45 found a relation between the lowest 25% of WSS and plaque phenotype
development. Further studies are warranted to explore the effect of normalized
WSS on markers of atherosclerosis in larger patient groups.

Our study showed that normalized WSS proved to be a robust measure, even
in cases where the difference in outflow ratio was relatively large. This was also
found by Marzo et al.46 for cerebral aneurysms, but only qualitative results for
normalized WSS were reported. This implies that, despite the nonlinear nature of
flow phenomena, the flow in these cases was within a range that normalization still
yielded similar results. This means that it would be possible to compute normalized
WSS distributions from angiography data alone without the need for intravascular
velocity measurements.

The hemodynamic significance of a coronary stenosis can be determined with
fractional flow reserve (FFR), which is derived at hyperemic conditions. Several
studies focused on computing FFR to replace invasive measurements.47,48 In a
previous report we investigated the influence of scaled outflow conditions on the
pressure drop and FFR during hyperemia. That study showed that the FFR was
not influenced by the variation in outflow ratio. However, the absolute inflow is
expected to have a greater effect on the overall pressure drop than the outflow ratio.
Therefore the variations in inflow conditions could influence the computed FFR.
In this study, baseline conditions were evaluated only, and it would be interesting to
investigate in a subsequent study how scaled inflow affects FFR.
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6.4.1 Limitations
For this study only a small number of patients were selected. Future studies with
a larger patient population should confirm that diameter-based scaling laws in
combination with angiography images are sufficient to determine normalized WSS
distribution. It would be particularly interesting to include patients at a later stage
of the disease that suffer from lumen intruding plaques. The intravascular Doppler
measurements could not individually be verified and it is possible that the outcome
differs at various time points. However, the intracoronary Doppler measurements
were obtained by an experienced operator using state-of-the art technology during
stable heart rate. A large body of evidence attests to the reliability and accuracy of
this method, which has been extensively validated.49,50

For the geometry reconstruction elliptical cross sections derived from two an-
giography images were used. Although this resulted in representative geometries,
improvements can be made to acquire a more precise lumen representation, for
instance by using rotational angiography. The goal of this study was to compare
the influence of different boundary conditions. Since the same geometry was
used to compute WSS with two different sets of boundary conditions, the use of
angiography-based reconstructions should not affect the findings of this study.

The locations where the diameters were measured were selected by a trained
reader. Nonetheless, Valen-Sendstad et al.51 showed that this choice can influence
the computed absolute WSS. Based on angiography alone it remains difficult to
select a healthy and representative section that can be used for the geometric scaling
laws. However, this study demonstrates that normalized WSS will probably be
more robust to the small deviations in diameters.

Finally, other parameters besides WSS are associated with atherosclerosis, such as
the oscillatory shear index or the relative residence time, which depend on transient
flow computations.52 Although the diameter-based outflow models proved effective
in this study, more advanced outflow models are likely better suited for transient
computations.

6.5 Conclusion
In conclusion, normalized WSS was shown to be unaffected by the variation in
boundary conditions obtained either from invasive flow measurements or by ap-
plying diameter-based scaling laws. Caution should be taken when absolute WSS
values are assessed from computations based on scaled boundary conditions.
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Experimental data for arterial network reconstruction

Over the past decades, the importance of the vasculature beyond the large arteries
for cardiovascular pathologies became more evident. Aside from atherosclerosis
of the large coronary arteries with concomitant typical complaints such as chest
pain, some patients with visible lesions are complaint-free. Others without any
visible atherosclerosis, on the other hand, do experience complaints, highlighting
the complexity of cardiovascular disease. Local malfunctioning can affect remote
locations; the network structure affects the hemodynamics and vice versa. The
overall objective of this thesis was to advance the understanding of the role of
hemodynamic factors in arterial network design. Our findings on reconstructing
arterial networks over multiple scales are discussed below, where the highly dynamic
environment of (remodeling) collateral vessels will be considered in more detail.
Future directions and conclusions conclude this chapter.

7.1 Experimental data for arterial network
reconstruction

Chapter 1 explains how arterial network design determines hemodynamic variables
such as local pressure, flow, and shear stress. It also indicates how such local factors
in turn are thought to influence the network design. Since comprehension of this
interplay by means of modeling requires sound data, several possibilities for acquiring
such data are described in Chapter 2. Importantly, predicting hemodynamics at
any specific scale (no matter whether large vessels or microcirculation) requires a
model for network morphology over the full range of arterial diameters. While
this consequence of Ohm’s and Kirchhoff ’s laws (Chapter 1) may seem obvious to
most engineers, we have experienced that clinicians in the cardiovascular field quite
frequently find this concept difficult to grasp.

As was pointed out in Chapter 2, in vivo imaging of arterial structures lacks
sufficient resolution for reconstruction of the full arterial network and subsequent
modeling of hemodynamics based on such reconstructions. Microscopic techniques,
on the other hand, do provide sufficient resolution but only over a limited sampling
volume, with additional concerns for in vivo imaging. We evaluated the imaging
cryomicrotome as a modality for obtaining whole-organ data at a resolution well
beyond the clinical modalities. By alternating cutting and taking images of the
surface of the remaining bulk, the imaging cryomicrotome provides image stacks of
4096 × 4096 pixel at resolutions ranging from 5 to 40 µm. The applications described
in various chapters demonstrate the large potential but also make clear that many
pitfalls exist, including a still limited resolution and sampling volume. This raises the
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2 mm

Figure 7.1: Three-dimensional rendering of the vascular cast (orange) of a rat hindlimb and
two colors of microspheres (glacier, purple), demonstrating the feasibility of the imaging
cyromicrotome to concurrently image the arterial network together with markers of perfu-
sion.

question whether other modalities could have been chosen for the current studies.
With generated volumes of typically 5003 to 20003 voxels, micro-CT also allows
imaging over fairly large sampling volumes with a resolution of 50 µm.1,2 Such
resolution allows imaging of human atria.3 Stephenson et al. imaged whole human
hearts ex vivo at a resolution of 73 µm,4 about half the resolution we obtained with
the imaging cryomicrotome (Chapter 4). For both the imaging cryomicrotome and
micro-CT, resolution can be increased at the cost of a smaller sampling volume,
achieving spatial resolutions of 1 to 10 µm for sample volumes of approximately
1 cm3.5 While micro-CT provides a similar resolution and leaves the tissue intact,
the imaging cryomicrotome allows imaging of larger volumes and at multiple
wavelengths. We used this advantage to combine structural data with microsphere
deposition for local perfusion estimation (Chapter 2 and Figure 7.1) and molecular
imaging.6 One possibility that remains to be explored is the combination of the
cryomicrotome data with high resolution (confocal or multiphoton) microscopic
data. Such an approach would require very extensive microscopic imaging and a
thorough a priori understanding of local differences but would have allowed a better
evidence-based generation of the distal networks in Chapter 4.
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7.1.1 Vascular casting for fluorescence cryomicrotome imaging
The strength of the imaging cryomicrotome, generation of high-resolution 3D
structural information, was demonstrated in Chapter 4, where the entire arterial
network of a human heart could be reconstructed with a voxel size of (30 µm)3.
Filling the vessels with casting material prior to image acquisition proved chal-
lenging. Cryomicrotome imaging relies critically on proper filling, similar to ex
vivo micro-CT. While this seems a mere technical issue, the dominant role of this
methodology in the work described in this thesis calls for some discussion here.

Vascular casting with Batson’s no. 17 yielded good results in large organs, e.g.,
canine, porcine, and human hearts,7,8 but we encountered difficulties with filling
small animal vasculature. This point was addressed in Chapter 3, where our objective
was filling as needed for a replication of the in vivo morphology with accurate
diameters, lengths, and branch angles. Based on this goal, the ideal filling compound
would have fulfilled the following criteria:9,10

1. It fills all vessels of interest including small connections.
2. Filling of vessels smaller than the spatial resolution is minimal.
3. It hardens evenly and timely.
4. It does not extravasate.
5. Shrinkage after solidification is minimal. It does not alter the quantitative

morphology of the vessels from in vivo dimensions.
6. It is visible at a wavelength used by the imaging methodology (and different

from wavelengths used by other compounds)
7. It provides sufficient fluorescence signal for all vessels of interest.

While no material was found that satisfied all these requirements, perfusion with a
substance that subsequently polymerizes into a solid (vascular casting) was chosen
as our preferred method among the various filling techniques, as cryomicrotome
imaging inherently relies on cutting a solid, non-elastic sample. Vascular casting
moreover has a long history in studying the geometry of arterial networks and
endothelial morphology.11

In addition to the degree of wanted and unwanted (e.g., capillary and venous)
filling, we would like to reiterate the importance of faithfully replicating the in vivo
architecture for hemodynamic modeling and studies on network design. Since the
vessel diameters strongly depend on local pressure, we aimed to replicate the in vivo
pressure distribution. Controlled injection at physiological pressure (taking into
consideration the pressure drop over narrow cannulas) theoretically provides the best
approximation of the in vivo pressure distribution independent of the viscosity of
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the perfusate, but causes slow flow rates of the commonly viscous cast materials. In
Chapter 3, we encountered problems with injection of Batson’s compound no. 17 at
physiological pressure, which resulted in incomplete filling of the microcirculation.
This can be explained by the high viscosity of Batson’s no. 17 (about 260 cP12–14),
resulting in a theoretically 65-to-90-times lower flow rate than blood. With pro-
gressing polymerization and concomitantly rising viscosity, flow progressively slows
down during the course of filling. We have even encountered premature flow cessa-
tion. Although polymerization could be delayed by reducing the amount of added
promoter and catalyst or by cooling, gradual onset of polymerization typically began
within minutes after start of injection. Similar to findings reported by Levesque
et al.11, we have observed a quicker polymerization of small than of large volumes,
which likely further impeded the filling of the microcirculation. Casting of the
microcirculation is feasible using high injection pressures but at the cost of skewing
the pressure distribution with high intravascular pressures possibly rupturing vessels
or amplifying extravasation of the compound. High injection pressures should thus
be avoided for faithful reconstruction of entire networks. Similarly, flow-controlled
injection would bias the morphometry. By lowering the viscosity, either by diluting
Batson’s no. 17 with methyl methacrylate (MMA) or by using Mercox (viscosity
20–30 cP15), we could fill small vessels while maintaining a physiological injection
pressure. We avoided strong (>50%) dilutions as less pre-polymerized mixtures
exhibit more shrinkage and the resulting capillary and venous filling complicates
the subsequent image analysis.

Some of the studies described in this thesis addressed the development of col-
laterals after experimental flow blockage. Flow in innate collaterals is usually very
low and bidirectional and thus poses a particular challenge for filling. The low flow
conditions necessitate filling with a compound of low viscosity. However, even when
using materials of low viscosity, some collateral vessels in our experiments filled from
either side with a void region in the middle, which was not or only sparingly reached
by the cast material (Figure 7.2). When the objective is to investigate collateral
vessels, filling with materials of low viscosity and with slow polymerization is thus
advisable.

7.1.2 Image reconstruction
The imaging and image analysis procedures form an essential part of the work
underlying this thesis. Cryomicrotome imaging suffers from various imaging arti-
facts such as optical blurring, camera noise, and stuck cutting debris. Since these
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2 mm

SAMB

Figure 7.2: Uneven filling of the gracilis network of a healthy rat hindlimb, where regions
of low flow are characterized by only marginal filling (arrows). Please note that the signal
was amplified in order to visualize this filling. MB = muscular branch, SA = saphenous
artery.

challenges formed an integral part of the research work, some of these aspects
warrant a discussion here. Image blurring originates from two sources: the response
of the optical system and scattering and attenuation of light within the sample. In
order to quantify the blurring, we imaged microspheres smaller than the resolution
under various conditions (different colors, spatial resolution, surrounding material).
This revealed that the largest contribution comes from the scattering within the
sample rather than the blurring due to the optical system. The microspheres were
already visible several slices before they appeared at the cutting surface, such that
they were visualized as comets with long halos over several slices in 3D. We have
also noted some variation with tissue type and wavelength. For simplification, we
established a standard point spread function (PSF), the system response to a point
source, from multiple microspheres in cardiac tissue. This basic PSF was adapted to
each individual sample by scaling to resolution followed by blind deconvolution. In
our experience, blockwise deconvolution with such a matched PSF corrected the
blurring reasonably well at moderate computational costs. Slice-by-slice removal of
the transparency is a simple alternative method for halo removal16 but does not cor-
rect the in-plane blur. A more precise approach would be to inject microspheres of at
least two different colors and use these for estimation of the local tissue properties.17
From this, the local PSFs for the cast material, which differs in excitation/emission
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wavelength, could be extrapolated. While feasible, this approach comes at higher
computational costs and possibly overfitting.

After correction of the imaging artifacts, segmentation of the arterial network
formed the next integral challenge. The simplest form of image segmentation,
thresholding, previously provided good reconstructions of large arterial networks
but proved insufficient for small animal vasculature. Prior to the actual vessel
segmentation, we thus applied multiscale vesselness filtering to enhance the signal
of the vessels. While Frangi’s method18 better delineated curvilinear structures,
Sato’s filter19 behaved better at junctions, and in view of retaining connectivity
we opted for the latter. Sato’s filter, however, tended to merge nearby structures
such that regions with filled parallel artery–vein pairs could not accurately be
automatically segmented. Also, for large arteries (about one millimeter or larger)
simple thresholding of the downsampled data set followed by manual inspection to
correct for cutting artifacts was superior. By combination with the vesselness result
for smaller vessels, we obtained detailed reconstructions of the arterial network at
reasonable manual effort.

7.1.3 Improvements of the imaging cryomicrotome
At this time, several of the steps require manual interaction. To improve repro-
ducibility, it would be desirable to automatize the image processing. One major
challenge was the discrimination between (especially nearby) arteries and veins. As
indicated above, venous filling is difficult to prevent in cases where low viscosity of
the casting material is needed. We speculate that intravascular staining could help
discrimination in this case. Intravascular staining typically labels the endothelium,
for example with fluorescently conjugated isolectin GS-IB420 or by vessel paint-
ing with the lipophilic dye 1,1-Dioctadecyl-3,3,3,3-tetramethy-lindocarbocyanine
perchlorate (DiI).21 Combination of such staining with a casting material selective
for arteries, e.g., undiluted Batson’s no. 17, could help arterial versus venous dis-
crimination while reducing the risk of missing collateral vessels. Some DiI dyes
furthermore appear to not or only weakly stain veins and venules,22,23 potentially
providing a direct means of arterial demarcation. Ideally, molecular markers suitable
for perfusion and specific for arterial versus venous endothelial cells would help
discrimination.

In addition, molecular markers of active remodeling could aid in the detection of
collateral vessels and furthermore provide functional information. We tested three
markers, anti-intercellular adhesion molecule-1 (ICAM-1), chemokine (C-X-C
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AOverlay B Anti-ICAM-1 C Vascular cast

Figure 7.3: Representative example of combined imaging of the molecular marker anti-
ICAM-1 with vascular cast in a sham operated mouse. Anti-ICAM-1 was abundantly found
throughout the animal, indicating non-specific binding. The images are maximum intensity
projection over a slab of 2.6 mm as indicated on the upper left of (A). (B,C) Enlargements
of the region delineated by the box in (A).

motif ) ligand 1 (CXCL1), and Evasin-3, but unfortunately none proved to be
both sensitive and specific. Anti-ICAM-1 was abundantly found throughout the
entire vasculature (Figure 7.3) indicating non-specific binding, whereas CXCL1
and Evasin-3 were limited to a small region separate from the classical collateral
pathways. Altogether, there is still much work to do with respect to combination
of the vascular morphology measurements and molecular readouts of endothelial
phenotype.

With improvements in computational power, more sophisticated processing
methods might become feasible for such large data sets as created by cryomicrotome
imaging. Possible improvements include the deblurring of the entire sample volume
at once and the use of other segmentation algorithms. While vesselness-based
techniques typically perform well,24 they are sensitive to noise and gaps in the vessel
casts. This might be improved with sophisticated seed-point based approaches, vessel
tracking, or machine learning.25,26 Additionally, it would be advisable to validate the
entire procedure by comparing the reconstructed network against a known structure.
Potentially, fluorescent 3D-printing of computer-generated arterial trees could be
of assistance here.
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For a better understanding of the interaction of structure and function in collateral
development and also of arterial networks in general, hemodynamic simulations can
complement structural assessments. For more accurate hemodynamic modeling,
future work is needed to incorporate a better representation of the most distal
microcirculation, including the capillary and venular network. Could it become
possible to image the entire coronary circulation of a human heart at say 1 µm
resolution, such that the full capillary bed is covered, and could image reconstructions
allow discrimination between arteries and veins based on the availability of the
complete connectivity? Compared to the current 30 µm voxel size in the human
heart study (Chapter 4), this would require roughly 10 000 times larger datasets,
and likely an even much larger scaling in computational efforts for image analysis.
Based on Moore’s law, stating a doubling of computer power every two years, this
might become feasible in 10 to 20 years. While the resolution of the 3D imaging
cryomicrotome can be improved and a rise in computational power will enable
image analysis of larger data sets, many other issues would remain, e.g., related
to the image sensors, fluorescence intensity and distribution as well as associated
imaging times. Multi-scale efforts will therefore be needed, based on combinations
of imaging technologies with incorporation of high-resolution data that is carefully
sampled based on the spatial variation. Moreover, validation of the hemodynamic
network models requires independent data. In particular, flow measurements are
needed here, and these can be based on intravital microscopy or (molecular) flow
tracers in animal studies. We foresee that in iterative work over the coming years,
technological progress and improved understanding of vascular network design
will help closing the gap between the largest arteries and capillaries in our models
combining vascular structure and function.

7.2 Properties of arterial networks
7.2.1 Branching rules
Branching rules have a long history as a base for such models. In Chapter 1, we
explained how branching rules are thought to reflect network design. Branching
rules are typically formulated as power relations, the so-called scaling laws, with
an allometric scaling exponent (α) in the order of 2 (constant cross-sectional area)
to 3 (in accordance with but not proving constant wall shear stress). In Chapter 4,
we found that the human coronary branching pattern was not uniform but rather
changed from asymmetric branching with small α in large coronaries to symmetric
bifurcations with larger α in small arterioles. We used network simulation to derive
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similar scaling laws for diameter–flow relations, rendering exponents that averaged
2.6 in the major arteries to 3.2 in the arterioles. There was also reasonable agreement
between measured flow and flow predicted from a scaling law with α = 2.55 in
mildly diseased human coronary arteries based on angiographic reconstruction
(Chapter 6). Our results corroborate the concept of arterial networks stochastically
following scaling laws but with considerable spread and monotonically increasing
exponents towards the microcirculation, thus rather E[y]∝ xα(d) than y ∝ xα. In
this relation, y and x have to be substituted depending on the specific scaling law.
Typical examples include flow–diameter, crown volume – diameter, crown length –
crown volume and distal myocardial mass – cross-sectional area relationships.

7.2.2 Application of scaling laws
Scaling laws can be applied wherever network parts are missing and need to be
modeled, in particular for simulation of coronary hemodynamics. In Chapter 4, we
used extrapolated branching characteristics to simulate the distal microcirculation
below the spatial resolution and could thereby apply uniform outlet conditions
(capillary pressure). In Chapter 6, a diameter–flow relation was used as outlet
boundary condition for computational fluid dynamics (CFD) simulations of coro-
nary bifurcations. Similar concepts could assist in estimating the outflow boundary
conditions in patient-specific models for diagnosis. One method that applies such
simulation is CT-derived fractional flow reserve (FFRCT), which non-invasively
assesses functional stenosis severity. Such noninvasive FFR computations rely on
scaling laws for deriving rest myocardial flow from myocardial mass and for esti-
mation of the downstream resistances from outlet diameters, for example.27 We
wonder thus how much the stochastic variation in the scaling exponent that we have
observed would obfuscate the diagnostic certainty in addition to other assumptions,
e.g., with respect to the hyperemic response of the microcirculation. A first study
suggests that uncertainty in resistance is of less importance than the uncertainty
in geometric reconstruction of the vessels.28 In this study, total hyperemic down-
stream resistance was adjusted by matching FFRCT to invasively measured FFR,
neglecting deviations of the individual downstream networks. Even though this
agrees with our observation that intra-patient variation from the patient-specific
scaling law of coronary downstream resistance has only limited impact on median
pressure (Chapter 4), we expect a higher inter-patient variation from the general-
ized scaling law. We postulate that the uncertainty (σ) in total resistance (R) of a
segment of diameter d and its downstream arterial network roughly scales with
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σR ≈ R∣ln(d)∣σα + α
d σd . However, to what extent this uncertainty and deviations

associated with microvascular disease influence the FFR prediction still remains to
be elucidated.

7.2.3 WSS and structure
Hemodynamic simulation of a reconstructed human heart refuted the paradigm
of constant wall shear stress (Chapter 4); the simulated wall shear stress was non-
uniform and highly variable. Even though these estimates can strongly be influenced
by errors in diameter, it is unlikely that such large dispersion was solely caused by
such errors. A multifactorial design might explain non-uniform wall shear stress.
Which factors could contribute? In human carotid arteries, we observed a negative
correlation between mean wall shear stress and wall thickness after adjustment for
systolic blood pressure (Chapter 5). Temporal variation as represented by shear
stress pulsatility and proportion of flow reversal, however, were positively correlated
with wall thickness. It thus seems that shear stress is a main driver, but that
temporal patterns and interaction with pressure effects are involved too, and that
both inner diameter and wall thickness should be considered when describing
vascular adaptation,29 not only in these carotid arteries, where the variation is
possibly pathological (endothelial dysfunction and initial neo-intima formation)
but also in healthy microvascular networks.

The situation is different in the microvascular network, which is not a simple
treelike structure. It is well appreciated that control by shear stress alone does not
allow maintenance of the loops and collateral connections seen in many vascular
beds.30 Since these connections provide robustness for flow maintenance upon
progression of local obstructions and since there is a wide individual variation of
collateralization, understanding the development, maintenance, and adaptation of
these collaterals is highly relevant.

7.3 Collateral vessels
The general understanding of collateral vessels is that of natural bypasses connecting
two arterial (sub)trees as sketched in Figure 7.4.31 These can be either arteriole-to-
arteriole or artery-to-artery connections, which remodel into tortuous arteries in
response to chronic obstructions that can be detected by X-ray, magnetic resonance
and CT angiography. The limited spatial resolution, however, leaves the question as
to what extent the increased collateralization seen in chronic obstructive disease is
due to formation of new collaterals, outgrowth of existing ones, or merely increased
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A Native BOcclusion

Figure 7.4: A collateral connecting two arterial trees carries little (bidirectional) flow in
the native bed (A) but provides a backup route in case of an obstruction (B). The arrows
indicate flow direction and magnitude.

filling by contrast in the imaging time window due to the higher collateral flow.
By high-resolution imaging with the imaging cryomicrotome, we aimed to get a
better understanding of the structural adaption of collateral vessels in response to
an upstream occlusion.

7.3.1 Characteristics of the gracilis collaterals
In Chapter 3, we stimulated collateral adaptation in rat hindlimbs by femoral artery
ligation. The gracilis collaterals typically consisted of two to four main branches
connecting the muscular branch of the femoral artery to the saphenous artery. These
main branches were interconnected in some animals and frequently gave rise to
subloops. The individual topology greatly differed between animals though.

In the native arterial network, the gracilis collaterals tapered towards the midzone
and impressed with numerous side branches, corroborating their role as perfusers
for the local tissue (Figure 7.5A). These side branches were surprisingly regularly
distributed and aligned to each other and also appeared to be maintained during
collateral remodeling. In addition to the typical overall increase in arterial diameter
and tortuosity with ischemia duration, our data indicated a stronger diameter
increase at the re-entry zone, where flow reversed, compared to the stem zone,
where flow direction was conserved. Since there was a high heterogeneity in
network topologies which complicated inter-animal comparisons, this result should
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1 mm 200 µm

A Healthy (left hindlimb)

1 mm 200 µm

B 3 days post ligation (right hindlimb)

1 mm 200 µm

C 7 days post ligation (right hindlimb)

1 mm 200 µm

D 28 days post ligation (right hindlimb)

Figure 7.5: Representative examples of gracilis collaterals at different time points after
ligation of the femoral artery (different animals). The right column displays enlargements
of the regions indicated by the boxes.
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be validated by longitudinal studies in the same animal, for example, using optical
techniques.

We furthermore noted that the bridging arteries were accompanied by veins,
forming intertwined artery–vein bundles (Figure 7.5B–D). In contrast to the arteries,
we did not observe a significant change in venous diameter. Venous diameter
increased by about 20% at day 3 of remodeling, but this change did not reach
statistical significance due to the large inter-animal variability. Together with the
proximity of these artery–vein pairs, this observation calls for further investigations
of the role of veins during arteriogenesis in future studies.

7.3.2 What is a collateral?
The definition of what constitutes a collateral vessel is not so straightforward. In
simple topologies, the differentiation between arterial trees and collateral segments
is intuitive (Figure 7.4). But what is a collateral in general? Are there, for example,
collaterals in arcading networks? Already for the hindlimb gracilis network, which
is classically used in arteriogenesis research, this question becomes non-trivial (see
Figure 7.6). As functional backup for the femoral artery, the direct paths between the
muscular branch of the femoral artery and the saphenous artery seem most relevant,
and these are the vessels commonly denoted as “collaterals”. Despite multiple loops
and subloops, these are not all just “backup vessels” but form part of the normal
perfusing network in the absence of any upstream obstruction. In fact, along each
of the three main paths and in each loop, only a single segment carries little or no
flow, and one could argue that this is the collateral segment.

Perhaps the most distinguishing characteristic is the low, oscillatory flow at the
watershed similar to what we have observed in the gracilis network with vascular
filling (Figure 7.2) and for the modeled flow (Figure 7.6). Toriumi et al. noted that
at the watershed between the anterior and middle cerebral artery some penetrating
arterioles were dually supplied from both sides.32 Even under normal conditions
and without significant diameter change, the watershed shifted as reflected by
relocations of the dually supplied bifurcation.

Is there, however, anything special in the biology of this segment? These segments
are usually small as expected (Figure 7.6), yet, according to a review by some of the
leading experts in this field, “it is becoming evident that collaterals differ so much
from arteries, capillaries, and veins in phenotypic and functional properties that
they might well be considered a third circulation along with the general arterial–
venous and lymphatic circulations.”31, p. 1854 If this were the case, could the special
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Figure 7.6: Different characteristics of collateral connections on the example of a gracilis
arterial network. The network consists of several parts with (top left) three anastomoses
(red, green, yellow) spanning between the muscular branch (purple) and the saphenous
artery (blue) and (top right) multiple loops (red). Flow along the main paths is opposing
with good agreement between the sites of least flow (blue arrows), flow reversal (white dots)
and minimum diameter (red arrows).
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properties be exploited for timely stimulation of collateral growth? We thus ponder
what is so different and which parts of the anastomoses constitute a “collateral”.
Data comparing non-functional, i.e., pre-occlusion, collateral arterioles to “normal”
arterioles are scarce. There is some evidence for altered phenotypes of the endothelial
and smooth muscle cells. Zhang et al. observed more smooth muscle cells,33 while
Chan et al. noted less tone and myogenic responsiveness in pial collaterals compared
to nearby arterioles.34 Interestingly, their response to nitric oxide (NO)-dependent
interventions was augmented, suggesting higher sensitivity to shear stress-mediated
dilation. Zhang et al. also noted fewer primary cilia on the collaterals and a
modified gene expression. The endothelial cells of pial collaterals were for the authors
surprisingly similar to the nearby “distal-most arterioles” in morphometry and
alignment.33 Yet, to what extent do these observations differ from a similarly sized
vessel at a distal part of the arterial tree perfusing only a small territory? Is the biology
indeed different or the environment in which they reside? Scholz et al. reported
for rabbit hindlimbs that “pre-existing collateral arterioles are morphologically
indistinguishable from normal vessels; we could be sure to deal with collateral
vessels only after they had become visible.”35, p. 259 In our view, the observed gradual
tapering and flow decrease towards the midzone in the native gracilis collaterals
as well as the similarity between most parts of the anastomoses and an arteriole of
comparable size and flow matches the expectation for a normal, perfusing function.
We thus tend to agree with the view that there are no (collateral) vessels that are
morphologically different from arterioles and arteries in the native arterial network.

An obstruction influences flow and pressure, foremost but, as outlined in Chap-
ter 1, not exclusively, in nearby vessels. All segments of the path that bypasses the
obstruction contribute when needed. Clearly, both the network structure and the
site of obstruction govern the changes in hemodynamics. Figure 7.7 visualizes the
effect on flow for two sites of modeled occlusion in the same gracilis hindlimb
network. Flow became unidirectional along the main paths in both cases. Yet,
the contribution of the individual segments differed greatly. Such unidirectional
flow was, however, not observed when modeling a major acute obstruction in a
healthy human coronary circulation. Despite abundant small collateral vessels, there
was only a small shift of the watershed, with flow merely reversing in the middle
segments of the vasodilated vasculature (Figure 7.8). The high resistance over the
small segments impeded further flow reversal, suggesting that the protective effect
of such small collaterals may be limited in the acute situation. Yet, the altered level
of shear stress most likely would stimulate remodeling, notably of the segment at
the watershed but to some extent in the entire network. In our view, the network
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2 mm

A Saphenous artery

2 mm

BMuscular branch of the femoral artery

Figure 7.7: Effect of a 99%-stenosis on flow for two different sites (green segment, for
visibility shown with original diameter), visualizing the profound influence of the obstruction
location on the effect on the individual segments. Segments with flow reversal are marked
with red. An increase in flow is labeled in cyan.
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rather than a special segment responds. Therefore, we consider “collateralization” a
network property, with arteriogenesis being part of network adaptation rather than
a segment property.

7.3.3 How are innate collateral vessels maintained?
What mechanisms maintain small collateral segments in healthy subjects despite
the seemingly adverse environment? Genetic cues certainly play a role as the extent
of pre-existing collaterals highly varies between but also within species.36 Guinea
pigs and dogs, for example, are known for a plethora of innate collaterals while pigs
only have few, small collateral vessels. Already during the development of collaterals
during embryogenesis there are large genetic variations.37 There must be additional
modulators though, for example epigenetic ones, as there is significant variation in
the configuration of the circle of Willis between twins.38

On first sight, the environment at the watershed seems adverse: low flow at
relatively high pressure, yet with little pressure gradient. Which mechanisms could
contribute to maintaining these segments nonetheless? Temporal mean shear
stress hardly seems sufficient. Is flow reversal a cue? Vasomotion and changes
in downstream resistance, e.g., due to different metabolic demands, are thought
to cause shiftings of the watershed position. Regular but lasting shifts, e.g., due
to exercise, could promote sufficient sustained unidirectional flow in alternating
segments. This could be augmented by a lowered shear stress set point due to the
flow reversal.39 Independently, exercise is well-known to promote collaterals due to
the concomitant increase in flow. Whether these cues suffice or whether some form
of direct coupling to the neighboring segments (e.g., by electrical communication
between endothelial cells) contributes, remains elusive and should be addressed in
future studies.

7.4 Conclusion
The imaging cryomicrotome is a versatile technology for studying arterial networks
of entire organs down to small arterioles. The resulting 3D data on detailed vascular
network patterns together with hemodynamic modeling provide a firm base for
a better understanding of network design and adaptation. In this thesis, we have
demonstrated its pertinence for quantitative collateral assessment and furthermore
established its capacity for combined acquisition of the vascular structure together
with co-registered markers of perfusion and remodeling. In morphometric evalua-
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Stenosis

1 cm

Native

Figure 7.8: Effect of a major stenosis (90% diameter reduction, arrow) on flow in a normal
human heart. Downstream flow is greatly reduced and (bottom row) the watershed in the
collateral vessels only shifts minorly despite numerous native collaterals (blue = flow away
from stenosis, red = flow towards stenosis). The second and third row show details of the
region indicated by the white box.
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tions, we observed stochastic, scale-dependent patterns in contrast to scaling laws
that behave identically at all scales.

High-resolution data on human vascular networks are very scarce. We showed
the feasibility of obtaining human coronary network data, but clearly more datasets
are needed that cover the range of variation in the normal population, as well as
relevant pathologies associated with coronary artery disease or myopathies. Even
though these will remain difficult to obtain, post-mortem specimens would allow to
further pursue a better understanding of the role of collaterals in acute and chronic
obstructive diseases of both the heart and the brain.

In addition, we presented two methods for simplified wall shear stress estimation
in patients, where wall shear stress pattern could be produced solely based on
angiographic data, rendering wall shear stress assessment more accessible to clinical
studies.

Altogether, the approaches presented in this thesis provide a promising start
for a better understanding of vascular adaptation in chronic conditions such as
growing stenoses, extending the current “single vessel knowledge”29 to network
adaptation, and generating new hypotheses on the underlying biology that could
be experimentally tested. Notably, this could lead to unravelling the factors that
dictate the level of collateralization in the network. For example, in acute ischemic
stroke care, estimated CT perfusion data and concepts such as “the penumbra”
and “collateral score” play dominant roles in decision making, but their correlation
with actual network design and local perfusion remains poorly understood. The
presented approach could thus add to current initiatives such as INSIST (IN-Silico
trials for treatment of acute Ischemic STroke), aiming at better prediction of novel
treatment outcomes based on modeling and simulation.40 The ability to combine
the post-mortem structure of the adapted network with longitudinal data on local
flow or with molecular clues would further strengthen this approach.
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English Summary

8.1 Arterial network adaptation and endothelial
shear stress. A tale of 3D imaging and
hemodynamic modeling

The overall aim of this thesis was to advance the understanding of arterial network
structure and adaptation. For this purpose, the imaging cryomicrotome technique
was refined for capturing collateral vessels in small animal ischemia models. The
capability of the imaging cryomicrotome for studying arterial network design by
yielding high-resolution image stacks of large sample volumes was further demon-
strated in a human heart. These structural investigations were complemented by
hemodynamic simulations, based on reconstructions of cryomicrotome data as well
as on other imaging modalities.

Chapter 1 provides an introduction to vascular network structure and function.
Arterial network design is discussed in the context of scaling laws as well as in rela-
tion to the most relevant underlying mechanisms with a focus on hemodynamically
mediated adjustments. The chapter concludes with an overview of the adaptive
processes that shape the network structure.

The first part of this thesis focuses on the structure of arterial networks. Chapter 2
provides an overview of different techniques to image, analyze, and model the
structure of whole-organ arterial networks and local perfusion. X-ray angiography,
being capable of imaging small arteries, has proven its value in early key studies
on the adaptation of coronary collaterals. However, the underlying 2D imaging
principle limits its use for 3D reconstructions of arterial networks. Vascular casting
enables detailed 3D replications down to the microcirculation but requires a suitable
imaging modality for digitization. For visualization of the ultrastructure, small
sections of vascular replica can be investigated using scanning electron microscopy.
Other options for digitization include the imaging cryomicrotome and micro-CT.
Additionally, stand-alone micro-CT can be used for in vivo imaging, achieving a
resolution of about 50 µm, albeit over a small sample volume. Challenges of the
subsequent image processing include correction for blurring and artifacts and, in
particular, the computational costs associated with segmentation of the extensive
whole-organ data sets. Tissue perfusion is typically assessed by measuring the
fluorescence or radioactivity of labeled microspheres or molecular tracers. With
the imaging cryomicrotome, multiple sets of fluorescently labeled microspheres
can be located in 3D, co-registered to the arterial network. From the digitized
arterial trees, network design patterns can be derived. By imputing the resulting
models for the part of the arterial network that cannot be visualized clinically,
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flow, pressure, and clinical indices such as fractional flow reserve can be predicted
for patient-specific diagnosis, albeit with assumptions regarding the physiological
response to vasodilators.

In the remainder of this part, the imaging cryomicrotome technique was opti-
mized and applied to the assessment of the murine hindlimb vasculature and the
human coronary circulation. Even though vascular filling with Batson’s no. 17 had
produced good replicas for imaging the coronary circulation of medium and large
species, it only incompletely filled the vasculature of small animals. In Chapter 3,
we addressed this point with the objective of yielding a cast reproducing the in vivo
morphology in terms of proper diameter, lengths, and bifurcation angles. Pene-
tration of the cast material depended greatly on viscosity. Lowering the viscosity,
either by diluting Batson’s no. 17 with methyl methacrylate or by using Mercox,
filled an increasing number of small vessels in the hindlimbs of healthy rats while
retaining a physiological injection pressure. The volume fraction of vascular cast was
about 18-times higher for the 50% dilution compared to the 10% dilution, which
was mainly due to an increase in the number of segments rather than segment
length. We, however, avoided strong (>50%) dilutions as less pre-polymerized mix-
tures exhibit more shrinkage and their capillary and venous filling complicates the
subsequent image analysis. Dilutions of 25–30% were deemed optimal for filling
the arterial network while limiting capillary and venous penetration. Together with
multispectral episcopic cryomicrotome imaging, this enabled detailed 3D analysis
of collateral adaptation. Both multiple deep collateral pathways and the superficial
gracilis collaterals, which appeared as thin anastomoses in healthy legs and became
increasingly larger with ischemia duration, could thereby be discerned.

In Chapter 4, the left arterial coronary circulation of a normotrophic human
heart was reconstructed in great detail, with more than 4000 images at a voxel
size of (30 µm)3. From the 3D-reconstruction, morphometric characteristics were
determined and extrapolated to the microcirculation below the spatial resolution.
The reconstructed left coronary network comprised more than 200 000 segments
with diameters ranging from 30 µm to 4 mm. Most of these segments had a length
of 100 µm to 1 mm. While the smallest segments were also the shortest, median
segment length was remarkably similar for diameters between 75 and 200 µm. Al-
though there was little difference in the distribution of terminal segment diameters,
the density of terminal segments strongly increased from the subepicardium to the
subendocardium. We furthermore observed a transition from asymmetric branching
with small scaling exponents in large coronary arteries to symmetric branching with
higher exponents in small arterioles. Also, area growth across bifurcations increased
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with decreasing mother diameter and increasing branch symmetry, yet with high
variability.

To establish ties with the structural properties, the hemodynamics of this coronary
circulation network was modeled. The exponent of the diameter–flow relation
increased towards the microcirculation, with 2.6 in the major arteries and 3.2 in the
arterioles. Most of the pressure drop occurred in vessels between 200 µm and 1 mm
in diameter. Uncertainty in the hemodynamic predictions was tested by stochastic
variation of the imputed downstream conductances. Apart from limited added
variation to the local flow, neither local pressure nor median local flow predictions
were affected. Local perfusion was highly heterogeneous, and also wall shear stress
was non-uniform with high variability.

The methods developed in this chapter can be deployed for future hemodynamic
modeling studies of whole organs aiming to link arterial network structure and
function. In this way, derived branching characteristics could furthermore be em-
ployed wherever information on network structure is partially missing and needs to
be modeled, especially for simulation of coronary hemodynamics.

In the second part of this thesis, the effect of simplifications of the modeling
approach on wall shear stress (WSS) estimates was investigated. In Chapter 5, the
wall shear stress estimates of three methods for the common carotid arteries were
compared: assuming Poiseuille or Womersley flow models, and as derived from
the velocity gradients obtained with magnetic resonance imaging (MRI). Blood
flow, axial flow velocity, lumen diameter, and mean wall thickness were measured
three times with 3.0-Tesla MRI in 45 subjects. To assess the different shear stress
estimates, mean wall shear stress, the amount of pulsatility (shear pulsatility index),
and the proportion of flow reversal (oscillatory shear index) of the three modeling
methods were compared. All methods exhibited good interscan reproducibility,
where the Womersley and Poiseuille based methods tended to have higher intraclass
correlation coefficients than the velocity gradient modeling method. The spatial
flow velocity profile of the Womersley-based prediction, however,matched the MRI
measurements much better than the Poiseuille-based estimate. Correspondingly,
the Womersley model predicted flow reversal at the wall, whereas this was only very
limitedly reflected in the Poiseuille model.

In general, we observed a negative correlation between mean wall shear stress
and wall thickness after adjustment for systolic blood pressure. Temporal variations
as represented by the shear pulsatility and the oscillatory shear index, however, were
positively correlated with wall thickness. When comparing the three methods,
mean WSS and pulsatility indices based on Womersley flow showed equally good
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correlations with carotid mean wall thickness as the velocity gradient method. This
is in contrast to the Poiseuille flow method that only showed an equally good
correlation for mean WSS.

We therefore concluded that for estimation of dynamic WSS in the common
carotid artery from flow rate or centerline velocity,Womersley modeling outperforms
Poiseuille-based methods. The velocity gradient model differentiates wall regions but
requires detailed information on the flow pattern, which is not commonly available.
Womersley based methods merely require the measurement of flow rate or centerline
velocity and carotid artery diameter,which renders these methods applicable to large
clinical studies without the need for complex analyses and computations. Despite
their limitations,Womersley-based methods should therefore replace the frequently
used Poiseuille-based techniques in future clinical studies.

In Chapter 6, a simplification of the boundary conditions for computational fluid
dynamics (CFD) simulations was tested for coronary bifurcations, eliminating the
necessity for invasive flow measurements. In eight patients undergoing percutaneous
coronary intervention, the flow velocity proximal and distal of a mildly diseased
coronary bifurcation was measured with intravascular Doppler. The 3D geometry of
each bifurcation was reconstructed from angiography, and the computed shear stress
of two CFD simulations was compared. The first simulation used the measured flow
velocity in defining the boundary conditions, whereas boundary conditions of the
second simulation were derived solely from the geometry by assuming diameter–
flow scaling laws. Reasonable agreement existed between measured flow and flow
predicted from a scaling law with exponent 2.55. The absolute WSS estimates,
however, were sensitive to the deviations in the predicted from the measured flow
values, with partially large differences between the results of the two simulation
approaches. The normalized WSS maps, nonetheless, were nearly equivalent. Even
though the absolute WSS estimates of simulations exclusively relying on angio-
graphic data should be interpreted with care, the normalized map, by capturing
regional differences, can provide a patient-specific distribution of normalized wall
shear stress.

In Chapter 7, the findings of the work leading to this thesis are appraised. This
includes a discussion on several aspects of the vascular casting for cryomicrotome
imaging and of the subsequent image analysis. Another focus is on form–function
properties of arterial networks, followed by deliberations on the meaning of “collat-
eral vessel” and physiological conditions for their maintenance in vascular networks.
Suggestions for improvements and future studies aiming at unraveling the interplay
between arterial function and structure conclude this chapter.
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8.2 Arteriële netwerk adaptatie en endotheliale
schuifspanning. Een verhaal over 3D
beeldvorming en hemodynamische modellering

Het algemene doel van dit proefschrift was de structuur en aanpassing van arteriële
netwerken beter te begrijpen. Hiertoe werd de ‘Imaging Cryomicrotome’ techniek
verfijnd, zodat ook collaterale vaten in ischemie modellen van kleine proefdieren
konden worden bestudeerd. De Imaging Cryomicrotome genereert hoge resolutie
3D beelden van complete arteriële netwerken in grote organen. Deze beelden
werden gebruikt voor de studie van onder andere de vaatstructuur in het mense-
lijk hart. Dit anatomisch onderzoek werd aangevuld met modelvorming van de
hemodynamica, gebaseerd op zowel reconstructies van Cryomicrotome data als op
andere beeldvormende modaliteiten.

Hoofdstuk 1 geeft een inleiding over de structuur en functie van vasculaire
netwerken. Het ontwerp van arteriële netwerken wordt besproken in de context
van schaalwetten en in relatie tot de meest relevante onderliggende mechanismen.
Hierbij ligt de focus op de aanpassingen aan hemodynamische omstandigheden.
Het hoofdstuk wordt afgesloten met een overzicht van de adaptatieprocessen die
de netwerkstructuur vormgeven.

Het eerste deel van dit proefschrift richt zich op de structuur van arteriële net-
werken. Hoofdstuk 2 geeft een overzicht van verschillende technieken voor de
beeldvorming, analyse en modelvorming van arteriële netwerkstructuur en lokale
perfusie in organen. Röntgenangiografie, dat beeldvorming van kleine slagaders
mogelijk maakt, heeft zijn waarde bewezen in klassieke studies van de aanpassing
van coronaire collateralen. De onderliggende 2D beeldvorming beperkt echter het
gebruik ervan voor 3D reconstructies van arteriële netwerken. Plastic afgietsels
en vulsels (‘casts’) van vaten maken gedetailleerde 3D replicaties tot aan de mi-
crocirculatie mogelijk, maar vereisen een geschikte beeldvormingsmodaliteit voor
digitalisering. Voor de visualisatie van de ultrastructuur kunnen kleine onderdelen
van zulke casts met behulp van rasterelektronenmicroscopie worden onderzocht.
Andere opties voor digitalisering zijn de Imaging Cryomicrotome en micro-CT.
Bovendien kan een stand-alone micro-CT worden gebruikt voor in vivo beeld-
vorming, waarbij een resolutie van ongeveer 50 µm wordt bereikt, zij het over een
klein volume. Uitdagingen in de daaropvolgende beeldverwerking zijn onder meer
de correctie voor onscherpte en artefacten. Bovendien vereist segmentatie van de
vaatstructuur over de complete organen een zeer grote rekenkracht.
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Weefselperfusie wordt vaak bepaald op basis van fluorescerende of radioactief
gelabelde kleine partikels, zogenaamde microsferen, of moleculaire tracers. Met
de Imaging Cryomicrotome kunnen meerdere sets van zulke fluorescerende mi-
crosferen in 3D worden gelokaliseerd, in samenhang met het arteriële netwerk.
Uit de gedigitaliseerde arteriële vaatbomen kunnen netwerkpatronen worden af-
geleid. Met modellering van dat deel van het arteriële netwerk, dat klinisch niet
kan worden gevisualiseerd, kunnen bloedstroom, druk en klinische indices zoals
de fractionele flow reserve worden voorspeld ten behoeve van patiënt-specifieke
diagnoses. Hierbij moeten wel aannames worden gemaakt over de fysiologische
reactie op vaatverwijders.

In de rest van dit eerste deel werd de Imaging Cryomicrotome techniek ge-
optimaliseerd en toegepast op de vasculatuur in de achterpoot van ratten en de
menselijke coronaire circulatie. Hoewel casts met Batson’s nr. 17 goede replica’s van
de coronaire circulatie van middelgrote en grote diersoorten vormden, vulde het de
vaten van kleine dieren onvolledig. In Hoofdstuk 3 hebben we dit punt aangepakt
met het doel een cast te produceren die de in vivo morfologie correct weergeeft in
termen van de diameters, lengtes en bifurcatiehoeken. Penetratie van het casting
materiaal hing sterk af van de viscositeit. Met het verlagen van de viscositeit, hetzij
door verdunning van Batson’s nr. 17 met methylmethacylaat of door gebruik van
Mercox, werd met behoud van een fysiologische injectiedruk een toenemend aantal
kleine bloedvaten in de achterpoten van gezonde ratten gevuld. De volumefractie
van de vasculaire cast was ongeveer 18 keer zo groot voor de verdunning van 50% in
vergelijking met de 10% verdunning, wat voornamelijk werd veroorzaakt door een
toename van het aantal gevulde segmenten en niet zozeer van de segmentlengte. We
vermeden echter sterke (>50%) verdunningen, omdat minder voorgepolymeriseerde
mengsels meer krimp vertonen en hun capillaire en veneuze vulling de daaropvol-
gende beeldanalyse bemoeilijkt. Verdunningen van 25–30% bleken optimaal voor
het vullen van het arteriële netwerk met tegelijk beperkte capillaire en veneuze
penetratie. Samen met de multispectrale episcopische cryomicrotoombeeldvorming
maakte dit een gedetailleerde 3D-analyse van aanpassingen van collaterale vaten
mogelijk. Zowel meerdere diepe collaterale paden als de oppervlakkige gracilis
collateralen, die als dunne anastomosen in gezonde poten verschenen en met de
duur van de ischemie steeds groter werden, konden daardoor worden onderscheiden.

In Hoofdstuk 4 werd de linker arteriële coronaire circulatie van een normaal men-
selijk hart tot in groot detail gereconstrueerd, met meer dan 4000 beelden bij een
voxelgrootte van (30 µm)3. Uit de 3D-reconstructie werden morfometrische ken-
merken bepaald. Deze werden gebruikt voor extrapolatie van de netwerkstructuur
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naar de vaten kleiner dan de beeldresolutie. Het gereconstrueerde linker coronaire
netwerk omvatte meer dan 200 000 segmenten met diameters variërend van 30 µm
tot 4 mm. De meeste van deze segmenten hadden een lengte tussen 100 µm en 1 mm.
Terwijl de kleinste segmenten ook de kortste waren, was de mediane segmentlengte
opmerkelijk gelijk voor diameters tussen 75 en 200 µm. Hoewel er weinig verschil
was in de verdeling van diameters van de eindsegmenten, nam de dichtheid van
eindsegmenten van het subepicard naar het subendocard sterk toe. Verder zagen we
een overgang van asymmetrische vertakkingen met kleine allometrische exponenten
in de grote kransslagaders naar symmetrische vertakkingen met hogere exponenten
in de kleine arteriolen. Ook was de groei van de totale dwarsdoorsnede groter bij
bifurcaties met kleinere moederdiameter en toenemende vertakkingssymmetrie,
ofschoon met hoge variabiliteit.

Om een verband met de regeling van vaatstructuur te leggen, werd de hemo-
dynamica in dit coronaire circulatienetwerk gemodelleerd. De exponent van de
diameter–volumestroom-relatie nam toe van 2,6 in de grote arteriën tot 3,2 in de
arteriolen. Het grootste deel van de drukdaling trad op in vaten met een diameter
tussen 200 µm en 1 mm. De onzekerheid in de hemodynamische voorspellingen
werd getest door stochastische variatie van de gemodelleerde terminale conductan-
ties. Afgezien van beperkte toegevoegde variatie in de lokale stroom, beïnvloedde
dit de voorspellingen van de lokale druk en mediane lokale stroom niet. De lokale
perfusie was zeer heterogeen, en ook de afschuifspanning op de vaatwand was zeer
variabel.

De in dit hoofdstuk ontwikkelde methoden kunnen in de toekomst worden
ingezet voor hemodynamische modelvorming van hele organen dat zich richt op
het verband tussen de structuur en de functie van het arteriële netwerk. Deze
modellen kunnen worden gebruikt wanneer informatie over de netwerkstructuur
gedeeltelijk ontbreekt, vooral voor simulatie van coronaire hemodynamica.

In het tweede deel van dit proefschrift werd het effect van vereenvoudiging van
hemodynamische modellen op schattingen van de wandschuifspanning (WSS)
onderzocht. In Hoofdstuk 5 werden de schattingen van de WSS in de halsslagader
op basis van drie methoden vergeleken: uitgaande van Poiseuille of Womersley
stromingsmodellen, en afgeleid van de snelheidsgradiënten verkregen met MRI.
Bloedstroom, axiale stroomsnelheid, lumen diameter en gemiddelde wanddikte
werden bij 45 proefpersonen drie keer met 3,0-Tesla-MRI gemeten. Om de ver-
schillende schattingen van schuifspanning te beoordelen, werden de gemiddelde
wandschuifspanning, de pulsatiliteit (schuifspanning pulsatiliteit index) en de mate
van stroomomkering (oscillerende schuifspanningsindex) op basis van de drie me-
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thoden vergeleken. Alle methoden vertoonden een goede interscan reproduceerbaar-
heid, waarbij de Womersley en Poiseuille methoden neigden naar hogere intraclass
correlatiecoëfficiënten dan die op basis van de snelheidsgradiënt. Het ruimtelijke
stroomsnelheidsprofiel van de Womersley voorspelling kwam echter veel beter
overeen met de MRI-metingen dan de schatting op basis van Poiseuille stroming.
Hiermee in overeenstemming voorspelde het Womersley model stroomomkering
aan de wand, terwijl dit in het Poiseuille-model slechts zeer beperkt optrad.

In het algemeen zagen we een negatieve correlatie tussen de gemiddelde wand-
schuifspanning en de wanddikte naar correctie voor de systolische bloeddruk. Tem-
porele variaties, zoals weergegeven door de twee schuifspanningsindices, waren
echter positief gecorreleerd met wanddikte. De gemiddelde WSS en de pulsatili-
teitsindices op basis van de Womersley methode toonden even goede correlaties
met de wanddikte als de snelheidsgradiëntmethode. Dit is in tegenstelling tot de
Poiseuille methode die alleen voor de gemiddelde WSS een even goede correlatie
liet zien.

We concludeerden daarom dat voor de schatting van de dynamische WSS in de
halsslagader op basis van de volumestroom of de snelheid in het midden,Womersley
modellering beter presteert dan op Poiseuille gebaseerde methoden. Het snelheids-
gradiëntmodel onderscheidt wandregio’s,maar vereist gedetailleerde informatie over
het stromingspatroon, die niet algemeen beschikbaar is. De Womersley methode
vereist slechts de meting van de volumestroom of de snelheid in het midden en
de diameter van de halsslagader. Hierdoor is deze methode zonder de noodzaak
van complexe analyses en berekeningen op grote klinische studies toepasbaar. On-
danks zijn beperkingen zouden in toekomstige klinische studies de op Womersley
gebaseerde methoden daarom de veelgebruikte op Poiseuille gebaseerde methoden
moeten vervangen.

In Hoofdstuk 6 werd een vereenvoudiging van de randvoorwaarden voor nu-
merieke vloeistofdynamica (CFD) simulaties op coronaire bifurcaties getest. Met
deze aanpassing zouden invasieve stromingsmetingen niet meer nodig zijn. Bij acht
patiënten die een percutane coronaire interventie ondergingen, werd de stroomsnel-
heid proximaal en distaal van een coronaire vertakking met milde atherosclerose
gemeten met intravasculaire Doppler. De 3D-geometrie van elke bifurcatie werd
uit angiografie gereconstrueerd, en de berekende schuifspanningen van twee CFD
simulaties werden vergeleken. De eerste simulatie gebruikte de gemeten stroom-
snelheid bij het bepalen van de randvoorwaarden, terwijl de randvoorwaarden van
de tweede simulatie werden afgeleid uit de geometrie op basis van schaalwetten
voor diameter–volumestroom relaties. Er bestond een redelijke overeenstemming
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tussen de gemeten stroming en de stroming die werd voorspeld op basis van een
schaalwet met exponent 2,55. De absolute WSS schattingen waren echter gevoelig
voor de afwijkingen van de voorspelde van de gemeten volumestroom, met deels
grote verschillen tussen de resultaten van de twee simulatiebenaderingen. De ge-
normaliseerde WSS patronen waren niettemin vrijwel gelijkwaardig. De absolute
WSS schattingen op basis van uitsluitend de angiografische data dienen voorzich-
tig te worden geïnterpreteerd. De genormaliseerde patronen geven op basis van
de regionale verschillen wel een patiënt-specifieke verdeling van genormaliseerde
wandschuifspanning.

In Hoofdstuk 7 worden de bevindingen van het werk, dat tot dit proefschrift
heeft geleid, geëvalueerd. Dit omvat een bespreking van verschillende aspecten van
de vasculaire casting voor cryomicrotoom beeldvorming en van de daaropvolgende
beeldanalyse. Een tweede focus ligt op de vorm–functie eigenschappen van arteriële
netwerken, gevolgd door beschouwingen over de betekenis van “collateraal vaten”
en de fysiologische voorwaarden voor hun handhaving in vasculaire netwerken.
Suggesties voor verbeteringen en toekomstige studies, gericht op het ontrafelen van
het samenspel tussen arteriële functie en structuur, sluiten dit hoofdstuk af.
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8.3 Arterielle Netzwerk-Adaptation und
endotheliale Schubspannung. Eine Geschichte
über 3-D-Bildgebung und hämodynamische
Modellierung

Das allgemeine Ziel dieser Dissertation war, zu einem besseren Verständnis der
Struktur und Adaption arterieller Netzwerk beizutragen. Zu diesem Zweck wurde
die Imaging-Cryomicrotome-Technik, welche hochaufgelöste 3-D Bildstapel von
großen Probevolumen und Organen erzeugt, angewandt und für das Studium
von Kollateralgefäßen in Kleintier-Ischämiemodellen verfeinert. Die Fähigkeit
des Imaging Cryomicrotome, arterielle Netzwerke zu erforschen, wurde ferner an
einem menschlichen Herzen demonstriert. Diese anatomischen Studien wurden
durch Simulationen der Hämodynamik, welche sowohl auf Rekonstruktionen
von Cryomicrotome-Datensätzen als auch auf anderen bildgebenden Verfahren
basierten, ergänzt.

Kapitel 1 bietet eine Einführung in den Aufbau und die Funktion von Ge-
fäßnetzwerken. Das Design arterieller Netzwerke wird im Zusammenhang von
Skalierungsgesetzen sowie in Bezug auf die relevantesten zugrunde liegenden Me-
chanismen besprochen. Hierbei liegt der Schwerpunkt auf den Anpassungen an
die Hämodynamik. Das Kapitel schließt mit einem Überblick über die adaptiven
Prozesse, welche die Netzwerkstruktur prägen.

Der erste Teil dieser Dissertation befasst sich mit dem Aufbau von arteriel-
len Netzwerken. Kapitel 2 gibt einen Überblick über die verschiedenen Tech-
niken zum Abbilden, Analysieren und Modellieren arterieller Netzwerke voll-
ständiger Organe und deren lokaler Durchblutung. Die Röntgenangiographie,
die ermöglicht, kleine Arterien abzubilden, hat sich in klassischen Studien zur
Anpassung von koronaren Kollateralgefäßen bewährt. Das zugrunde liegende 2-D-
Bildgebungsprinzip schränkt jedoch ihren Nutzen für 3-D-Rekonstruktionen arte-
rieller Netzwerke ein. Gefäßausgüsse und vaskuläres Füllen (Casting) ermöglichen
detaillierte 3-D-Replikationen von Blutgefäßen einschließlich der Mikrozirkulati-
on, erfordern allerdings eine geeignete bildgebende Modalität zur Digitalisierung.
Zur Visualisierung der Ultrastruktur können kleine Abschnitte der Gefäßausguss-
präparate mittels Rasterelektronenmikroskopie untersucht werden. Zu den weiteren
Möglichkeiten zur Digitalisierung gehören das Imaging Cryomicrotome und die
Mikro-Computertomographie. Darüber hinaus kann eine Stand-alone-Mikro-
Computertomographie für eine In-vivo-Bildgebung verwendet werden, wobei eine
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Auflösung von etwa 50 µm erreicht wird,wenn auch über ein kleines Probenvolumen.
Zu den Herausforderungen der anschließenden Bildverarbeitung gehören die Kor-
rektur von Unschärfe und Artefakten und insbesondere der mit der Segmentierung
des Gefäßsystems ganzer Organe verbundene Rechenaufwand.

Die Gewebeperfusion wird typischerweise durch Messung der Fluoreszenz oder
Radioaktivität markierter Mikrosphären oder molekularer Tracer bestimmt. Mit
dem Imaging Cryomicrotome können gleichzeitig mehrere Sätze fluoreszierender
Mikrosphären registriert mit dem arteriellen Netzwerk in 3-D lokalisiert werden.
Aus den digitalisierten arteriellen Gefäßbäumen können Netzwerkprinzipien ab-
geleitet werden. Durch Verwendung der resultierenden Modelle für den Teil des
arteriellen Netzwerks, der klinisch nicht visualisiert werden kann, können Blutfluss,
Druck und klinische Indizes wie die Fraktionelle Flussreserve für patientenspe-
zifische Diagnosen vorhergesagt werden. Für solche diagnostischen Vorhersagen
müssen dabei gleichwohl Annahmen über die physiologische Reaktion auf Vaso-
dilatatoren gemacht werden.

Im weiteren Verlauf dieses Buchteils wurde die Imaging-Cryomicrotome-Technik
optimiert und zur Beurteilung des murinen Hinterlaufgefäßsystems und der mensch-
lichen Koronarzirkulation angewendet. Obwohl Casting mit Batson Nr. 17 gute
Nachbildungen für die Darstellung der koronaren Zirkulation von mittelgroßen und
großen Tierarten hervorgebracht hatte, füllte es das Gefäßsystem von Kleintieren
nur unvollständig. In Kapitel 3 haben wir diesen Punkt mit dem Ziel adressiert, ein
Präparat zu erzeugen, welches die In-vivo-Morphologie im Sinne der Durchmesser,
Längen und Bifurkationswinkel korrekt reproduziert. Die Penetration des Casting-
materials hing stark von der Viskosität ab. Mit Senkung der Viskosität (entweder
durch Dilution von Batson Nr. 17 mit Methylmethacrylat oder durch Verwendung
von Mercox) wurde unter Beibehaltung eines physiologischen Injektionsdrucks
eine zunehmende Menge kleiner Gefäße in den Hinterläufen gesunder Ratten
gefüllt. Der Volumenanteil des Gefäßausgusspräparates war bei der Verdünnung
von 50 % etwa 18-mal höher als bei der Dilution von 10 %, was hauptsächlich auf
eine Zunahme der Anzahl gefüllter Segmente und nicht auf die Segmentlänge
zurückzuführen war. Wir haben jedoch starke (>50 %) Verdünnungen vermieden,
da weniger vorpolymerisierte Gemische eine ausgeprägtere Schrumpfung aufwei-
sen und das Füllen der Kapillar- und venösen Gefäße zudem die anschließende
Bildanalyse erschwert. Dilutionen von 25–30 % wurden als optimal für ein Ca-
sting des arteriellen Netzwerks bei gleichzeitiger Begrenzung der kapillaren und
venösen Penetration erachtet. Zusammen mit der multispektralen episkopischen
Kryomikrotom-Bildgebung ermöglichte dies eine detaillierte 3-D-Analyse der Ad-
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aptation der Kollateralgefäße. Sowohl mehrere tief liegende Kollateralwege als
auch die oberflächlichen Gracilis-Kollateralgefäße, die in gesunden Beinen als dün-
ne Anastomosen erschienen und mit zunehmender Ischämiedauer immer größer
wurden, konnten so erkannt werden.

In Kapitel 4 wurde die linke arterielle Koronarzirkulation eines normotrophen
menschlichen Herzens äußerst detailliert rekonstruiert, mit mehr als 4000 Bil-
dern bei einer Voxelgröße von (30 µm)3. Anhand der 3-D-Rekonstruktion wurden
morphometrische Merkmale bestimmt, welche zur Extrapolation für den Teil der
Mikrozirkulation, der unterhalb des räumlichen Auflösungsvermögens lag, verwen-
det wurden. Das rekonstruierte linke Koronarnetzwerk umfasste mehr als 200 000
Segmente mit Durchmessern, welche von 30 µm bis 4 mm reichten. Die meisten
dieser Segmente hatten eine Länge zwischen 100 µm und 1 mm. Während die
kleinsten Segmente auch die kürzesten waren, war die mediane Segmentlänge der
Durchmesser zwischen 75 und 200 µm bemerkenswert ähnlich. Obwohl es kaum
Unterschiede in der Verteilung der terminalen Segmentdurchmesser gab, nahm die
Dichte der Endsegmente vom Subepikard zum Subendokard stark zu. Darüber
hinaus beobachteten wir einen Übergang von asymmetrischen Bifurkationen mit
niedrigen Skalierungsexponenten in den großen Koronararterien zu symmetri-
schen Verzweigungen mit höheren Exponenten in den kleinen Arteriolen. Auch
das Flächenwachstum über Bifurkationen nahm mit abnehmendem Mutterdurch-
messer und zunehmender Verzweigungssymmetrie zu, jedoch mit beträchtlicher
Variabilität.

Um Verbindungen zu den strukturellen Eigenschaften herzustellen, wurde die
Hämodynamik dieses Koronarzirkulationsnetzwerkes modelliert. Der Exponent
der Durchmesser-Volumenstrom-Beziehung nahm mit einem Wert von 2,6 in den
Hauptarterien und 3,2 in den Arteriolen in Richtung der Mikrozirkulation zu. Der
größte Teil des Druckabfalls trat in Gefäßen mit einem Durchmesser zwischen
200 µm und 1 mm auf. Die Unsicherheit in den hämodynamischen Schätzungen
wurde durch stochastische Variation der modellierten flussabwärtigen Leitfähigkei-
ten getestet. Abgesehen von einer begrenzten zusätzlichen Variation des lokalen
Volumenstromes wurden weder die Vorhersagen des lokalen Drucks noch des mitt-
leren lokalen Volumenstromes beeinflusst. Die lokale Perfusion war sehr heterogen,
und auch die Wandschubspannung war äußerst variabel.

Die in diesem Kapitel entwickelten Methoden können für zukünftige hämodyna-
mische Modellierungsstudien ganzer Organe eingesetzt werden, die darauf zielen,
den Aufbau und die Funktion arterieller Netzwerke miteinander zu verknüpfen. Die
abgeleiteten Verzweigungscharakteristika können überall dort verwendet werden,
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wo Informationen zur Netzwerkstruktur teilweise fehlen und modelliert werden
müssen, insbesondere bei der Simulation der koronaren Hämodynamik.

Im zweiten Teil dieser Dissertation wurden die Auswirkungen von Vereinfa-
chungen des Modellierungsansatzes auf Schätzungen der Wandschubspannung
(WSS) untersucht. In Kapitel 5 wurden die Vorhersagen der Wandschubspannung
von drei Methoden für die Arteria carotis communis verglichen: unter Annahme
von Poiseuille-,von Womersley-Strömungsmodellen und abgeleitet von den Ge-
schwindigkeitsgradienten, die mithilfe der Magnetresonanztomographie (MRT)
bestimmt wurden. Blutfluss, axiale Strömungsgeschwindigkeit, Lumendurchmesser
und mittlere Wanddicke wurden bei 45 Probanden dreimal mit einem 3,0-Tesla-
MRT gemessen. Zur Bewertung der verschiedenen Schätzungen der Schubspan-
nung wurden die durchschnittliche Wandschubspannung, die Stärke der Pulsatilität
(Scherpulsatilitätsindex) und der Anteil der Strömungsumkehr (oszillatorischer
Scherindex) der drei Modellierungsmethoden verglichen. Alle Methoden wiesen
eine gute Interscan-Reproduzierbarkeit auf,wobei die auf Womersley und Poiseuille
basierenden Verfahren tendenziell höhere Intraklassen-Korrelationskoeffizienten
hatten als die Geschwindigkeitsgradientenmodellierung. Das räumliche Strömungs-
geschwindigkeitsprofil der Womersley-basierten Vorhersage stimmte jedoch viel
besser mit den MRT-Messungen überein als die Poiseuille-basierte Schätzung.
Dementsprechend sagte das Womersley-Modell eine Strömungsumkehr an der
Gefäßwand voraus, während dieses im Poiseuille-Modell nur sehr begrenzt wieder-
gegeben wurde.

Im Allgemeinen beobachteten wir eine negative Korrelation zwischen mittlerer
Wandschubspannung und Wanddicke nach Korrektur für den systolischen Blut-
druck. Zeitliche Variationen, wie sie durch Scherpulsatilitäts- und oszillatorischem
Scherindex dargestellt werden, waren indessen positiv mit der mittleren Wanddicke
korreliert. Beim Vergleich der drei Methoden zeigten die durchschnittliche WSS
und die Pulsatilitäts-Indizes auf Basis des Womersley-Flusses ebenso gute Korrela-
tionen mit der Carotis-Wanddicke wie die Geschwindigkeitsgradient-Methode.
Dies steht im Gegensatz zur Poiseuille-Fluss-Methode, die nur für die durchschnitt-
liche WSS eine gute Korrelation aufwies.

Wir kamen daher zu dem Schluss, dass die Womersley-Modellierung Poiseuille-
basierten Methoden bei der Schätzung der dynamischen WSS auf Basis des Volu-
menstromes oder der Mittelachsengeschwindigkeit in der Arteria carotis communis
überlegen ist. Das Geschwindigkeitsgradientmodell unterscheidet verschiedene
Wandbereiche, benötigt allerdings detaillierte Informationen über das Strömungs-
muster, das nicht allgemein verfügbar ist. Die Womersley-basierte Methode erfor-
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dert lediglich die Messung des Volumenstromes oder der Mittelachsengeschwin-
digkeit und des Durchmessers der Carotis-Arterie, was diese Technik ohne die
Notwendigkeit komplexer Analysen und Berechnungen für große klinische Studien
anwendbar macht. Trotz ihrer Einschränkungen sollten Womersley-Verfahren
daher die häufig verwendeten Poiseuille-basierten Methoden in zukünftigen klini-
schen Studien ersetzen.

In Kapitel 6 wurde eine Vereinfachung der Randbedingungen für numerische
Strömungssimulationen (CFD), die die Notwendigkeit für invasive Strömungs-
messungen eliminiert, an Bifurkationen der Koronargefäße getestet. Bei acht
Patienten, die sich einer perkutanen Koronarintervention unterzogen, wurde die
Strömungsgeschwindigkeit proximal und distal einer koronaren Bifurkation mit
milder Atherosklerose mit intravaskulärem Doppler gemessen. Die 3-D-Geometrie
jeder Verzweigung wurde anhand der Angiographie rekonstruiert, und die be-
rechneten Schubspannungen von zwei CFD-Simulationen wurden miteinander
verglichen. Die erste Simulation verwendete die gemessene Strömungsgeschwin-
digkeit zur Definition der Randbedingungen, während die Randbedingungen der
zweiten Simulation ausschließlich von der Geometrie abgeleitet wurden, indem
Durchmesser-Volumenstrom-Skalierungsgesetze angenommen wurden. Zwischen
gemessenem Blutfluss und Volumenstrom,welcher von einem Skalierungsgesetz mit
Exponent 2,55 vorhergesagt wurde, bestand eine passable Übereinstimmung. Die
absoluten WSS-Schätzungen reagierten jedoch empfindlich auf die Abweichungen
des vorhergesagten vom gemessenen Blutfluss mit teilweise großen Unterschie-
den zwischen den Ergebnissen der beiden Simulationsansätze. Die normalisierten
WSS-Muster waren gleichwohl fast äquivalent. Absolute WSS-Schätzungen von
Simulationen, die ausschließlich auf angiographischen Daten beruhen, sollten mit
Vorsicht interpretiert werden. Die normalisierten Muster können hingegen durch
Erfassung regionaler Unterschiede eine patientenspezifische Verteilung der norma-
lisierten Wandschubspannung liefern.

In Kapitel 7 werden die Ergebnisse der Arbeit, welche zu dieser Dissertation ge-
führt hat, ausgewertet. Dazu gehört eine Diskussion verschiedener Aspekte des vas-
kulären Castings für die Kryomikrotom-Bildgebung und der anschließenden Bild-
analyse. Ein weiterer Schwerpunkt liegt auf den Form-Funktions-Eigenschaften
arterieller Netzwerke, gefolgt von Überlegungen zu der Bedeutung des Begriffs
“Kollateralgefäß” und physiologischen Bedingungen für dessen Aufrechterhaltung
in Gefäßnetzwerken. Verbesserungsvorschläge und Anregungen für zukünftige Stu-
dien, die darauf abzielen, das Zusammenspiel von arterieller Funktion und Struktur
zu enträtseln, bilden den Abschluss dieses Kapitels.
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