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Analysis of a “phase transition” from tumor growth to latency

P. P. Delsantd,A. Romano® M. Scalerandf, and G. P. Pescarmoha
1INFM, Dipartimento di Fisica, Politecnico di Torino, 10129 Torino, ltaly
2Dipartimen’[o di Biologia, Genetica e Chimica Medica, UniversiiaTorino, Torino, Italy
(Received 29 December 1999

A mathematical model, based on the local interaction simulation approach, is developed in order to allow
simulations of the spatiotemporal evolution of neoplasies. The model consists of a set of rules, which govern
the interaction of cancerous cells among themselves and in competition with other cell populations for the
acquisition of essential nutrients. As a result of small variations in the basic parameters, it leads to four
different outcomes: indefinite growth, metastasis, latency, and complete regression. In the present contribution
a detailed analysis of the dormant phase is carried on and the critical parameters for the transition to other
phases are computed. Interesting chaotic behaviors can also be observed, with different attractors in the
parameters space. Interest in the latency phase has been aroused by therapeutical strategies aiming to reduce a
growing tumor to dormancy. The effect of such strategies may be simulated with our approach.

PACS numbd(s): 87.10+¢e, 02.60.Cb

[. INTRODUCTION nentially, without any apparent major change in the host me-
tabolism.

The most striking property of living systems is their A realistic model of tumor growth, incorporating the
adaptability to a changing environment. That means they armechanisms responsible for this kind of behavior, may be a
sensitive to local variations of many factors including tem-valuable tool, not only for understanding the biodynamics
perature, oxygen tension, mechanical stress, nutrients comvolved, but also as a support for diagnosis and therapy.
centration, hormones, and cytokines. Typically these quantiHence numerous models of cancer growd] have been
ties are not evenly distributed in space, leading to theproposed in recent years. However, in the quest for an ana-
formation of concentration gradients. Moreover, in a com-lytical solution, they have often been subject to overrestric-
plex system local conditions are expected to change rarfive or oversimplifying assumptions. As an alternative, com-
domly with time. puter simulation techniques may be used. Taking advantage

One of the major tasks of living systems is feeding, sincedf the rapidly increasing availability of high-performance su-
all of them are dissipative and require a continuous supply oP€'computer resources, they allow one to treat models of
0, and nutrients, both for performing work and reproducing.8Xreme complexity and nonlinearity.

In the case of cell reproduction, all the cell structures must b We have recently propqsed a 'mode'l of cancer growth
duplicated and the need for each of the involved chemicazs’G]’ based on the local interaction simulation approach
d

. X ) (LISA) [7,8]. Our model aims at a prediction of the spa-
components is absolute. These include glucose, aminoaci tiotemporal evolution of neoplasies, conceived not as geo-
metal ions (F&",Zr?",CUW* ,N&*,K*), and phosphate. P b ’ g

_ . L metrical objects with assigned boundary conditions and in-

/_”?y time the local concentration of some ”“F“e”_t IS SCarcearnga) properties, but rather as a grouping of identical, yet
living cells are compelled to move in the direction of the j,qiiqual cells. The cancer growth is then the result of a set
lacking nutrient 1] or to increase their affinity for if2]. of rules, acting at the local levél.e., applied to each cell

Since living systems grow esponentially until nutrief@s  jngjvidually), which govern the interactions of cancerous
spacg become a limiting factor and life on earth dates fromce|is with other populations. They are by no means arbitrary,
at least 3 10° yr, nutrient scarcity is the rule in almost any put they follow as a consequence of the competition for es-
environment. Nutrient limitations lead to a competition sential nutrients and other biological mechanisms suggested
among individuals: the ones with the highest capability forto us by what we learn from natural evolution at all levels.
harvesting nutrientge.g., cells with the largest receptors These “rules of the game” and their mathematical imple-
number or affinity will be favored and survive. Usually af- mentation are discussed in detail in Secs. Il and lll, respec-
finity of a cell for a nutrient is inversely correlated to the tively.
nutrient concentration and the average uptake is kept con- The purpose of a previous pagdér] was to illustrate the
stant through alternating oscillations of nutrient concentraconsistency of the proposed model and to prove that the
tion and receptors number. corresponding system is extremely sensitive to small varia-

In a non-neoplastic cell population the balance betweetions in the values of the relevant parameters. Our solutions
nutrients and receptors allows cell proliferation only to re-confirmed that the process of cancer growth is strongly re-
place dead cells without a net increase of the cells numbetated to the environmental conditions and, in particular, to
By contrast cancer cells in the clinical stage of the diseaséhe availability of basic nutrients. Accordingly, it was proved
display exponential growth. Reports in the literature showthat a manifold of different morphologies, growth rates, and
that in some cases cancer cells behave for a long time likeutcomes(death, metastasis, and latehcgan unfold. A va-
normal cells(latency and then suddenly start to grow expo- riety of simulations results, mostly leading to indefinite tu-
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mor growth, were also presented. The emergence of different TABLE I. List of the parameters used for the various cases.
outcomes as a result of small variations in the basic parant
eters is also demonstrated in Sec. IV of the present contribu- Qu Qo P a B r
tion. The main purpose here is, _howeyer, to analyze in deta_ul 08 0.2 10 02 0.005 01
the region in parameters space in which latency prevails. It is
shown in Sec. V that the transition between the two regions
of latency and indefinite growth is discontinuous and the
critical parameters are computed. It is also provgdc. V)

As a result of these biological processes and their inter-

that the transition may be induced by the action of a propeP:;yc’”g;i:y;rﬁzmirr]nagrgxﬁ:;?’ ticfr?édrzz?rifntthsuerél/):gg]or;cTental
chemical, which acts on the nutrient supply. The results arg !N P ' PRROL,

) o ; : L Wwards four possible outcomes.
ge?LEgaltanve agreement with the experimental findings of (i) Indefinite or explosive growth and eventual death of

the patient.

(i) Metastasis: the metastasized cells may land some-
where else and seed there a possibly more lethal tumor.

The basic biophysical model at the two-dimensiof2) (iii) Latency(or dormancy: the volume of the neoplastic
level consists of a discretization of the slab of tissue considtiSsue remains almost constant for a very long time. Eventu-
ered in a rectangular grib]. At each gridpoint, the density a!ly, however, a small perturba_tion in the environme.ntal con-
of cancerous, necrotic, healthy, and other kinds of cellglitions may lead to catastrophic growth]. A strong inter-
(which might be included in a more realistic treatmeatd ~ ©st in the latency phase has been aroused by new
the various nutrients concentrations are defined. An initiafherapeutical strategies, which have been recently developed
tumoral seed is located in one or more gridpoints and alin order to reduce a growing tumor to dormaridy].
lowed to evolve according to the following basic mecha- (iv) Complete regressiofdisappearangeof the tumor.
nisms.

(i) Feeding: the free nutriem, which diffuses from one
or more blood vessels into the tissue, is transformed into
bound nutrient by both cancerous and healthy ddig11], The biophysical model, which has been discussed in the
po being the nutrient availability in the vessels. The amountpreceding section, requires a mathematical algorithm which
of nutrient absorbed by cancer cells is proportional to theallows one to treat individual cell®r groups of cellsindi-
nutrient availability through a coefficient®s, as long as we vidually and independently. The same is true for other ingre-
are far from saturation. dients of the model, such as the amount(foée or bound

(i) Consumption: the bound nutrient is consumed by cannutrient. Therefore, any mathematical treatment which con-
cer cells at a rat@ in order to substain metabolic functions. siders a tumor as a single entity in the shape, e.g., of an

(iii ) Cell death(apoptosis cancer cells may die when the ellipsoid and endeavors to predict the time evolution of its
average amount of bound iron per ogj) falls below a given  geometrya priori excluded. By contrast, LISA, which allows
thresholdQp, . one to treat independently local mechanisms of interaction

(iv) Cell multiplication(mitosis: if g becomes larger than among different individuals of the various populatioft$
a given threshol®,,>Qp, cancer cells may reproduce.  cells, nutrients, etg. seems to be the method of choice. As

(v) Diffusion: if the free nutrient available in the neigh- an additional advantage, LISA is particularly suitable for
borhood is scarce, some cancerous cells may migrate with garallel processing and is extremely flexible. In fact, it al-
diffusion ratea to neighboring nodes, looking for “richer lows us to start with a simple model, including only the most
pastures’[12,13. If the diffusion brings cancerous cells into basic features, and then to gradually extend its complexity in
a blood vessel, metastasis occli4]. a controlled fashion, to make it more and more realistic.

Il. BIOPHYSICAL MODEL

IIl. MATHEMATICAL IMPLEMENTATION

t=3500 t=3000 t = 6000

FIG. 1. Snapshots of the growing tumor at
different times. Due to the high nutrient supply
(pp=0.2), the final outcome is an indefinite
growth of the neoplasy. All the “volumes” in the
) bottom plot are normalized to the initial volume
e ganicet volume of the tissue.
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t=1000 t=1500

FIG. 2. Snapshots of the tumor f@p=0.1.
The final outcome is likely to be metastasis.
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It may be instructive to compare LISA with a random least the “flavor” of the procedure.
walk procedure typical of a Monte Carlo approach. In aran- If we consider for simplicity only one kind of nutrient
dom walk simulation, one follows step by step the evolution(e.g., iron), the iteration equation for the number of cancer-
of each particular cell, i.e., its nutrient consumption, randonous cellsc in any given site is given by
diffusion, mitosis, eventual apoptosis, etc. Since for each cell
the next step is determined by the extraction of random num- c*=c[1-r®(cQp—q)]+r'®(q—cQy), (1)
bers, the final outcome may be rather different for different

simulations, even if the initial conditions and parameters are here® is th iside’ f . dandr’
the same. By contrast, in a LISA simulation all processes’€M€® IS the Heaviside's step function amdandr” are

which are allowed by the “rules of the game” occur simul- random n_umbers_between 0 andcbmputed mdepend_ently
taneously at each time step with an assigned rate. Thus LISA! €ach site and timeThe local amount of bound nutrieqt
simulations may be viewed as providing an average over th@"d the apoptosis and mitosis “per cell” threshol@, and
outcomes of a large number of equally probable randonfm respectively, have already been defined n sSec. Il In
walk experiments. Conversely LISA cannot supply micro-EQ: (1) all the quantities refer to the tinteexceptc™, which
scopically detailed features, such as local fluctuations in th&efers to the time+1 (time is also discretizgdEquation(1)
bulk or surface of the neoplasy. mclu_des both rulesiii) and (iv) of_ Sec. Il. In factcQp —q

In a LISA treatment, the “rules of the game,” which have =0 if the amount of bound nutrient per cetj/c<Qp, in
been briefly discussed in the previous section, translate into §hich case apoptosis occurs with a random probability
set of iteration equations for each space element or nodEh€ same is true for mitosis. _
(site) of the discretization grid. The complete set of iteration ~Rules(i) and(ii) (nutrient feeding and consumption, re-
equations and their execution sequence have been describeRectively yield the equations
in detail in Ref.[5]. In the following, we limit ourselves to
report only the most relevant equations, in order to provide at v=7y*1-exp(—T'p)], (2)

t=1500 t=3500 t =4000

FIG. 3. Snapshots of the tumor fopg
=0.075. The final outcome is latency.
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t=1000 t=1500

O

FIG. 4. Snapshots of the tumor fpg=0.05.
The final outcome is regression of the tunias
can be inferred by the bottom pjot

(/o000 0 500 1000 1500 2000 2500 3000 3500 4000
time [arb.units]
and wherea is a coefficient depending on the time and space
units considered.
B=pB21— exp—q/c)], 3 Other equations can, of course, be added to include addi-

tional biodynamics mechanisms and make the treatment
wherep is the free nutrient concentration at the site undermore realistic. The complexity of the model and the compu-
consideration and2S and 82 represent asymptotic values. tational costs accordingly increase, but the approach remains
In fact, for small values op, the feeding ratioy increases basically the same.
linearly with p; at higher concentrations, however, saturation
occurs.I' is a properly normalized iron affinity parameter. IV. NEOPLASTIC GROWTH IN SOFT TISSUES
Similar considerations apply to the nutrient consumptign. . . _ .
affects the amount of bound nutriegtand so enters the  FOr our simulations we have considered a square speci-
tumour dynamics, since it will affect the mitosis and apop-Men (300<300 gridpoints with two blood vessels along the

tosis rates. left and right edges of the tissue providing nutrient at a fixed
Finally, the diffusion of cancerous cells can be described@€P- The neoplasy is assumed to grow in a soft tissue and
by the equation a single nutrient is considered. Generalizations to more nu-

trients and/or to tissues with anatomical barriers are currently
in progres418]. A small tumor seed is located in the center
c* :C+z a,C,—4ac, (4) of the specimen at=0 and let evolve. The spatiotemporal
n evolution of the dynamic variabléaumber of cancer cellg
amount of free nutrienp, and bound nutrieng for each
wheren denotes the four neighboring sites amgthe diffu-  gridpoint of the tissuecan then be predicted for a large
sion rate of cancerous cells from them. Converselg 4ep-  number of time steps. In all cases considered, the control
resents the diffusion, assumed to be isotropic, from the sitparameters have been kept fixed, except for the nutrient
under consideration towards the four neighboring sites. Difavailability in the vesselp, and consumption/s. The val-
fusion occurs only below a given threshdf free nutrient  ues of the parameters are reported in Table I.

per cell: The spatiotemporal evolution of the system for different
values of the nutrient supply is illustrated in Figs. 1-4 by
a=ab(cP—p), (5) means of snapshots of the concentrations of the tumoral cells
200
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180 4 I *=0.11
] / ] [ <=0.098
o 120 /’ f ) {7’“=0.076
E
2 ] ‘//"// jf f FIG. 5. Neoplastic growth evolution for dif-
= " . et A ferent values of the nutrient affinity coefficient
g Ww:w:ffvr::;iijj_,/ 7 (po=0.03).
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FIG. 6. Time evolution of the cancerous and necrotic cells for a -—looos
subcritical value of pg(po=0.05) in the dormant state y{*° 00 02 04 06 08 10 1.2
=0.0008). P,

at three representative timé® arbitrary unit3. In all the 'FIG. 8. Dependence of. on the nutrient consumption rafe
figures, higher-concentration regions are depicted witHiangles and on the rate of available nutriep (squares

lighter tones; dark regions surrounded by active cells repre-

sent the formation of a necrotic core. Finally, the linear plotsvesselsp,=0.2, the tumor grows very rapidly in all direc-
yield the time evolution of the average concentration of cantions assuming a spheroidal shajsee Fig. 1 A large ne-
cerous and dead cells and the total number of cancerous celigotic core is formed, surrounded by a ring of very active
that have migrated into the blood vesgelventually leading

to metastasis
In order to exemplify all the possible outcomes, in Figs.jace and possibly induce a new fatal tumor, as it can be
1-4 we illustrate the four cases of indefinite growth, Me-isterred by the linear plots. Such a result is in agreement

tastasis, latency, and regression in the casg®®f 0.03. All

neoplastic cells. The likely outcome is death of the patient
due to the tumor itself, before metastasis is likely to take

with clinical data regarding tumors developing in well vas-

the values of the parameters and variables are in arbitrary,|arized soft tissuell9].
units. If we assume a constant nutrient concentration in the \witn a nutrient availability ofo,=0.1, cancer cells diffu-

Necrotic volume

Necrotic volume
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0.45 0.46 0.47 0.48
Cancer volume
0.006
p, = 0.065
00044 v°=3x10" |
0.002- ]
0.000- ]
0.076 0.080 0.084 0.088

Cancer volume

sion prevails against growttsee Fig. 2 In the initial stage

of the evolution, the tumor assumes a spheroidal shape, like
in the previous case. The number of active cells is, however,
very small(note that the grayness scales are not the same in
Figs. 1 and 2 At later times two active fronts are formed
and propagate towards the vessels, leaving a small necrotic
core behind. Even though the cells spread almost through the
entire tissue, their total number is approximately constant up
to t~5000 (see the linear plotwhen the fronts get close to
the vessel and find a large nutrient availability. There, can-
cerous cells proliferate quickly and growth predominates
over diffusion. However, the tumor being close to the vessel,
a large number of cells migrate into the vascular systiee
tastasis

In Fig. 3 the nutrient supply is lowpp=0.075). The tu-
mor grows spherically and soon reaches a stable configura-
tion. Both cancer and necrotic volumes are practically stable,
since apoptosis and mitosis take place at approximately the
same rate. Meanwhile, macrophagi act in order to get rid of
the newly formed necrotic cells. The outcome is therefore
latency.

Finally, for an even lower nutrient availability pg
=0.05) regression of the neoplasy is obseryed. 4). The
initial seed grows spherically. However, soon cancer cells
start competing among themselves for the nutrient acquisi-
tion and cellular apoptosis prevails. Few cells are spread in a

FIG. 7. Chaotic attractors in the phase space for two choices ofarge area and they are rapidly reabsorbed. A necrotic core is
values of the parameteps, and y?°.

also formed and very slowly reabsorbed by macrophagi. A
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0.1 Metastasis Unlimited
growth
0.01
1))
Y
FIG. 9. Pictorial representation of the phase
0.001 space in the nutrient availability-nutrient affinity
space.
0.0001
0.00001
0.02 0.04 0.06 0.08 0.10
Po
snapshot at a later timé>2500) would show no more evi- proportional. The dependence on all other parameters is al-
dence of cancerous or necrotic tissue. most irrelevant. Figure 8 carries a very important conse-
guence: when the nutrient concentration is higi3>0.4),
as H H H
V. PHASE TRANSITION TO TUMOR LATENCY small changes o#*° (of a size which is expected to happen

randomly can induce the transition between latency and in-

In order to analyze the phase transition from tumordefinite proliferation, while changes o, are almost incon-
growth to latency, in Fig. 5 we represent the total amount okequential. Conversely, for low valuesmf (py<<0.2), even
cancer cellgvolume in arbitrary unitsvs t for different val-  very small changes in the nutrient concentratiomuced,
ues of y?° and a fixed value opy (po=0.03). When the e.g., by proper therapipsan support the transition.
affinity for the nutrient is high;?*>v.(y.~0.075), the tu- A complete representation of the behavior of the system
mor grows indefinitely and metastasis is likely to occur. In ain the parameter space is shown in Fig. 9. Here, we have
first phase (<100) the growth is rather fast and spherical assumed that metastasis occurs when the number of cells
(snapshots are not shown here for breyitygood agreement migrated into the vessel becomes larger than a given thresh-
with clinical data[19]. At later times, after an almost quies- old =2, before the neoplastic volume becomes larger than a
cent state, the growth becomes explosive, leading to asyngiven volumeA, assumed to be lethal for the patient. Both
metric shapes. A sharp “phase transition” to latency occurgparameterss and A are, of course, somewhat arbitrary and
at y*°=y.. In the regiony®°<y, the tumor grows up to a therefore the boundary between the two regitmstastasis
maximum size and then reaches a dorm@hmost stable  and unlimited growthis only representative. Several conclu-

configuration. For even smaller values@f(y*< y.<v.),  sions may be drawn from Fig. 9: e.g., regression may take
the available nutrient is not even able to support the originaPlace spontaneously for non-very-malignant tumdis.,
neoplastic seed and the tumor disappears altogether. those with lowy?9) for whichever value of the nutrient sup-

The behavior of the dormant stage depends strongly oply. Unlimited growth is always a possible outcome, either
the nutrient availability. For small values @f, the tumor  for large y°° or largepy; by contrast latency and metastasis
reaches a completely stable stdsee, e.g., the curve?®  are not expected if the nutrient supply is sufficiently large.
=0.075 in Fig. 5. Increasing the initial nutrient distribution, We also observe that the chaotic region in the latency state,
deterministic chaos appears, as shown in Fig. 6, with oscil-
lations in the cancer and necrosis volumes of strongly vari-
able amplitude. Such oscillations display a completely non- 50
periodical behavior around a stable average value.

The “chaotic” nature of the dormant stage for small val-
ues ofpy is further illustrated in Fig. 7 by means of plots in
the cancer-volume—necrosis-volume space. Different chaotic &,
attractors are formed, whose shape and properties depend (_
the value of bothy®® and p,. The morphology of the tumor g
is, however, hardly affected. A similar behavior has been 10l
observed in other biological systems living in limiting nutri- .
ent concentrationf20], such as bacterial aggregations on a
nutritional substrat¢21].

Extensive numerical simulations have been used to calcu —

40

rb.units]

30/

20/ f

Y

— '
late the critical valuey, proving that it follows a simple 0.2 °H [arb.ﬁﬁits] 0.8 1.0
scaling law(shown in Fig. 8 both with respect to the nutri-

ent consumption rat@ (to which it is proportiongl and to FIG. 10. Example of behavior of the hysteretic state equation

the rate of available nutrienp, (to which it is inversely betweeny® and the chemical concentrati@
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0.8 @ times (not shown here for brevily
0.6 Other chemicals, however, act in a nonreversible way:
o 044 e.g., they may change the receptors, so that they no longer fit
0.2 - and therefore do not absorb the nutrients. Or they may be
0.0 | metabolized an_d modif_ied, S0 th_at they can pind to different
0 200 400 600 800 1000 1200 receptors, again inhibiting nutrient absorption, i.e., effec-
time tively reducing the value ofy®%. Such a process may be
0.01 ®) introduced in our model by defining a hysterefioultival-
1 ued state equation betweeyfs and the chemical concentra-
8~ 0.0075 tion D. An example of the behavior of such a state equation
; is reported in Fig. 10.
0.005 —— Figure 11 simulates the effect of therapy by means of
0 200 400 600 800 1000 1200 such an “irreversible” kind of drug. Figure 14) shows the
time drug concentration in the tissue, when a three-cycle protocol
is applied. Figure 1(b) displays the effect ony®° of the
5049 .. Tumor untreated drug, for they®"-D state equation reported in Fig. 10. One
40 1 Tumor treated :,»" can observe three phases of alternatively decreasing and in-
30 e creasing values ofy®® in correspondence with the three

peaks of drug concentration in Fig. (&1, with a final value
¥2° lower than the initial valuey§®. Correspondingly, Fig.
11(c) shows alternating phases of reduction and growth in

cancer volume
N
o
1

0 ‘\f/or'ug therapy the tumor sizecontinuous ling If y2°<y,, at the end of the
-10 T T T T T T T T T T T _ f ; a
o 200 400 600 800 1000 1200 three-cycle therapy, latency is achieved evepdit>y.. By

contrast, the dotted line, which refers to the case of an un-
treated tumor with the same initial valug®, shows indefi-
FIG. 11. Time evolution of(a) the drug concentration in the pijte growth.

tissue during a three-cycle therapy protodbl, the corresponding Such a behavior is qualitatively similar to that recorded
value of y*, and (c) the consequent cancer growth profilid 1,y Boehmet al. in experiments which aimed to test the ef-
line). The dashed line refers to an untreated tumor with the same. -t of endostatin on different tumors in mif@). Endostatin
initial value of S, All quantities are expressed in arbitrary units. is a chemical affecting the capability of endotelial cells to

) o ) proliferate and consequently the occurrence of angiogenesis.
described in Figs. 6 and 7, corresponds to a region close t@, their experiments they have proved that a therapy protocol

the triple point among regression, latency, and unlimitechased on endostatin can induce latency after a suitable num-
growth. Such a result is in agreement with general biologicaher of applications.

observations, which usually find that natural systems are
close to instability and to a chaotic state.

time

VII. CONCLUSIONS

We have developed a mathematical model, based on the
local interaction simulation approach, which aims to a simu-

The existence of a sharp transition between the dormariation of the spatiotemporal evolution of neoplasies. The
phase and the indefinite growth region, due to either smalnodel consists of a set of “rules of the game,” which govern
changes of, or v?° according to the local conditions, has the interaction of cancerous cells among themselves and in
important implications for cancer therapy. In fact it is ex- competition with other cells populations for the acquisition
pected that the normal range of relevant parameters lies in@f essential nutrients. Although at the present time the com-
rather narrow band around critical valug&2,23. There a  parison between the results of our simulations and of clinical
properly delivered therapeutical agent may induce the tranexperiments may be only qualitative, we believe that the pro-
sition towards latency. To be more specific, let us assumeosed approach may be useful for better understanding the
that the effect of a certain drug is to inhibit the absorption ofbasic biodynamics of cancer growth. In fact, one of the major
a given nutrienfe.g., antibodies against transferrin receptorsdrawbacks of current hypotheses about cancer growth is that
[2]). Drug molecules diffuse to the target region and maythey are not able to predi¢tith the exception of few cases
attach to cancer cell receptors and occupy channels, whiobf chemical cancerogenesishether, in the absence of clear-
are normally used to acquire nutrients. In this process thegut changes in the metabolic status of the host, cancer devel-
act as decoys, thus reducing drastically the number of availeps or not.
able receptors. In our model, this mechanism is equivalent to Our model shows that cancer cells in the dormant state
a sudden decrease of the paramet&r (which is not different from the behavior of normal cells

Usually the above process is reversible, since the decoydisplay a “chaotic” nature, which is strictly dependent on
are quickly reabsorbed by the tissue. Thgti goes eventu- the specific value ofy.. A small increaséprobably unde-
ally back to its initial value and the effect of the therapy istectable in living organismsof y, leads to a state of expo-
reduced to just slowing down momentarily the tumor growth.nential growth. If this behavior will be confirmed vivo, it
The entire process can be easily simulated with LISA andvill be possible to explain the almost complete failure of
snapshots of the tumor growth may be obtained at relevargrimary prevention of cancer using biochemical parameters

VI. THERAPY
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and maybe suggest a different approach. of the algorithm, with a 3D treatmentThen all quantities,
Our simulations can also be used if the proposed model dhstead of being expressed in terms of arbitrary units, can be
therapy as a forced and irreversible “phase transition” inspecified quantitatively and meaningful predictions can be
parameter space is confirmed as a t@lfor selecting the attempted. Even so, the model, as it is, is probably too pre-
type of drug aimed to reduce eitheg or po, according to the  |iminary for a realistic comparison, but, as mentioned before,
local conditions;(b) for optimizing the number of drug ap- the approach is very flexible and new “ingredients” can be
plications and/or the time interval between successive applieasily added. An effort in this direction is presently in
cations;(c) for deciding on the relative amounts of drud)  progress in the case of tumors affecting the laryb&. In
for predicting the latest useful time of inception. In fact, Fig. this case, in fact, several effects which are not included in
11(c) clearly shows that drug therapy becomes ineffectuabyr model(e.g., angiogenesisre usually negligible.
once the tumor growth has progressed beyond a certain
threshold. However, it also shows that when the parameters
of the tumor are in the “chaotic” region, very low doses of ACKNOWLEDGMENTS
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