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One way of gaining insight into what can be observed in medical images is through physio-

logical modeling. For instance, anatomical and functional modifications occur in the organ

during the appearance and the growth of a tumor. Some of these changes concern the vas-

cularization. We propose a computational model of tumor-affected renal circulation that

represents the local heterogeneity of different parts of the kidney (cortex, medulla). We

present a simulation of vascular modifications related to vessel structure, geometry, den-

sity, and blood flow in case of renal cell carcinoma. We also use our model to simulate
omputer modeling

idney

essels

enal cell carcinoma

omputed tomography

computed tomography scans of a kidney affected by the renal cell carcinoma, at two acqui-

sition times after injection of a contrast product. This framework, based on a physiological

model of the organ and physical model of medical image acquisition, offers an opportunity

to help radiologists in their diagnostic tasks. This includes the possibility of linking image

descriptors with physiological perturbations and markers of pathological processes.

erties similar to vascular trees (angles, lengths, and calibers),
. Introduction

idneys are vital organs that filter blood, remove waste prod-
cts from the organism, and by this, maintain homeostasis [1].
hey return essential substances to the blood stream while
xcreting toxins and metabolic wastes into the urine. As the
ain function of kidney is to purify blood and to equilibrate

ts composition, this organ is endowed with a dense network
f blood vessels. Renal pathologies, whether they affect the
idney vascular network directly or indirectly, can disturb

ts normal functioning. Studying the renal vascular system
nd its macro- and microscopic, geometrical, or functional
erturbations is important in understanding and eventually
etecting and characterizing renal pathologies. Developing

hysiological models helps to understand complex in-depth
henomena underlying the observations and particularly clin-

cal images [2].
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The anatomy of renal vessels has largely been explored by
means of silicon casts at the macroscopic [3–5] and micro-
scopic [6] levels. A method of microscopic vessel analysis
from images was proposed in Ref. [7], leading to topologi-
cal and geometrical characterization of glomerular capillaries.
More recently, Nordsletten et al. proposed a method to extract
structural characteristics of the renal vasculature from micro-
computer tomography images [8] of the rat. These in vitro
and in vivo studies provide purely geometrical and structural
vascular features and, moreover, they necessitate collecting
important quantities of data, to reproduce inter-patients vari-
ability or various pathological modifications. In Ref. [9], Zamir
has shown the possibility to reproduce fractal trees with prop-
ampus de Beaulieu, 35042 Rennes Cedex, France.

using the simple formalism of L-systems. One limit of this
model is that it fails to mimic the heterogeneity of natu-
ral vascular trees, resulting from constraints related to organ

erved.
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Fig. 1 – Modeling framework proposed to find relation between medical images (CT scans for instance) and vascular
modifications of the kidney anatomy and physiology. The simulator consists of two main parts: the first part generates the
organ and its vessels with an eventual pathology like hypervascular tumor. The second part uses this 3D simulated organ

oduc
to synthetize virtual CT scans after injection of a contrast pr

anatomy and function. Other models have been proposed to
reproduce the growth of three-dimensional (3D) vascular trees
(and applied to the coronary arteries), for instance, the CCO
model presented in Ref. [10]. These approaches, however, are
suitable for the simulation of one unique tree, and do not allow
the propagation of contrast agent necessary to simulate image
acquisition.

Another kind of mathematical models aims at the under-
standing of kidney function. A well-documented survey of
these models concerning glomerular filtration, tubular trans-
port, and urinary concentrating mechanisms can be found
in Ref. [11]. In Ref. [12], Hervy and Thomas propose to
study the possibility that inner medullary lactate production
may intervene in the urine concentrating mechanism. Their
multinephron model includes vasa recta, Henle loops, and col-
lecting ducts. Development of this kind of functional model of
solute and electrolytes exchanges is also one of the objectives
of the kidney part of the Physiome project [13,14].

The study that we present in this paper aims at modeling
vascular heterogeneity in the kidney, and especially vascular
modifications appearing with tumor development. Our goal is
also to use our 3D model of tumoral vascularization to simu-
late clinical images of renal tumors as summarized in Fig. 1.
After having simulated the growth of a normal organ, a tumor
is introduced (by means of tumoral Macroscopic Functional
Units (MFUs)) and then the dynamic CT image acquisition is
also reproduced after simulation of the injection of a contrast
agent into the main artery.

The physiological model proposed here derives from our
previous work on modeling of parenchymous organs in which
vascularization plays a crucial role [15,16]. For instance, we
simulated the complex hepatic vascular system that consists

of three trees, in both, normal and pathological cases [17].

In this work, we extend the previous model and adapt it
to the complete renal vascular network, down to the arteri-
ole and veinule level (i.e. the model treats all vessels with
t.

diameter ≥100 �m). The topological, geometrical, and per-
fusion variability is guaranteed by introducing anatomical
constraints as well as perfusion properties. These features are
related to the renal vascularization and its natural regional
variations. Thus, the model allows us to distinguish the main
renal structures where vessels are present (cortex, medulla),
and to attribute adapted vascular properties to them (vascu-
lar density, perfusion). The connection between arterial and
venous trees is not purely geometrical: it is suited for trans-
fer of any substance (blood/contrast material) from one tree to
the other, taking into account local haemodynamic properties
(pressure, flow). We apply our model to the simulation of the
main renal malignant tumor (renal cellular carcinoma), whose
vascular related manifestations consist mainly in a localized
hypervascularization. We illustrate geometrical modifications
of the vascular network (caliber, vessels density) resulting
from the tumor growth. We also depict preliminary results
of simulated computed tomography (CT) scans of a kidney
affected by a renal cell carcinoma (RCC). These allow us
to envisage the extraction of tumoral markers from clinical
images after a first step of relating image parameters to phys-
iological properties.

This paper is organized as follows. In Section 2, we present
the model of renal circulation with the description of its two
main components: tissues and vessels. Section 3 is devoted
to the simulation results, in the normal case of coupled grow-
ing arterial and venous trees, and in the pathological situation
of RCC. Simulation results are qualitatively and quantitatively
compared to real data. Finally, we discuss these results in Sec-
tion 4, where we also propose future work.
2. Model of the renal circulation

As for all biological structures [18], the anatomy of the renal
vascular system is the result of a long growth process. Mod-
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Fig. 2 – Anatomical structures used in the kidney simulation. Left: a cropped image (slice) of the original CT database.
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iddle: the kidney shape (result of manual segmentation of
anual segmentation.

ling of this process is necessary to reproduce structural and
eometrical characteristics of vascularization. In our model,
he growth of the vascular system takes place in a three-
imensional envelope consisting of the main anatomical renal
tructures. Anatomical and physiological changes occur at
iscrete time. During each cycle, the vascular network devel-
ps by enlargement of existing vessels and sprouting of new
nes, in response to increased blood perfusion, due to organ
rowth.

.1. Renal anatomical model

n the model, the kidney is represented by a three-dimensional
hape representing two kinds of tissues, cortex and medulla,
hose vascularizations present several differences. Images

rom a three-dimensional computed tomography database
ere manually segmented to obtain 3D geometrical con-

traints on these two kinds of anatomical structures. We show
ne slice of the original database and the subsequent seg-

entation results in Fig. 2. From this adult segmented kidney,

caling is applied with different scaling factors to build a set of
hapes, with increasing sizes, in order to simulate the growth
f the organ.

ig. 3 – Illustration of the conversion process included in the sim
rogressive changes of tissue (and consequently vessels) propert
isplayed, with necrosis in its center at the end of its growth.
atabase). Right: pyramids of the medulla also obtained by

In order to reproduce a biological tissue which is a set of
identical cells, our tissue model is based on the gathering of
Macroscopic Functional Units: a MFU corresponds to a small
region of tissue (discretization of the organ), whose size is a
parameter of the model (typically, this size is a few mm3). Each
tissue corresponds to a particular class of MFUs, with its own
characteristics: rhythm of MFU division and disappearance,
local density of MFUs, perfusion, blood pressure, etc.

In living organisms, cells die after a certain number of divi-
sions (programmed cell death): at any moment, some cells
are dividing and some are dying. This process is simulated
by means of two coefficients: the “MFU mitosis” and “MFU
necrosis” probabilities (Pbm and Pbn), whose temporal evolu-
tion follows exponentially decreasing profiles. These laws

Pbm(t) = m1 e(−t/m2) (1)

and

Pb (t) = n e(−t/n2) (2)
n 1

assure faster rates of division and death at the beginning of
the organ growth than at the adult stage [15] if the m1, m2, n1,
and n2 coefficients are correctly chosen.

ulator: a tumor evolution can be reproduced by means of
ies. Here, the appearance and development of a tumor is
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Fig. 4 – Mains steps of the development of the kidney and

Fig. 5 – Connection of a new MFU to existing arteries and
its vascular network, from the initialization to the end of
growth.

In order to simulate different stages of pathological pro-
cesses, the possibility of generating very progressive tissular
modifications is introduced, by assigning temporarily chang-
ing properties to a class of MFUs. This mechanism is based
on a sequence of conversions: a conversion is a time period
during which a class of MFU can be changed into another
class. Parallel conversion sequences can be used to simu-
late the evolution of one or several lesions (Fig. 3): a first
lesion can appear with time changing properties, followed
by the outbreak of a second local perturbation (like a necro-
sis in the middle of the tumor illustrated in Fig. 3). This
procedure is designed to simulate evolving pathological man-
ifestations, the progression or regression of a disease (see
Section 3), or the development of metastases in the case of
a tumor.

2.2. Model of vascular network

The main steps of the vascular network development are rep-
resented in Fig. 4.

2.2.1. Initialization
The kidney circulation simulation begins by the phase of
model initialization where a few vessels are manually placed
in the smallest 3D renal shape (about 5% of the volume of an
adult kidney). After the kidney growth, these vessels generally

become the main arterial and venous branches. Their posi-
tion is carefully chosen in such a way that they correspond
to interlobular arteries and veins. The more common case,
where only one main renal artery irrigates the organ (and not
veins. Two new vessels sprout, one for each tree.

the particular case where there are two renal arteries [19]), is
considered.

2.2.2. Development
The appearance and development of new vessels are analo-
gous to the natural angiogenesis process: during organ growth,
arterial and venous vascular trees develop simultaneously to
perfuse new MFUs which are not yet irrigated because they
just appeared during the growth cycle. The appearance of
these new MFUs leads to the sprouting of new vessels. When a
new vessel sprouts, two bifurcations are created in the vascu-
lar network: one to irrigate the MFU, coming from the arterial
tree, and the second to drain it, connected to the venous tree
(Fig. 5). These vessels are represented by rigid tubes, whose
wall thickness depends on their type (artery or vein) and is
proportional to their radius (arteries are thicker than veins).
During the simulation of organ growth, vessel diameters glob-
ally increase in two possible ways. First, each time a new small
vessel is added to the tree, all the haemodynamic and geomet-
ric properties of the existing vessels are re-computed taking
into account the presence of this new vessel (for instance the
blood flow of all the vessels up to the main one are updated,
as well as their caliber). The second way consists of an arti-
ficial enlargement, applied periodically, when the organ size
is increased to simulate its natural growth. The whole set
of branches and bifurcations constitutes a binary tree. Fig. 6
shows the main features associated with a tree. They are
essentially blood pressure and flow, and geometric parameters
such as length and radius.

Each MFU is perfused by two vessels (arterial/venous),
whose calibers depend on the size of the MFU, corresponding
to the spatial territory irrigated by these vessels. Blood circu-
lates from the renal arterial tree to the venous one, through
MFUs. The haemodynamic problem of blood flow through vas-
cular trees is simplified by using Poiseuille’s law

�P = Q
8�l

�r4
(3)

which describes the relation between blood flow (Q), pressure
drop (�P), and blood viscosity (�) in a cylindrical tube with a
given geometry (radius r, length l). Rigorously, this law is veri-
fied only for laminar flows, in which the viscosity is constant.

This is the case for blood in vessels whose radius is larger than
0.1 mm. For smaller vessels, the viscosity depends on several
parameters such as the vessel caliber, the density of red blood
cells, etc. The fact that it is used for all the vessels of the model
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Fig. 6 – Successive bifurcations constituting the binary
vascular tree. Features P, Q, r, and l correspond to blood
pressure, blood flow, radius and length associated with the
mother and daughter vessels. The angle between the two
daughter vessels is variable, and is the result of a local
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Fig. 7 – The microscopic compartment model used to

arteriole to the capillaries, then it enters the interstitial liquid
compartment and leaves the MFU via the venule. This model is
a simplified version of the model that we proposed to simulate
the hepatic microvascularization in [23]. The main difference

Table 1 – Parameters used to simulate the renal
circulation

Pressure in renal artery 95 mmHg
Pressure in efferent arterioles and venules 10–15 mmHg
Pressure in renal vein 5 mmHg
Blood flow at MFU level—normal 0.156 ml/min
Blood flow at MFU level—hypervascular

tumor
0.780 ml/min

Blood flow at MFU level—necrotic part 0 ml/min
Number of growth cycles 100
Volume growth 1–400 cm3

Number of MFUs in normal kidney ∼3200
Wall thickness ratio (fraction of vessel

radius)—arteries
0.2
ptimization process of the bifurcation based on the criteria
f minimum volume.

onstitutes one of the simplifications of our model. Local flow
lso obeys the law of conversation of matter

F = QSR + QSL (4)

blood flow in the father vessel QF is the sum of the blood flows
f the right and left sons QSR, QSL), and the bifurcation law
elating the vessel radii

� = r
�
L + r

�
R (5)

Geometry of the vessels resulting from a new bifurcation is
ptimized, considering a few neighboring vessels and choos-

ng the configuration that necessitates the smallest addition
o the blood volume [20,21]. Moreover, potential contacts
etween vessels are avoided by testing whether the new bifur-
ations lead to collisions between vessels of the same tree
r of distinct trees. The method we propose for the selec-
ion of the minimal volume, non-intersecting configuration
f vessels, for the perfusion of a new MFU is described in
etail in Ref. [17]. When a new vessel appears to perfuse a
ew MFU, its geometric (caliber) and haemodynamic (pres-
ure, flow) characteristics depend on which class of MFUs (for
xample, normal class or pathological class) it belongs to.

The vessel characteristics then evolve during the whole
rowth simulation, according to connections with other ves-
els and local and global vascular modifications (for instance,
lood flow of normal vessels will change if a tumor develops
n their neighbourhood). Each tree is maintained consistent
hroughout its growth, which means that the three aforemen-
ioned physical laws are verified, as well as the predefined
ressure at the tree entrance and at the tree extremities, espe-

ially when new vessels are added to an existing tree. The
ethod used to maintain the consistency of a bifurcation is

resented in Ref. [22], and its extension to a whole tree is also
etailed.
simulate the propagation of blood and contrast product,
from the arterial to the venous tree.

In some cases, vessels can also disappear, when the blood
needs of the perfused tissue are decreasing. In this situation,
the geometric and haemodynamic properties of the local vas-
cular system (the two bifurcations of the two trees) are first
modified, and these changes also affect the global vascular
network, in such a way that the consistency is still main-
tained.

2.2.3. Microscopic model of vascular/extravascular
exchanges
In the macroscopic model of arterial and venous renal vascu-
larization, blood goes from the arterial tree to the venous tree
through the MFUs. Each MFU is represented by a microscopic
model based on compartments displayed in Fig. 7. The com-
partmental model allows us to compute blood flow as well as
the propagation of contrast product in vessels that are smaller
than those represented in the macroscopic model (arterioles,
venules). It is mainly used to compute the amount of contrast
dye, in order to correctly simulate the acquisition of dynamic
CT scan acquisition (see Section 3.2). In this model, blood (and
contrast product if some has been injected) flows from the
Wall thickness ratio (fraction of vessel
radius)—veins

0.1

Gamma (bifurcation law) 2.7
Blood viscosity 0.0036 Pa s
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of a
Fig. 8 – Simulation results representing the growth

is that in the case of the kidney, only one input is considered.
The propagation of contrast agent is described by the system
of differential equations
VC
dCC(t)

dt
= Ca(t)Qa(t) + Cv(t)Qv(t) − CC(t)F(t) (6)

Fig. 9 – Comparison between simulated and real renal vascular n
[9]). Right: simulated renal vein, obtained by means of the propos
rterial and venous renal trees, in normal situation.

Vil
dCil(t)

dt
= Cc(t)F(t) + Cv(t)Qr(t) − Cil(t)R(t) (7)
Vv
dCv(t)

dt
= Cil(t)R(t) − Cv(t)(Qr(t) − Qv(t)) (8)

where the variation of molecular concentration C(t) in each
compartment is computed as a function of time. The sub-

etwork. Left: silicon cast of a renal vein of a rat (due to Zamir
ed model of renal circulation, using parameters of Table 1.
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cripts correspond to the initial of each compartment (a, c,
l and v, stand for arteriole, capillaries, interstitial liquid and
enule, respectively). The compartment volumes (Vc, Vil and

v) are obtained by dividing the corresponding volumes (cap-
llaries, interstitial liquid and vein) of the kidney by the total

umber of MFUs. F, R and Qr are the transvascular flows. Qa

nd Qv are the arterial and venous flow at the entry and output
f the MFU. Knowing the contrast agent concentration in each
ompartment allows us to compute the total concentration in

ig. 10 – Simulation results of kidney vascularization (artery in r
edullar pyramids, (b) renal artery, (c) renal vein, (d) and (e) the t
n b i o m e d i c i n e 9 1 ( 2 0 0 8 ) 1–12 7

each MFU, which is necessary for the simulation of dynamic
CT scans.

2.3. CT scan modeling
The first step to simulate dynamic CT is injection of con-
trast medium in the renal artery. It propagates through vessels
and tissue. The contrast concentration is calculated in all the
macroscopic vessels (all of whose geometrical and haemody-

ed, vein in blue): (a) 3D envelopes of the cortex and
wo coupled trees.
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namic characteristics are known, thus allowing calculation
of the transit time of the contrast product from the main
artery to each vessel of the tree), as well as in each MFU (with

the compartmental approach presented before). Each voxel is
assigned an attenuation coefficient that depends on its com-
position (blood/tissue/contrast medium concentration) [17].
Then, the CT scan acquisition is carried out through the classi-

Fig. 11 – Differences between vascularization of cortex and medu
kidney is cut vertically to show vessels inside the organ. Middle:
It can be observed than the cortex vascular network is more dev
i n b i o m e d i c i n e 9 1 ( 2 0 0 8 ) 1–12

cal back-projection algorithm: X-ray parallel projections with
noise-added are computed, using the Radon transform, pro-
jections are filtered in the Fourier domain, by a band-limited

filter and a back-projection is applied to reconstruct the image.
With the simulator, the user can set some acquisition param-
eters such as the slice orientation, thickness, and the image
resolution (pixel size).

lla. The renal arterial and venous trees are displayed. Left:
rotated kidney. Right: zoom of the upper part of the kidney.
eloped than the medulla’s one.
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Fig. 12 – Pressure profile in the arterial vascular tree. Top: in
vivo values found in literature [20]. Bottom: values coming
from the simulated arterial tree: vessel radius in the x-axis
in decreasing order. The represented pressure (horizontal
lines) in the range of radii is the average of values in the
r
a

3

A
m

F
v

Fig. 14 – Mean radius of vessels in the simulated trees
versus Strahler order.
ange. The renal artery is represented by one point, and not
line like in the left graph.
. Results

ll the results presented in this section were obtained by
eans of a simulator implemented in C++. This system can be

ig. 13 – Number of vessels in the arterial and venous trees
ersus Strahler order.
Fig. 15 – Mean blood flow in simulated arteries and veins.
Strahler order is represented on the x-axis.

used to simulate the organ growth, the vascular trees (normal
and pathological), and to render the CT images (as shown in
Fig. 1). It also enables the visualization of complex 3D anatom-
ical structures.

The main parameters used in the simulation of renal circu-
lation are summarized in Table 1. They are principally pressure
in the main vessels (renal artery and renal vein) and in the
smallest simulated vessels (arterioles and venules), and total
renal blood flow in the kidney. Other parameters depend on
the type of tissue (normal/abnormal, and cortex/pyramids in
medulla), for instance, the MFUs rhythm of regeneration or
the local density of MFUs.

3.1. Growth of the arterial and venous renal systems

Fig. 8 shows images of the growth of the renal vascular sys-
tem. The arterial and the venous vascular trees are presented,

at three different moments of the organ growth. As the growth
of the kidney is correlated with the apparition of new MFUs, it
also leads to an important increase of the number of vessels
at each cycle. When the simulation is finished, the vascular
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Fig. 16 – Simulation results of a renal cellular carinoma (RCC). Left: normal vascular trees (arteries in red and veins in blue).
Middle: vascular trees in the organ with RCC of the left figure (rotated view). Hypervascularization is shown by the arrow.

Right: three different tissues considered in the tumoral kidney: n
(red).

Fig. 17 – Simulated CT images of the kidney at two acqu
ormal (in brown), hypervascularized (blue), and necrosis

isition times during contrast product propagation.
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etwork is made of around 6000 of vessel segments. The renal
ein at the end of the simulation is represented in Fig. 9. The
ree structure and the vessels geometry can be visually com-
ared to a renal vein silicon cast (due to Zamir [9]). Even if it

s only a qualitative procedure, this visual comparison shows
hat these two vascular trees are strongly similar, proving the
otential of the proposed model to represent natural hetero-
en vascular structures. As we did not have access to silicon
asts (except published images), we did not perform a quan-
itative comparison with human renal vessels.

Fig. 10 shows the simulation results of complete kidney
ascularization. Fig. 11 distinguishes differences between the
imulated cortical and medullar vascularization: in the model,
essels appear more numerous in the cortex than in the
edulla. These differences from actual kidney vascularization

an be explained by calibers of simulated vessels (superior to
00 �m), and very few vessels of this size are present in the
edulla (which is mainly supplied by vasa recta, whose diam-

ter is very small—10–20 �m). The other explanation is that in
he model, the medulla is partly composed of pyramids inside
hich vessels are absent. Fig. 12 displays the haemodynamic

haracteristics of the simulated arterial network: blood pres-
ure is represented for varying vessel diameters. We averaged
he values of pressure for vessels whose radius falls within
ertain ranges, which led to a representation by horizontal
ines instead of one point per vessel. This profile is in accor-
ance with that of renal circulation [24]. It is also the case for
he main vessel diameters. At the end of the simulated kid-
ey growth, the diameter of the renal artery is 2.5 mm, and
hat of the renal vein is 5 mm. These values also correspond
o characteristics of kidney vascularization.

A quantitative evaluation of the geometrical and structural
haracteristics of the simulated vascular trees was also real-
zed. The first step of this evaluation was to associate an order
o each vessel of the network. We used the Strahler ordering

ethod to compute the vessel orders [25,8]. A leaf of the tree is
iven order 0. Then, when two vessels of order i and j are con-
ected creating a bifurcation, their parent vessel is assigned
he following order: i + 1 if i = j, and sup(i, j) if i �= j. Then, for
he two renal vascular trees (arterial and venous), the number
f vessels, the mean value of radius, length, and blood flow
ave been computed for each of the seven orders. Figs. 13–15
how the evolution of these vascular properties with Strahler
rder. Even if not compared with the same kind of data for
eal vascular trees of humans, it can be noticed that the evo-
ution of the number of vessels, the radius and the blood flow
eem to be coherent, with very progressive variations from the
inimal to the maximal value.

.2. Simulation of renal cell carcinoma

enal cell carcinoma is the most common form of renal malig-
ant tumor, representing 3% of adult cancers. An increasing

ncidence has been noticed over the last years. Early diagno-
is of kidney cancer is important. Detection, anatomic extent
ssessment and tumor characterization can lead to an opti-

ized choice of treatment, and, consequently, to an increased

hance of survival for the patient. At a macroscopic level, the
CC is a rounded mass, often heterogeneous with hypervas-
ularized regions as well as necrotic parts.
b i o m e d i c i n e 9 1 ( 2 0 0 8 ) 1–12 11

To simulate the growth of this kind of lesion, we intro-
duced a new class of MFUs inside the organ, among the normal
MFUs. One parameter of this second class is an abnormally
high rate of cell division, characterizing natural tumoral pro-
cesses. The MFUs local density is also increased compared
to normal renal tissue. We used the sequence of conversions
process (see Section 2.1) to make this lesion evolve, with a pro-
gressive modification of the MFUs constituting its central part:
their properties (like blood flow) are gradually modified. The
hypervascularization of the core of the lesion is progressively
transformed into a hypovascularized tissue due to necrosis.

Fig. 16 presents the simulation of a renal cell carcinoma,
which grew in the cortex. MFUs are materialized by small
spheres, and the two main types of MFUs are represented at
two tumor stages (totally hypervascularized, and necrosis of
the central region, which is a usual natural evolution of this
kind of tumor [26]). The corresponding vascular network is
shown with arteries and veins, connected at each MFU. This
lesion is situated in the cortex, at the organ periphery, and
goes slightly over the kidney edges, as generally observed with
RCC. The tumor is well visible in the CT image of Fig. 17. These
CT scans simulated at two acquisition times are obtained by
applying the back-projection algorithm from the simulated
kidney and its vascular network.

4. Conclusion

In this paper, we present a model of renal circulation. It is
a knowledge-based model including anatomical and func-
tional properties of the renal vascular network, from the main
branches down to small arteries and veins (interlobar vessels).
We used this model to simulate the kidney vascular network
in both normal and pathological conditions. In the first case,
we show that the simulated vascularization is qualitatively
close to vascularization observed in real kidneys, both in terms
of their structure (bifurcation angles) and geometry (vessel
radii, lengths). Quantitative measures of pressure confirm this
agreement between modeled and real vascular trees, as far
as haemodynamic features are concerned. Significant hetero-
geneity, representative of natural variability, can be observed
in these characteristics. This is an expected consequence of
the growth process used to generate the final network: each
vascular tree is progressively modified in order to satisfy local
blood needs. These blood needs evolve with time during tissue
growth and cells division. General physical laws are verified
throughout the network development, and geometrical con-
straints lead to realistic geometrical configurations. Finally,
functional characteristics of the organ are at the origin of vas-
cular variations between different kinds of tissues. This last
property is illustrated by the differences between the high
density of cortical vessels, compared to very few vessels in
the medulla. The pathology we chose to reproduce here is the
most common malignant tumor of the kidney, renal cell car-
cinoma. In cancer imaging, this modeling approach could be
used for better understanding of the growth of renal tumors,

by simulating different stages of tumor progression (avascular,
vascular, necrosis).

One of the applications of this work is to use the 3D
simulated kidney to synthetize dynamic images like CT or
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magnetic resonance, in order to find image markers of tumoral
development. Studying the effect on the lesion of therapeu-
tical treatments like chemotherapy, radiofrequency, or high
intensity focused ultrasound can also be envisaged using this
kind of model, with the objective of optimizing the protocol
(dosimetry, probe position).

The microscopic model, acceptable for simulation gen-
eral microvascular exchanges turns out to be very simplified
compared to real mechanisms that happen actually in the
renal microvascularization, and will have to be ameliorated
in future work.
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