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Physiologically Based Modeling of 3-D Vascular
Networks and CT Scan Angiography
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Abstract—in this paper, a model-based approach to medical lying on physiological mechanisms and variables. The objective
image analysis is presented. It is aimed at understanding the in- of this contribution is to show how a model-based approach can

fluence of the physiological (related to tissue) and physical (related ¢ 54q external descriptions to the internal processes or systemic
to image modality) processes underlying the image content. This

methodology is exemplified by modeling first, the liver and its vas- P€haviors, which originate them. This approach belongs to the
cular network, and second, the standard computed tomography field of computational modeling that addresses the simulation
(CT) scan acquisition. of complex biological objects. The organ model includes both
- Qﬁg; aaibnr1i:fd S;int/ﬁg Ogn‘éfri;‘i:g:]arop‘or%\e/yigg Lita?(raaetlélri?ﬁeis?gr\:\gl structural and functional properties as well as growth and patho-
vascula'r structures perfgsing the tissueg, is degcribed. A solution is logical evolutions. To be of rglevance, the acquisition mOd,a“ty
proposed in order to avoid intersections among vessels belonginghas to be modeled as well, in order to understand what is ex-
to arterial and/or venous trees, which are physiologically con- actly represented in the image. This model-based method is il-
nected. Then it is shown how the propagation of contrast material |ystrated on vascular structures whose changes (related to struc-
ﬁi‘i‘ii to simulate time-dependent sequences of enhanced liver CTy 1o geometry and function) lead to pathological situations or,

' ] conversely, whose changes are directly induced by diseases (like
Index Terms—Computed tomography (CT), hepatic enhance- mqr hynertension, diabetes). Most of these modifications ap-
ment, image simulation, physiologically based modeling, vascular . ) . s
network. pear on medical images, especially when acquisition is done

after injection of a contrast material (CM), which enhances the
vascular network.
. INTRODUCTION The simulation of vascular variations (from normal to
HE last decades brought significant progresses in medigg@thological) and imaging parameter configurations will allow
imaging, especially with the improvement of new devicet® examine their influence on the image characteristics, like for
like CT, magnetic resonance imaging (MRI), and ultrasourifistance textural features. More precisely, a three-dimensional
(US). These imaging modalities play an essential role for di3-D) model of connected vascular trees (i.e., veins and arteries)
agnosis. However, it must be recognized that medical imadeas been developed and is coupled with a CT scan acquisition
are still visually explored by the radiologists. This visual anamodel, based on a standard reconstruction algorithm.
ysis takes into accourat priori knowledge related to anatomy The remaining parts of this paper are organized as follows.
and physiopathology of the tissues and the organs without pfeection Il describes the different steps of the model-based ap-
viding reproducible, robust, objective measurements capableéf@ach ofimage analysis. Section 1l briefly reports a state of the
quantify the extent of a disease and to follow-up its evolutio@rt in vascular modeling. Section IV provides a description of
These limits have motivated the design of automatic method proposed organ model while itis shown in Section V how the
aimed at image characterization (texture analysis for instarfé@del can be applied to simulate CT scan images. Experimental
[1]). Even if the capability to provide precise quantifications caf¢sults are displayed in Section VI. Discussions and some plans
be assessed by these methods, they often remain at a desé@ipfuture research are sketched in Section VII.
tive level and do not establish any link with the physiological
processes underlying the observed patterns. In other words, the ||. M oDEL-BASED APPROACH TOIMAGE ANALYSIS

image interpretation often stays at a surface level instead of re:l_he methodology we adopt is depicted in Fig. 1. Te

tual spaceis made of all the modeling steps, and thteysical
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Object Space  Sensor Space I'mage Space Decision Space A Two-Dimensional Models
Action Physiopathology b1 tions feature / physiopathology Gottlieb [2] and Nekka [3] proposed physiologically based
l v models of growing vascular trees where tissue growth combined
with biological rules of angiogenesis lead to athe development of
Virtual | 3D ovitunl | thess | Imoges |||lanalysis|  Testure new vessels, but vascular patterns are too schematic when com-
Space | arculer | gy O ey 2DDA T' Characterizationl  pared with the natural vascular networks. Recently, Meier [4]

y 'Y ! proposed another physiologically based model for the automatic
Model Acquisition generation of vascular structures relying on the surface of an

Adjustment Protocol 5 arbitrary abdominal organ. The method was aimed at improving
. Y l L the virtual rendering of laparoscopic images. All these attempts
P;'Y:';"' Vecular | L ¥y CT i i P i | do notinclude any hemodynamic feature (flow, pressure).
pace. | Network T bservation Analysis * In [5], Schreiner and Buxbaum reported the method called
1 | “constrained constructive optimization” (CCO) for modeling an
action D of pathological process arterial tree. In this approach, regions that are not yet perfused
( contrast product injection) are randomly chosen in a 2-D circular area representing the per-

fusion surface, and these regions are successively supplied by
Fig. 1. Model-based approach for angiographic image analysis. Vascyggy segments. A new bifurcation is optimized geometrically,
networks, CT scanner, 3B images, and textural discrimination are depicted. . . . .
This particular situation can evolve by changing the organ, the imagilﬁPnSlde”ng a particular target function, and then the whole tree
modality and the image processing tools, offering a wide spectrum of potentiglre-scaled to meet boundary physiological conditions (pressure
applications. “C” means comparison between real and virtual outcomes at eag@ty blood flow). The symmetry properties of coronary vascular
step of the methodology. trees simulated by CCO are presented in [6] and it is shown in
[7] that different structures of coronary vascular trees obtained
basic mechanisms originating the organ and its vascularizatidy,CCO lead to the same functional performances.
the environmental conditions in which they develop (i.e., func- The work of Anderson and Chaplain [8] presents a low-level
tional interactions and spatial constraints for instance) and tAeproach to tumor-induced angiogenesis. The authors devel-
deviations that can occur during their formation or after (réped both continuous and discrete mathematical models, which
flecting interindividual variations as well as pathological evodescribe the formation of the capillary sprout network in re-
lutions) are taken into account. In the sensor space, the ph§RONse to chemical stimuli [tumor angiogenic factor (AF)] sup-
ical principles of CT acquisition are modeled. The main acqu/iéd by a solid tumor.
sition parameters can be changed, leading to a set of images with ) i
varying slice thickness, resolution, and acquisition time aftf: 1hree-Dimensional Models
CM injection. Finally, such simulated images can be character-In [9] and [10], Lefevre studied the relation between the
ized, by texture analysis methods for instance, and linear or ndractal complexity of pulmonary arterial trees, the way they de-
linear relations between the textural features and the underlying|op (angiogenesis), and their hemodynamic efficiency (small
fully controlled, physiological variables can be estimated. Thigsterial volume, fast adaptation to varying metabolic needs),
way, this model-based approach allows to link the extracted féat no geometric representation of the resulting vascular trees
tures to relevant pathophysiological patterns, leading to repldgegiven.
formal parameters by variables with a structural or functional Glenny and Robertson[11] developed a very simple branching
meaning. Moreover, the influence of the acquisition parametdr®del of a pulmonary vascular tree to study regional perfusion.
on the image characteristics can be objectively anticipated, aHte vessels branch along one of the three orthogonal directions
the performances of image analysis methods for detection dAcissure a space-filing structure. The main variables deal with
characterization can be assessed. the blood flow asymmetry and the effect of gravity at each bi-
This scheme could certainly be extended to more generic siftitcation. A more advanced model of a pulmonary arterial tree
ations, where thebjectwould be any organ or biological tissue Was proposed by Parketal.[12]. In addition to the parameters
the sensorany imaging device, and where the synthesiired used in [11], the branch angle, mother-daughter length ratio and
agescould be analyzed in order to takedacisionregarding branch rotation angle are defined for a single bifurcation. Even

potential disorders based on morphological, structural, or furlflows produced by both models were similar to natural ones,
tional characteristics of the organ. the geometry of the simulated trees is still simplified (too reg-

ular, clearly artificial) in comparison to natural structures.
Karchet al.[13] extended the CCO method to simulate coro-
nary arterial tree within a convex 3-D piece of tissue, including
A few approaches to vascular tree modeling have been pterminal flow variability. In [14], the authors combined their
posed so far. They can be classified in different categories, atethod with the staged growth of the tissue: a sequence of vas-
cording to various characteristics like organ, level of details, oular growth domains is defined by means of a probability den-
application. Here, they are grouped following a very significasity function, varying with time. This variation of conventional
geometrical feature, the dimensional space in which they &8€0O leads to structural variations inside the vascular tree, and
represented. The two-dimensional (2-D) models are, therefongs applied to simulate a thin tissue layer parallel to the epicar-
first introduced, and then the 3-D models are described. diac surface, containing the main vascular branches, and which

I1l. B ACKGROUND ONVASCULAR MODELING
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progressively extends to the endocardiac surface. However, the Initialization

growth of vessels was not taken into account in these models. In (initial vessels, shape and paramelers)

fact, existing vessels are part of the tissue and they should grow aele

synchronously with the tissue. Moreover, the simulated vascular v 5 A

trees were truncated, at the prearteriolar level. (um,'s;“vﬁm,)
These several contributions have highlighted the inherent dif- sub-cycles

ficulties to derive physiologically sound models. If they pro- bemhmm_cw

vide new means to simulate vessel networks, they remain at a
descriptive representation level, a subjective comparison being

. . Birth of a newmacro-cell l [ Death of macro-cell l
performed to evaluate their capability to match real data. To our ‘
knowledge, none of the previous models was used in order to re- P—— T ————

alistically generate medical images which has been our primary (optimal vessels position, disappearance

objective. avoiding intersections)

Our ownwork, earlier reported in [15], allowed to simulate the T~ /
growth of avascular tree in a 3-D simple shaped volume. In[16], mg&tﬁg;g:gsm
this model has been used to simulate structural and geometrical
variations of the vascular tree, induced by local changes of the
vascular density, the local blood flow, and the rate of cells prolif-

eration. These vascular modifications were illustrated by the sim-
ulation of an hypervascular region in the liver, corresponding to a 10 it size? >
tumoral process. This model was used to simulate the appearance
ofvesselsinmedical sliceimages [17], with asimplified geomet- ~ peeeeen Moo, !

. . . .. v Adultorgamwith its |
rically based method for the image formation. A more realistic U vascular pstem. |
model of CT has been later proposed [18], and the influenceof  ‘tooeremmmmmmemeeeeeee
the SllCQ thickness on textural features V\_/as assessed. Fig. 2. Flow chart representing two loops of events which are distinguished in

In this paper, new advances concerning the vascular moébeling of the organ (tissue and vascular network) development.

as well as the CT scan simulation are presented. They mainly

deal with the global growth of the whole organ and the Vessgfs (|55 which determines most of functional/structural (e.g.,
at each cycle, the algorithm used to avoid any crossing in Ojima| distance between macro-celginDist, probability of

tree or between multiple trees, the hemodyne_lmic Connec'{i%ﬁosis/necrosisf’bm/an) and physiological features (e.g.,
t_Jetween two trees (as opposed to the ggometr!cally connectighsyg flow rate or corresponding pressures). Several classes
like those reported before), and the CT simulation of the Vess%’lsmacro-cells can be defined to differentiate functional (or

enhancement at different times after injection of CM. pathological) regions of tissue. Furthermore, certain param-
eters, associated with the macro-cell class, are described by
IV. MODEL DESCRIPTION their distribution and they are randomly chosen (around a mean

In its generic form, the model is designed to simulate the gualue) for each new macro-cell. For example, the variability of

velopment (and/or pathological changes) of a given extensiR/h? terminal blood flow (in macro-cells) is taken into account

organ, in which all cells are able to divide all along their lifel" the model based on

allowing the organ to increase its size [19]. It consists of two
main components: the tissue and the vascular network that per-

Qi = f(Qu,Qs) @
fuses it, and adapts to its local geometry. The process startsv\% ereq; is the blood flow rate foith macro-cellQy andQo

an organ (here, the liver), whose size is a small fraction of .tg?e the blood flow average and standard deviation, respectively,

one of an adult organ, and continues until it reaches its full S'Zaendf is a function which adds a value situated betwee}

The changes in the size and structure of the organ and the co‘grrﬁ— Qo to Qu
sponding vascular trees operate at discrete time instants cal e‘?he organ growth results of eithbyperplasia(increase of

cycles (and subcycles). The overall flow chart (Fig. 2) depic . . .
the main events, which can be distinguished in the model re{ﬁEa number of structural units) bypertrophy(increase of their

ization of the organ development process. These steps are
scribed in the following sections.

gze) [19]. In the model, the size of macro-cells remains un-
C ea'nged; hence, the development of tissue results from hyper-
plasia.

To simulate the development of an organ, the external shape
expands periodically (at cycles) until the organ reaches its adult

Simulations of the tissue growth are carried out in an istropgize. The relative positions of macro-cells inside the tissue re-
3-D array of computational sites defining the organ shapeain unchanged, but distances between macro-cells increase,
These sites, evenly distributed in the organ, define the potentedding to the apparition of empty spaces. These spaces are
locations for macro-cells inside the bounding shape. Eatten filled by new macro-cells in consecutive subcycles. Sub-
macro-cell is a small, fixed size part of the tissue, and constiycles are repeated until the equilibrium is reached between the
tutes the functional unit of the model. It is characterized hyumber of new macro-cells and the number of dying ones. In

A. Tissue Modeling
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each subcycle, a macro-cell can divide into two daughter mac ?/facrfl:ellsl ;
.. . capillaries level)

cells of the same class (probability of mitosi%),,,). The new  Artenal tree Venous tree

macro-cell position is chosen randomly in the neighborhoc

of the “mother” (not closer thaMinDist and not farther than

MaxDis) but created only if the local constraints of maxima

density and minimal distance for all macro-cells are fulfillec

The macro-cell can also die according to a given probabili__,.

(probability of necrosisPb,,) which is usually lower tha#®b,,

especially when the organ is young. Furthermore, probabiliti

of mitosis/necrosis are sensitive to time and they decrease w

the age of macro-cells [19]. More preciseRp,,, and Pb,, are

both described by exponentially decreasing functions

Pb,(t) = z1 - e7H/*2) (2)

whereg = {m, n}, tis the (_;yde ”“m'?er’ and .6 [0’ 1] (l ~ _ Fig. 3. Two vascular trees connected at the macro-cell level (a macro-cell is
{1,2}) are the corresponding coefficients. This process simalsimplified representation of capillaries, where exchanges between blood and
lates the natural evolution in which cells regeneration is fastésue take place?: *), —blood pressure at thiaput (outpu of thearterial

at the beginning of the developmefat; > n1), but becomes (Venoustree, respectively.
slower with age, except in particular pathological cases, where .
it can lead to organ atrophy (anemia). E

B. Modeling Vascular Network Perfusing the Tissue

mother

A vascular network represents two vascular trees with blood vessel J ol
going from the arterial tree to the venous one through macro- P
cells (see Fig. 3). The macro-cells correspond to capillaries of : ;
real vascular system and they play the main role in the exchange Qu ey J W\# 75 R
process of oxygen, carbon dioxide and nutrients. A\

The number of branches at each bifurcation is almost invari- AN )
ably two according to morphometrical investigation conducted dleﬁ and nght

aughter vessels

by Zamir [20]. Sometimesanastomosisan be observed es-

pecially when vessels with very small radii are taken into agwy. 4. The binary vascular tree is composed of successive bifurcations.
count. Because it requires transition from the tree to a direct®dnbols P, @, r, and! associated with the mother and daughter vessels
graph structure and much more complicated algorithms to dégrlrespond, respectively, to blood pressure, blood flow, radius and length.
with blood flow and optimization, this level of detail has not yet ] . ) .
been integrated into the current model. The vascular network! he decrease in the vessel radii when going from proximal
is considered as a binary tree (or unary in some specific sit§@-distal segments of the vascular tree can be observed in any
tions) with nodes characterized by their spatial position, blodt@lthy vascular tree. Based on experimental data relation be-
flow rate (Q) and pressuréP) (see Fig. 4). Each vessel Seg_tween the radius of the mother_ vessée) and radii of its two
ment is an ideal tube with a wall thickness depending on tHiaughtersrz, 7r) can be established

vessel radius and function. Blood is considered as a Newtonian ' =a-r] + B (5)

fluid, with constant viscosityy), whose flow is governed by

Poiseuille’s law This general form of thbifurcation law([20]-[22]), was con-

firmed by morphometrical analyzes and theoretical studies. In
8- p- l. A3) simpler caseqr = 8 = 1 and~ varies between 2 and 3, but
-rd more complicated equations using blood flow to definend
This equation is used to calculate the pressure difference ¥&re also proposed (e.g., [21]).
tween the two extremities of a vessel depending on the bloodThe development of vascular network is directed by in-
flow rate(Q), the length(l), and the radiugr) of the vessel. At creasing needs of the growing tissue [20]. New macro-cells are

each bifurcation, théaw of matter preservatiohas also to be Not perfused by the existing vascular system. They signalize
fulfilled this by secreting some AFs, which stimulate the closest vessels

to sprout new vessels toward the macro-cell [23]. This process
Q=Qr+rL. (4) can be seen as a kind of competition, because only one vessel

) . from each tree will perfuse the macro-cell and the remaining
It gives the relation between blood flows upstream anghgsels will retract and then disappear. The maximal number

downstream the bifurcation and states that the quantity & essels, situated in the neighborhood of a new macro-cell,
_blood, which enters a bifurcation by the mother branch, leavgs,ich respond to AF (candidates for perfusion), is one of the
it by the two daughter branches. simulation parameters. In fact, to perfuse the macro-cell, each
1According to Zamir's notion [20] a vessel segment is defined as a part of ti@Ndidate vessel creates a new bifurcation and then the optimal
vessel between two bifurcations. branching position is searched (see Fig. 5). It is widely accepted

AP=Q-

™
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D T /

candidate
veins ‘ candidate 4
arteries

rew macro-cell

Fig. 5. The closest vessels that respond to AF stimulation are called
candidates. Each candidate vessels creates temporarily a new bifurcation and
an optimal branching position is searched.

that geometry and organization of vascular trees is governed by

Candidate pairs
(vein + artery)

CV2 | CA3 Voll+Voll

CV2| CAl1 | Voll+Vol2
CV2 | Vell CA3 | Voll
CVi | Vol2 CA1 | Vol2

Increasing
CV3 | Vol3 volume CA2 | Voi3
CV5 | Vo4 CA4 | Vol4
CV4 | Vols CAS | Vol
Candidate veins Candidate arteries

some optimality principle ([21], [22], [24], and [25]), but still Fig. 6. Selection of the minimal volume, nonintersecting configuration

there is no consensus on what criterion function should be usgfd/essels, for the perfusion of a new macro-cell. Rows in candidate tables
corfespond to optimal bifurcation positions found for each candidate and

The minimal blood volume condition has been chosen hefgected collisions are markeditalic.

and thus, given the spatial positions (i.e., coordinates and radii)
and physiological properties (i.e., blood flow and pressures)
of newly created vessels, the optimal bifurcation points are
searched using the method proposed in [21] and adapteqr et%
the 3-D situation. It has been assumed that, during this local
optimization, the influence of moves of the bifurcation point on
the remaining vessels is relatively small and can be neglecte
Such a simplification allows us to significantly reduce the
computational complexity and to simulate highly complex trees
in a reasonable time. When the geometry of the bifurcation
is known, the next step is devoted to the updating of vessel's
characteristics (i.e., blood flow, pressures, and radii) in the
whole tree. To perform this in an efficient way, a method called
“fast updating” was developed [26]. The result of this opti-
mization process is a tree fulfilling all constraints (i.e., physical
and physiological laws). As aforementioned, only one vessel
from each tree is designated to perfuse the macro-cell, hence,
the best configuration has to be found. For each candidate, the
volume of the whole tree is computed and the candidate with
the corresponding minimal value is retained. 4)
Unfortunately, it is not enough to perform geometrical opti-
mization to obtain the valid bifurcation position. The problem 5)
of avoiding “collision” among vessels has also to be studied, es-
pecially in the case of crossing among arteries (arterioles) and
veins (venules). In some models (e.g., [3] and [4]), the fusion of
vessels from the same tree allows to introduce anastomosis, but
such a situation is not expected to occur in the present model.
To detect a collision, the procedure based on the computation
of the shortest distance between two lines in three dimerfsions ™
and using radii of vessels can be exploited. It requires to check
possible intersections between all vessels at each geometricaé
change, and the computational cost is highf = S?), where
S is number of vessel segments in a single tree). More heuristic
approaches have to be proposed. When a collision is detected,
the subsequent issue to be solved is how to modify the config-
uration at hands while respecting the overall constraints above
described. The simplest method, which has been applied here,
consists to eliminate, among the all candidate solutions, the non-,
feasible ones. Thisissue is omitted in the literature mentioned s

considered. More sophisticated procedures of passing (or cor-
cting) must be designed.

onsequently, the avoidance of possible intersections of ves-
Sels when searching for optimal bifurcation positions in arterial
aad venous trees should be looked for. In our model, the problem
Wwas solved as follows (see, also, Fig. 6).

The candidate vessels, which respond to AF secreted
by a new macro-cell in each tree, are identified
(IN-number of candidate vessels).

Each candidate is used to temporarily perfuse the
macro-cell; the resulting bifurcation is optimized and
the corresponding volume is computed and stored
(with the bifurcation configuration).

Collisions (if any) are detected inside each tree and
some candidates are eliminated (2 treAscandidates

x 3 vessels in bifurcation(N — 1) remaining candi-
dates= 6 N(N — 1) checks).

The candidates are sorted according to increasing
volume.

The pair of candidates with the lowest sum of volumes
is chosen; the possible crossing between vessels from
opposite trees is checked.

Vessels constituting the bifurcation in the first tree
can intersect with vessels creating the bifurcation in
the second one (except those directly connected to the
macro-cell) (8 checks).

Vessels constituting the bifurcation in the first tree can
intersect with other candidate vessels in the second tree
(2 treest 3 vessels(N — 1) candidates= 6(N —1)).
When the collision is detected, the next pair of can-
didates (with the second lowest volume) is tested [see
5) above] and so on, until the suitable configuration is
found.

If the proper pair is found, the candidates are used
to permanently perfuse the macro-cell by vascular
system; otherwise the macro-cell dies.

A configuration of a new macro-cell and surrounding ves-

sels, in which the model is not able to perfuse this macro-cell

far and is even more complicated as soon as the growth proc&)ss

2Corresponding equations can be found on P. Bourke web page.

ecause of possible intersections among perfusing vessels), is
rare, but may happen. This phenomenon can be explained by
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Simulation of

the simplified vessel’s representation as a rigid straight tube t

A ) A A i X CT acquisition
tween bifurcations, while in reality the vessels are elastic al e _ postions
can easier adapt to the local situation. If we try to overcome t 'y Ch‘}’::i': > I P N — l
above problem by increasing too much the number of cani Propagation L 14
. e - . - 8ity Ay < .
date vessels, it can lead to an artificial configuration, when tl Sv:r:‘:ed rprosentation " s,'c‘“:,';‘,,‘fsf

macro-cell is perfused by too distant vessels.
As it has been already mentioned, macro-cells can also §|§ 7. CT scan-like images of simulated organ are acquired based on

(with probability Pb,, at each growth subcycle). In that cases-D-density representation created at a given time moment, after injection and

two vessels supplying the macro-cell retract and disappear. T#gPagation of CM.

corresponding bifurcation is reduced to two segments connected

at the former bifurcation point. In order to minimize the blood

Enhancement

(8HU) .

volume, such a configuration of vessels can be replaced by a T
single straight vessel if, and only if, no intersection is detected. ~_
This is why in some situations the binary tree has to be replaced _::\\
by an unary one. w i
V. MEDICAL IMAGE SIMULATION
. . \*_-_
The 3-D vascular model being at our disposal, the second >
Time (s)

step, aimed at a better understanding of the image features, anc : '

particularly its texture (Fig. 1), consists to simulate the physical o zablugmo:‘) &mmoﬁ

process underlying the image formation. CT has been chosen

due to its wide use and the flexibility it offers to control theFig. 8. Hepatic enhancement after injection (1) of a CM. CM first arrives in the
image conditioning through is attached parameters (resolulf H141er e e Perven (1), Te epalc e () colect e,
and slice thickness for instance) which lead to different appear-

ances of the structures under study. The main steps of CT ac- TABLE |

quisition modeling based on a simulated organ are depicted ifMopeL PARAMETERS USED IN THE SMULATION OF HEPATIC VASCULAR

Fig. 7. The results being illustrated on the vascular structure of =~ NETWORK (TYPICAL VALUES FOR A NORMAL ADULT LIVER,

the liver, some of its specific features related to contrast product SEE [15] FORMORE DETAILS)

tracking, will be briefly described. Model parameter Tepatic Portal Hepatic
artery vein vein
; ; Blood pressure at the input P;, (mm Hg) 95 15 5
A. Simulation of CT Scans Blood pressure at the output Po, (mm Hg)_ 25 8 2
A cross-sectional slice of the organ has to be representec Wall thickness ratio (fraction of vessel radius) 02 01 0l
. . . Hepatic blood flow (mV/min) 400 800 1200
the image. Each voxel of the model volume is associated W g;ze of the macro-cell (cm?) 0.125
a density value so that the resulting 2-D image will display tk Number of growth cycles 50
usual CT numbers (the gray level in each pixel of the image X‘(‘itl‘ﬂ"tllll“‘,’:::‘;:((:;l“z? 1;30
proportional to the CT number of the voxel in the approprial Number of macro-cells in the adult liver ~12000

position [27]). The first step consists to create a 3-D represen-

tation of the object to be displayed in the image. Some of the ) ) i )

voxels of the slice are situated into a vessel or at their bound:ﬂ‘?/s't'on but_ in the consecutlve layers to obtain a 2-D density

(i.e., hence, the partial volume effect) but others are located'frPresentation of the t_|ssue. o

the parenchyma and no distinguishable vessel goes across thefg@S€d on the density 3-D map, the CT scan acquisition is
A mean density is allocated to the parenchyma voxels ace’:_\rrled out through the following steps.

cording to the class of macro-cells they belong to. Their density—  X-ray parallel projections are computed, using the
variations are taken into account to render the spatial fluctua- Radon transform.

tions of micro-vessels (or capillaries): a random value following —  Projections are filtered in the Fourier domain, by a
a Gaussian distribution is added to the mean density value. The ~filter with impulse response ifw| (each Fourier co-
density of the voxel intersecting partially a vessel is computed efficient is multiplied by its frequency).

by weighting the respective volumes occupied by the blood and—  Theé back-projection is applied to reconstruct the
the parenchyma. Random noise can also be added to deal with Image.

heterogeneities of contrast medium. A more detailed description of the method used to simulate

One of the parameters of the CT acquisition model is the ré€sT scan images is given in [18].
olution of the simulated image. To set the size of the pixel, a _
zooming factor is applied to the corresponding tissue regidh, Modeling of Vessels Enhancement
whose position is also calculated to coincide to the 3-D region ofIn Section V-A, the CT scan simulation has been de-
interest. The slice thickness is another parameter of the modekibed, where a constant density (higher than the density
If the cross-sectional slice of the organ is thicker than a singké parenchyma) was attributed to all the voxels within the
voxel size, all densities of the voxels are aggregated at the sareesels. This situation anticipated the fact that a CM is injected
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Fig. 9. Simulation of the growth of hepatic arterial (left column) and venous (right one) trees after 1, 25, 50 cycles (the main parameters dria daliéet).

before performing a CT acquisition in order to enhance the VI. RESULTS
vessels with respect to the parenchyma. In fact, in addition ) ) )
to the partial volume effect already mentioned, the amount | N Model was applied to simulate the growth of liver vas-
of CM into a given vessel has to be taken into account, §tlar structures. The hepatic vascular system is very specific,
should be emphasized that the contrast product propagation RE§2Use itis made of three trees (Hepatic Arteries, Hepatic Veins
time-dependent process. In Fig. 8, the liver enhancement afigfl also Portal Veins). Two of these three trees can be simulta-
injection of CM is schematically presented. First, trepatic neously simulated by the model, taking into account their geo-
artery (HA) is filled by the CM. Then the CM arrives in the Metric and hemodynamic relations. The hepatic veins can be
portal vein(PV) and it also appears in theepatic vein(HV).  seen as the only output (it carries blood out of the liver, to the
The present model allows to simulate the CM injection in théena cavand then to the heart) and are here coupled either with
arterial/portal tree and its propagation to the hepatic venolili¢ hepatic arteries or with the portal veins.

tree. The profile of the injection (i.e., duration and shape andThe main parameters used to illustrate the model behavior
also time-stamped delivery sequence) can easily be changae.defined in Table I. The 3-D bounding shape of the liver has
The propagation of the CM within the capillary network i$een reconstructed from CT-scan images (Siemens Somaton,
simplified and represented by a delay between HA/PV and HA20 slices with 1 mm thickness) after interactive delineation.
following a Gaussian distribution. The model was initialized with two trees consisting only of
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2-a 2-b 2-c

Fig. 10. Simulation of the CT scan images (the same position and acquisition parameters) at two time moments chosen from a temporal sequerre, during li
enhancement (Fig. 8). 1) Acquisition time 1 (bolus only in the arterial tree): (a) 3-D representation of the injected arterial tree, (b) 3-Datepreddmepatic

venous tree, (c) CT slice simulation at time 1 (early phasarterial phase). 2) Acquisition time 2 (bolus mainly in the portal and hepatic venous trees): (a) 3-D
representation of the injected portal tree, (b) 3-D representation of injected hepatic venous tree, (c) CT slice simulation at time 2 @af\phald®/).

(@ (b)
Fig. 11. Comparison of (a) CT acquisition (portal phase—5 mm) with (b) simulated CT slice (portal phase—5 mm).

7 vessel segments. The geometry of this initial network wasDuring the propagation of a contrast medium, series of virtual
chosen based on anatomical data [28]. The structure of & scans can be collected, representing acquisitions at different
largest vessels is kept the same for the HA or for the Ptimes. The 3-D representation of the hepatic arteries and the he-
because they are effectively very similar in their main branchgmatic veins, as well as the corresponding CT slices, are depicted
The development of the intrahepatic vascular structuresimsFig. 10. Fig. 10(1) corresponds to a very early phase of a first
shown in Fig. 9. Each tree is presented separately to enabl€®acquisition where only the arterial tree is enhanced. This
better visualization, but the two trees are physically connectdune instant is marked by “Acquisition 1” in Fig. 8. Fig. 10(2)
The simulation was performed on a PC (Pentium Il 350-MHshows the result of the simulation of a CT acquisition at a later
512-MB RAM) and the adult hepatic vascular network (witlphase when both portal and hepatic veins are enhanced. A vi-
about 12 000 perfusion sites) is obtained in about 5 hours. sual comparison of a real CT acquisition is proposed in Fig. 11
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which allows to show the realism of the model. These two insights into vascular diseases is candidate for such an approach
ages are acquired or synthesized with the same acquisition flee MRI or US imaging.

rameters (slice thickness 5 mm, pixel size= 0.5 mm, portal  These perspectives show the generic character and the po-
time). The most important differences between these two iential of the present work and motivate the on-going attempts.
ages is due to the location of the main branches. Concerning &gesuch, however, a number of properties can be derived which
simulated images, this position depends on the initialization b&ve been only partially sketched in this paper.

the vascular trees (primary branches). Using segmented vessels
from acquired images to start the growth should increase the
similarity. The approach described in [29] could be adapted to
extract the main vascular structures.
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