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Effects of anatomical constraints on tumor growth
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Competition for available nutrients and the presence of anatomical barriers are major determinants of tumor
growth in vivo. We extend a model recently proposed to simulate the growth of neoplasms in real tissues to
include geometrical constraints mimicking pressure effects on the tumor surface induced by the presence of
rigid or semirigid structures. Different tissues have different diffusivities for nutrients and cells. Despite the
simplicity of the approach, based on a few inherently local mechanisms, the numerical results agree qualita-
tively with clinical data~computed tomography scans of neoplasms! for the larynx and the oral cavity.
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I. INTRODUCTION

The term ‘‘cancer’’ refers to over a hundred different p
thologies, each with specific characteristics. Neverthel
the basic processes that determine the development of a
plasm are very similar. As a consequence, we can desc
the evolution of pathologies in terms of a set of simplifi
rules, which mimic the local biophysical and biochemic
reactions underlying the cellular functions. Several rec
models organize the many pieces of biological informat
available at the cellular level to provide simple but reliab
descriptions of the global behavior of tumor cells, such
their dynamics@1# and differentiation@2#.

Numerous growth models@3–5# analyze the evolution o
clusters of cells, such as tumors, and their interactions w
their surrounding environment@6–8#. However, even though
the basic processes are generally well understood, the ta
predicting the evolution of a single tumor ‘‘in vivo’’ is be-
yond current numerical tools. A large number of factors, h
to control, strongly influence tumor growth, e.g., the gene
condition of the patient, local nutrient availability, anatom
of the location where the tumor develops, malignancy of
tumor cells, etc. Even inin vitro experiments, which are
much easier to control, specifying accurately the initial a
boundary conditions is difficult since stochastic effects
always present.

Nevertheless, mathematical models that aim to desc
the physical interactions, both at the intracellular and ex
cellular level, may help to predict the statistical properties
neoplasms and to optimize therapies. For these purposes
merical simulations are the tool of choice, since they c
include local mechanisms, which are never negligible in b
logical systems as complex as tumors.

A basic model must include only those processes that
termine the growth of neoplasms. The evolution of tum
depends on both cell properties and the environment. C
behave like particles with an internal energy store, as i
recent model for bacteria@9#. Cells absorb energy from the
surroundings~in the form of bound energy of absorbed mo
ecules! and release it in different forms~by disaggregation of
chemical bonds!. As a consequence of energy conservati
internal energy may be stored and used to build proteins
duplication and/or for damage recovery. We model cell d
1063-651X/2001/64~2!/021903~8!/$20.00 64 0219
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fusion, absorption and consumption as physical processe
which the stored energy determines the behavior of the c
~e.g., mitosis occurs only if the stored energy is sufficien
large! @10,11#. The availability of energy controls the trans
tions of cells from one state to another and, as a con
quence, limits tumor growth. E.g., suppressing local vas
larization ~angiogenesis! slows tumor growth @12,13#.
Finally, tumor morphology is strongly related to the nutrie
gradient@14#.

Also, the pressure of the surrounding environment affe
strongly the tumor evolution, inhibiting its diffusion and pro
liferation @15#. On one side elastic effects compress both
healthy tissue and the tumor mass@16,17# and possibly re-
strict growth. On the other hand, the toughness of the s
rounding tissue strongly affects cellular invasion through
action of dygestive enzymes@18#.

In previous papers we presented a model, based on
local interaction simulation approach~LISA! @19#, which de-
scribes the evolution of tumor cells interacting with the
environment@6# and the influence on the vascular system
local modifications in cell metabolism@20#. The model ne-
glects explicitly the influence of compression on the tum
evolution. As such it could describe the behavior of ne
plasms in soft tissues@21#, i.e., tissues without anatomica
constraints~such as cartilage, bones, tendons, etc.!. Starting
from a given set of phenomenological rules, it allowed us
reproduce several commonly observed clinical features s
as growth morphologies dependent on the nutrient gradi
formation of a necrotic core, transition from initial slow
growth to a catastrophic event, etc.@6#. We also showed tha
all the possible outcomes of a neoplasm~regression, latency
metastasis, and unlimited growth! may be obtained by vary
ing the ratio between nutrient affinity~a parameter of the
cell! and nutrient availability~an environmental paramete!
@22#.

In the present contribution we extend our model to
clude the influence of anatomical constraints, which aff
both the speed and morphology of tumor developme
Bones, tendons, cartilages, etc. have been shown to
tumor growth, since they limit the available volume and, a
consequence, increase the pressure on the tumor surfa
neoplasm born close to rigid or semirigid tissues finds its
in a particularly hostile environment. As a consequence,
©2001 The American Physical Society03-1
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mor growth may be slow, particularly if neoplastic cells a
not too aggressive. The tumor remains very localized in
initial stages and latency may often be the outcome if
tumor is not well vascularized. Also, metastasis is like
since the tumor finds in the vascular tree the easiest way
of its rigid boundaries. Cell adhesion and invasive proper
are also influenced by the pressure applied by the surro
ing tissue@23#. Only in a few cases does the tumor ma
reach a critical threshold and exert a pressure large enoug
destroy the tissues of the anatomical barrier.

Section II describes the proposed model, where we p
dict the evolution of neoplasms in two specific clinical cas
~larynx and jaw!. We compare the results of the numeric
simulations with clinical data@computed tomography~CT!
scans#.

II. MODEL

We consider a rectangular slab of tissue of sizeL3L8 and
discretize it as a two-dimensional~2D! grid with Nx3Ny
grid elements of sides«x and«y , respectively We also con
sider a third dimensionz to represent the growth of neopla
tic cells, adopting the usual 211 dimension growth repre
sentation@24#. This description is quite reasonable forin
vitro experiments, but is also acceptable in manyin vivo
situations, if the tumor develops in a fold between two e
thelial surfaces without infiltration into the healthy tissu
Several anatomical regions have a quasi-2D conformat
either due to translational symmetry along thez direction or
because of anatomical constraints that inhibit growth in o
direction, normal to the plane~such as tumors affecting th
tongue or the jaw!.

Each cell of the grid is represented by a grid node (i , j )
located in its center. At any time and in each node we de
a total lateral surface of capillariesSi j

t , a number of mol-
ecules of nutrientpi j

t , and a number of cells, belonging t
different populations: healthy cellshi j

t , cancer cellsci j
t , and

necrotic cellsdi j
t . Si j

t represents the source of energy and
spatial inhomogeneity allows us to describe regions of
tissue with different vascularization.

The tumor pressure may affect the spatial distribution
capillaries. For simplicity we consider a single nutrient, re
resenting a mixture of all nutrients necessary for cells s
vival. Nutrient molecules diffuse through the vessel wa
into the tissue except in the regions occupied by bone
cartilage, which are not vascularized (Si j

t 50). We assume
that healthy cells have no specific metabolism, but rather
they behave as a sink for nutrients, since they absorb it
constant rate. Cancer cells have a complex metabolism
described in Sec. II A. Finally, necrotic cells are complete
inactive and are slowly reabsorbed by the tissue due to
action of specific antibodies~macrophages!.

The spatiotemporal evolution of the tumor obeys a se
iteration equations that keep into account three different
tors, as described in Secs. II A, II B, and II C, which a
related to~i! properties of the cells and their state transitio
~ii ! pressure due to the presence of anatomical constra
and ~iii ! limited energy availability.
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A. Neoplastic cell metabolism

We consider here only two basic cellular activities: a
sorption of nutrients and their consumption. At each tim
step, neoplastic cells absorb a certain amount of nutrientg i j

t

and transform it into intracellular energys i j
t through ‘‘trans-

porters’’ expressed on the cell membrane. Cancer cells h
a much larger affinity for nutrients than healthy ones. T
number of transporters per cell,G, defines the tumor aggres
siveness, which is also affected by the environmental con
tions. Each active transporter absorbs a fixed amount of
trient d, but the number of active transporters depends on
local nutrient concentration. Since time is also discrete,
can write the amount of nutrient absorbed by each cell at
site (i , j ) in the time interval (t,t11) as

g i j
t 5GdF12expS 2

pi j
t

Gd•ci j
t D G , ~1!

whereGd represents the maximum amount of absorbed
trient ~i.e. when all the transporters are active!, ci j

t is the
number of cells located at the current node and we assum
exponential saturation in order to account for the partial
activation of transporters when the amount of available
trient pi j

t is low.
The absorbed nutrient is partly consumed to perform

metabolic functions that keep the cell alive: we callb the
amount of consumed nutrient per neoplastic cell. The
mainder is stored as an energy reserve inside the cell. A
consequence of the absorption and consumption, three s
tions may take place depending on the amount of previou
stored energys i j

t .
~1! If s i j

t 1g i j
t 2b,0 cellular death~apoptosis! occurs,

ci j
t115~12l i j

t !ci j
t ,

di j
t115di j

t 1l i j
t ci j

t , ~2!

wherel i j
t represents the apoptosis rate. A choice such as

l i j
t 512

s i j
t 1g i j

t

b

insures that the absorbed nutrient is equal to the amo
consumed by all the cells that have survived the apopt
event. As a consequence

s i j
t1150.

~2! If 0<s i j
t 1g i j

t 2b<Qm cells are in a normal meta
bolic state (Qm is the threshold for mitosis!, i.e., neither du-
plication nor death occur. The excess energy is stored
internal energys i j

t ,

ci j
t115ci j

t ,

di j
t115di j

t , ~3!

s i j
t115s i j

t 1g i j
t 2b.
3-2
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EFFECTS OF ANATOMICAL CONSTRAINTS ON TUMOR GROWTH PHYSICAL REVIEW E64 021903
~3! If s i j
t 1g i j

t 2b.Qm cellular duplication and subse
quent stored energy redistribution occur,

ci j
t115~11m!ci j

t ,

di j
t115di j

t , ~4!

s i j
t115

s i j
t ~12h!

~11m!
,

wherem andh are the duplication rate and relative amoun
of energy consumed in the duplication, respectively. L
values of the mitosis thresholdQm correspond to a fast ce
cycle time and consequently to a strong tumor malignan

B. Environmental pressure

This description of the cellular metabolism does not
count for the migration of cells from one node to its neig
bors, which is strongly affected by the pressure of the lo
environment. Neoplastic cells living in a hostile environme
~i.e., with insufficient nutrient availability! may detach from
the extracellular matrix and diffuse into surrounding tiss
The process is mediated by a digestive enzyme produce
cancer cells, which digest some of the healthy cells surrou
ing the tumor. Cells detached from the matrix have a sh
lifetime but a large mobility, which allows them, at least
soft tissues, to diffuse towards regions favorable to prolife
tion. Often such a process leads to metastasis, i.e., to
migration of cells to a vessel and from there to other bo
locations. Migration into vessels or into the lymphatic sy
tem is highly favored when the tumor is compressed by a
tomical constraints, which inhibit its normal expansion
volume @25#.

We describe migration by means of a classical diffus
equation, assuming that the diffusion coefficient is ze
whenever the available nutrient per cell is larger than a gi
thresholdPd ,

ci j
t115ci j

t 1(
i 8 j 8

NN

~ ã i 8 j 8
i j ci 8 j 8

t
2ã i j

i 8 j 8ci j
t !, ~5!

where NN denotes all the nearest neighbors and

ã i j
i 8 j 85â i 8 j 8QS Pd2

pi j
t

ci j
t D ~6!

is the diffusion coefficient from node (i j ) to node (i 8 j 8) and
â i 8 j 8 is a coefficient that depends only on the properties
the tissue at the nodei 8 j 8.

In tumors with a large proliferation rate cell division pr
vails over diffusion. However, cells also diffuse when th
duplicate since a large amount of cell division leads to
swift reduction in the amount of nutrient locally available p
cell. As a consequence, diffusion coupled to proliferation
an important ingredient in the growth process, since it le
to an increase in tumor size.

The parameterâ i j allows us to characterize differen
kinds of tissues. Different tissues have different consisten
02190
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and, therefore, different permeabilities to diffusion. In ge
eral, hard tissues~such as cartilage and bones! are almost
impenetrable (â i j almost negligible!, while â i j is rather large
for connective tissue or muscle. When tumor cells reac
given grid node, the consistency of the corresponding tis
changes to a value typical of neoplastic tissues. As a co
quence, the final distribution ofâ i j maps the tumor distribu-
tion. A tumor mass may often be perceived by touching
and evaluating its consistency empirically.

C. Nutrient sources and diffusion

Nutrient molecules diffuse into the tissue from capillari
that act as sources. The pressure applied by the surroun
tissue affect nutrient diffusion and therefore consideratio
analogous to the ones presented in Sec. II B apply. We m
include the absorption of energyz i j

t due to the presence o
healthy cells. For the sake of simplicity, we assume t
quantity to be uniform and constant:z i j

t 5z0. The consump-
tion may vary from node to node according to the kind
tissue.

The spatiotemporal evolution of nutrients obeys the f
lowing reaction-diffusion equation:

pi j
t115pi j

t 1(
i 8 j 8

NN

~a i j pi 8 j 8
t

2a i 8 j 8pi j
t !2g i j

t ci j
t 2z i j

t 1C i j
t ,

~7!

where a i j is the diffusion coefficient for the nutrient. Th
source termC i j

t tries to restore the equilibrium between th
concentrations outside and inside the vessel. However,
flux through the capillary walls has an upper limit propo
tional to their lateral surface areaSi j

t . As a consequence
equilibrium cannot be reached if the nutrient absorption
too large. In the case of nonvascularized tissues,C i j

t is zero.

Tissues with a large diffusion coefficientâ i j for neoplastic
cells usually have a large value ofa i j whereasa i j almost
vanishes in poorly vascularized tissues.

The pressure induced by the tumor mass affects the
cularization. In particular, since the local number of ce
~tumor and necrotic! increases, vasoconstriction occurs, i.
the lateral capillaries surface decreases,

Si j
t 5Si j

0 expF2S ci j
t 1di j

t

V D G , ~8!

whereV is a normalization coefficient. This effect helps th
formation of a large necrotic core since whenci j

t 1di j
t @V,

capillaries almost completely shut off with consequent lo
starvation of the cells. We do not consider other mechanis
that can limit blood flow without involving pressure effect

III. RESULTS AND DISCUSSION

In this section we study the behavior of tumors growing
two different sites of the human neck and head, i.e., in
larynx and oral cavity. Due to their particular anatomy, t
proposed (211)-dimensional approximation applies, pa
ticularly for neoplasms located close to the vocal cords~lar-
3-3
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B. CAPOGROSSO SANSONEet al. PHYSICAL REVIEW E 64 021903
ynx! or to the jaw. The spectrum of possible outcomes
these pathologies is quite rich, efficiently testing the capa
ity of the model to predict the evolution of tumors with di
ferent intrinsic malignancies. In order to demonstrate the
lidity of the approach, we first compare the numerical resu
with CT scans. Then, we briefly discuss some predicti
based on the numerical results, which seem to agree, at
qualitatively, with clinical data.

A. Neoplasms of the larynx close to the glottic plane

The larynx forms a cylinder ending in the trachea.
threefold functions are passage of air, sound emiss
through vocal cord vibrations, and protection of the trach
bronchial tree by a sphyncter in the glottic plane~upon
which the vocal cords lie!. It consists~see Fig. 1! of several
tissues of different texture separed by a cartilage, which
haves as a barrier, impenetrable to tumor cells, and exe
pressure that inhibits the growth of the lesion. The vo
cords are intermediate in hardness and separate the so
sue from the laryngeal lumen, which decreases in diam
when a neoplasm grows on the vocal cords. The vocal co
are set into motion by a tendon that crosses the thyro
cartilage.

Malignant neoplasms in the larynx are usually stron
aggressive and remarkable in evolution pattern. Since
cartilage splits into two folds in the glottic plane, the latt
constitutes a particularly vulnerable area to the format
and progression of a neoplasm even though, in the
stages, the ligament structure may inhibit diffusive grow
@26,27#

Table I shows the diffusion coefficients for both canc
cells and nutrients and the total~at t50) capillary lateral
surface areas~normalized to the corresponding values f
soft tissue! used in the simulations. These ratios agree w

FIG. 1. Schematic representation of larynx anatomy.

TABLE I. Diffusion coefficients for cancer cells (â) and nutri-
ents (a) and capillary distribution for various tissues.

â/âs
a/as S0/Ss

0

Soft tissue 1 1 1
Vocal cords 0.1 0.1 0.9
Tendon region 0.8 0.8 1.2
Cartilage 0.02 0 0
Tumor 0.6 1
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the known texture and elastic properties of the tissues. S
neoplastic cells produce digestive enzymes that degrade
surrounding tissue, the coefficient for tumor diffusion in
cartilage is nonzero. The capillary lateral surface area ag
with measured capillary concentrations. The valuesâs

50.009,as50.25, andSs
050.15 are arbitrary units that hav

been used in the simulations leading to a satisfactory fitt
with CT scans, as shown later.

In vivo data suggest that the intrinsic tumor malignan
and local vascular efficiency determine the long term evo
tion of the neoplasm. In fact, while the original seed of tum
cells is almost always localized in the soft tissue just bene
the vocal cords and grows only in a region between the
tissue and the vocal cords, four possible outcomes are fo
in clinical cases.

~1! Nonmalignant tumors usually grow to a small ma
and then stop growing. These tumors are seldom observe
clinical practice since they are asymptomatic~latent phase!.

~2! A slowly growing nonaggressive tumor develops
the soft connective tissue without affecting the vocal co
~noninvasive phase!.

~3! A tumor with intermediate aggressivity attacks the v
cal cords and expands into the lumen without gnawing i
the cartilage~invasive phase!.

~4! An aggressive tumor is characterized by very rap
growth and violent proliferation concomitant with the ru
ture of the thyroid cartilage~breaking phase!.

In the latter two cases the tissues swell in the direction
the free margin of the vocal cord. As shown later, our n
merical treatement reproduces all these possible outcom

In order to validate our approach, Fig. 2 compares
scans to the results of our simulations for two tumors w
different intrinsic malignancy. In the CT scans~upper plots!
dotted lines delimit the tumor masses. The first column d
plays the behavior of a less aggressive tumor lying on
thyroid cartilage~white in the CT scan and black in the simu
lation!. The numerical results~second row! agree qualita-
tively with the CT scan maps, both in shape and in size.
particular, a reduced swelling of the tissue towards the lum
~A! and a nesting of the tumor in proximity of the gloct
plane~B! are observed. Also, the tumor gnaws very slowly
the vocal cord, which is not eroded, where the tumor se
rates from the lumen (C). Also, typical of nonaggressive
neoplasms is the horse-shoe shape~noticeable in both the CT
scan and simulation results!, which surrounds the upper edg
of the lumen (D).

A more aggressive tumor~second column of Fig. 2!, al-
most completely occludes the lumen (A), more apparent in
the CT scan, due to a relaxation of the vocal cords during
clinical test. The tumor is no longer confined to the laryn
but after partial breaking of the thyroid cartilage, it starts
infiltrate the region just beneath the throat skin (B). Also, the
growth is more uniform and the erosion of the vocal cords
fast (C).

In order to emphasize the effects of anatomical co
straints, we simulated tumors growing in a tissue with a
ryngeal lumen, but with no cartilage or vocal cords. T
bottom row of Fig. 2 corresponds to the same time and
gressivity of tumors considered above. In these cases,
3-4
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EFFECTS OF ANATOMICAL CONSTRAINTS ON TUMOR GROWTH PHYSICAL REVIEW E64 021903
division prevails over diffusion since anatomical barriers
longer constrain the blood supply. As a consequence,
tumors grow faster to considerably larger volumes. Tum
are almost spherical and uniformly occlude the upper par
the lumen.

Our approach predicts the time evolution of a neopla
for different parameter values. Figures 3 and 4 displa
sequence of snapshots, which illustrate the behavior of
tumor for two different nutrient affinitiesG, keeping all other
parameters fixed. In the first case~Fig. 3,G50.03), the num-
ber of transporters is large and the tumor is very aggress
The neoplasm initially assumes an almost spherical sh
Nutrient availability has no significant gradient and the a
tomical constraints are still far away, so that pressure effe
are negligible. At later times (t'2000) the tumor starts erod
ing the left vocal cord, causing a local swelling in agreem
with clinical observations. Soon after, it also erodes part
the thyroidal cartilage (t53500). However, thyroid deterio
ration is slow and the tumor mass remains confined ins
the larynx until t'5500. At later times the tumor opens
path through the cartilage plates and violently invades
external soft tissue.

The pressure exerted by anatomical constraints prima
determines the final shape assumed by the neoplasm. H

FIG. 2. Comparison between CT scans~first row! and LISA
simulations~second row! for two tumors with different malignancy
The bottom row plots refer to tumors growing in a tissue witho
anatomical constraints. For all simulations, the tumor seed was
tially located in the position of the black point shown in the botto
row. Snapshots are at timeT58000 andT55000 ~arbitrary units!
for the left and right columns, respectively.
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ever, the formation of a nutrient gradient also plays a sign
cant role. The large consumption by neoplastic cells rapi
leads to a local nutrient depletion and the pressure applie
the growing mass chokes vessels close to the tumor sur
~or inside the tumor mass!. As a consequence, the growth
the direction parallel to the left vocal cord is quite slow.

In the linear plots, at the bottom of Fig. 3, we observe
swift growth of the tumor to a very large mass with a re
tively small necrotic core~due to the good initial vascular
ization and subsequent action of macrophages!. Note also the
large number of diffusing cells, which erode the hard tissu
The large volume reached by the tumor accompanies a l
increase of density in the region, in agreement with the cl
cally observed toughening of the tissue.

In Fig. 4, we analyze the temporal evolution for a far le
aggressive tumor (G50.003). Note that the tumor mass
considerably smaller than in the previous case~the grayness

t
i-

FIG. 3. Snapshots at successive times of the evolution of a v
aggressive tumor (G50.03) in the larynx. Lighter gray tones deno
higher densities of neoplastic cells. The cartilage and oral cavity
depicted in black. Times are in arbitrary units. In the bottom,
linear plots represent the time evolution of the number of acti
diffusing, and necrotic cells.
3-5
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B. CAPOGROSSO SANSONEet al. PHYSICAL REVIEW E 64 021903
scale is very different!, as evinced by the linear plots. Th
neoplasm is constrained to grow in the soft tissue since
number of neoplastic cells is never large enough to attack
vocal cord and the cartilage. As a consequence, pressur
fects are very strong and growth is very slow~notice the
different times in the two figures!. The difference in growth
speed with respect to the previous case is mostly due to
presence of anatomical constraints since the two cases
have almost identically when no anatomical barriers
present~results not reported for brevity!. No increase in vol-
ume is observed but, due to the increased mass, the
density increases, in agreement with clinical observations
the later stages of growth, a horse-shoe shape forms
finally attacks the tissue beyond the tendon. Surgical in
vention can usually cure this pathology since the anatom
barriers keep the tumor mass confined for a very long tim

The final mass of the tumor is considerably smaller th
in the previous case. The ratio between active, diffusing,

FIG. 4. Same as in Fig. 3 but forG50.003. Note the large
difference between the scales of the linear plots in Figs. 3 an
Likewise the threshold for white~cancerous! areas in the maps ha
been greatly reduced to enhance the visibility of the cancer-inva
regions.
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necrotic cells is, however, very similar since the thresho
for proliferation and diffusion are the same.

As already remarked, nutrient availability~given by the
nutrient concentrationC in the blood! is important for the
evolution of the tumor@22#. In order to analyze the depen
dence on bothC andG, in Fig. 5 we present a ‘‘phase dia
gram’’ of the predicted outcomes. The minimum value forG
(Gmin'0.0025) allows the survival of cells belonging to th
initial tumor seed even for a very low availability of nutr
ents. IfC is small, the tumor remains in a state of latency~or
dormancy! L. For larger values ofC the tumor enters first a
noninvasive phaseN and then starts to be invasiveI. For
even larger values ofC a transition to a cartilage attackin
phaseA occurs, which shows a strong dependence onG. We
notice that the latent phase occupies a small area in the p
diagram, which is reasonable, due to the thick network
capillaries distributed inside the connective tissue, which
lows adequate nutrient supply even when the density of
trient in the vessels is low.

B. Neoplasms in the epithelial tissue close to the jaw

As a second application of our approach, we analyze
evolution of a neoplasm originating in the epithelial tiss
close to the jaw. The tumor lies on an underlying bone, j
tifying a (211)-dimensional analysis.

The jaw is a strong, horse-shoe shaped bone surroun
by soft tissues. Clinical CT scans show dense vascular
tion. The bone~black in the simulation, first three plots o
Fig. 6! appears in the CT scan as a lighter region with
inner dark zone, due to the presence of bone marrow~fourth
plot of Fig. 6!. Usually CT scans of the jaw show spuriou
effects such as white spots due to the presence of teeth

In Fig. 6 we show snapshots at three different times of
growth of a neoplasm in the jaw. We compare the numer
result at t56000 with a clinical CT scan. The neoplasm
assumed to be very aggressive (G50.03) grows mainly in
the direction of least resistance, i.e., orthogonal to the bo
However, already att'2000, the tumor starts denting th
bone. Nevertheless, the density of neoplastic cells is lo
than in the opposite direction~note the lower brightness o
the gray scale!, since the external part of the bone is avasc

4.

ed

FIG. 5. Phase diagram in the (G,C) plane, separating the fou
regions: latentL, noninvasiveN, invasiveI, and capable of attack
ing the cartilageA.
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lar. Only at later times the tumor reaches the marrow a
finds good ground for proliferation.

The agreement with the CT scan is again very encou
ing. The elongated final shape of the tumor~marked with a
cross in the CT scan! is due to both anatomical constrain
and the nutrient gradient. The first factor inhibits prolifer
tion in the upward direction with consequent shape asym
try. The nutrient gradient, due to the presence of a la
vessel~dark spot located approximately in the center of t
CT scan!, induces the formation of an ellipsoidal~rather than
spherical! mass. No necrotic core forms due to the lar
initial vascularization and reduced tumor infiltration.

IV. CONCLUSIONS

We have presented a physical model, based on the LI
for the prediction of the spatiotemporal evolution of neopl
tic masses in tissues with an irregular distribution of blo
vessels and complex anatomical costraints. The appro
suitable for numerical simulations in the framework of pa
allel processing, treats in a simple way the local mechani
that affect the tumor behavior.

We mimicked the effect of pressure against the tumo

FIG. 6. Snapshots at three different times of the evolution o
neoplasm close to the jaw. Lighter gray tones denote higher den
of neoplastic cells. The jaw bone is depicted in black. The bott
row compares the final outcome of the simulation (t56000) to a
CT scan~to the right!.
02190
d

g-

-
e-
e

A,
-

h,
-
s

l

mass, due to the presence of anatomical constraints, by
ine into account the different hardnesses of the various
sues with diffusion coefficientsa and â for nutrients and
tumor cells in different elements of the discretization gr
Maps of â describe the tissue consistency, which usua
increases when a tumor is present. Aggressive tumors
penetrate regions with large original hardness, affecting
compactness during infiltration. Less malignant neoplas
develop only in soft tissues, do not infiltrate and the neopl
tic mass remains bounded by the anatomical barriers~ten-
dons, cartilages, bones, etc.!.

In order to validate our model, we simulated the evoluti
of neoplasms located in the larynx and close to the jaw.
both cases, the numerical results show good qualita
agreement with clinical data~CT scans!, showing a good
qualitative agreement. Also, by varying only two paramet
of the model~nutrient availability and cancer cell affinity!
we can predict all the different growth patterns clinica
expected. The shape assumed by the neoplasm is gene
rather asymmetric, due to both the pressure applied by
rigid tissues and to the formation of gradients in nutrie
availability.

A comparison of numerical results with a CT scan a
single time is not sufficient to prove the possibility of ma
ing reliable long term predictions with our model. Neverth
less, the capability of our simulations to reproduce comp
shapes, as observed for the larynx, implies that our appro
includes most major mechanisms that affect tumor morph
ogy and outcomes.

Measurements of the parameters used in the simulat
are essential for a quantitative comparison between exp
mental and numerical results. To this purpose,in vitro ex-
periments may be used, e.g., to define the cell prolifera
rate @28#, which may provide an indirect evaluation of ou
parameters~e.g., the relationships between the number
transporters and the duplication threshold!. In vivo measure-
ments can also be performed, e.g., in order to establish
relationship between oxygen tension and proliferation@29# or
in the case of tumor cords@30#, where the diameter is relate
to the tumor aggressiveness@31#.
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