Journal of Carcinogenesis

Research

On the emergence of multifocal cancers
Dominik Wodarz*!, Yoh Iwasa2 and Natalia L. Komaroval34

@)

BiolVled Central

Address: 'Department of Ecology and Evolution, 321 Steinhaus Hall, University of California, Irvine 92697, USA, 2Department of Biology, Faculty
of Science, Kyushu University, Fukuoka 812-8581, Japan, 3Department of Mathematics, University of California, Irvine CA 92692, USA and

4Department of Mathematics, Rutgers University, Piscataway NJ 08854, USA

Email: Dominik Wodarz* - dwodarz@uci.edu; Yoh Iwasa - yiwasscb@mbox.nc.kyushu-u.ac.jp; Natalia L Komarova - komarova@math.uci.edu

* Corresponding author

Published: 01 October 2004
Journal of Carcinogenesis 2004, 3:13  doi:10.1186/1477-3163-3-13

Received: 26 April 2004
Accepted: 01 October 2004

This article is available from: http://www.carcinogenesis.com/content/3/1/13

© 2004 Wodarz et al; licensee BioMed Central Ltd.

This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Several tumors can exist as multiple lesions within a tissue. The lesions may either arise
independently, or they may be monoclonal. The importance of multiple lesions for tumor staging,
progression, and treatment is subject to debate. Here we use mathematical models to analyze the
emergence of multiple, clonally related lesions within a single tissue. We refer to them as multi-
focal cancers. We find that multifocal cancers can arise through a dynamical interplay between
tumor promoting and inhibiting factors. This requires that tumor promoters act locally, while
tumor inhibitors act over a longer range. An example of such factors may be angiogenesis
promoters and inhibitors. The model further suggests that multifocal cancers represent an
intermediate stage in cancer progression as the tumor evolves away from inhibition and towards
promotion. Different patterns of progression can be distinguished: (i) If tumor inhibition is strong,
the initial growth occurs as a unifocal and self contained lesion; progression occurs through
bifurcation of the lesion and this gives rise to multiple lesions. As the tumor continues to evolve
and pushes the balance between inhibition and promotion further towards promotion, the multiple
lesions eventually give rise to a single large mass which can invade the entire tissue. (i) If tumor
inhibition is weaker upon initiation, growth can occur as a single lesion without the occurrence of
multiple lesions, until the entire tissue is invaded. The model suggests that the sum of the tumor
sizes across all lesions is the best characteristic which correlates with the stage and metastatic
potential of the tumor.

| Introduction

The occurrence of multiple lesions is observed in a variety
of cancers. That is, not one, but several lesions are
observed within a given tissue. Multiple lesions can occur
by two basic mechanisms [1-5]. Either they originate inde-
pendently by separate carcinogenic events, or they are
generated by a single transformation event (monoclonal
origin). Sometimes, the term "multicen-tric cancers” is
used to describe the occurrence of clonally unrelated
lesions, while the term "multifocal" refers to a mono-

clonal origin [6]. Clinically, it is important to determine
the nature of multiple lesions. The occurrence of multiple
lesions can be indicative of a familial cancer, especially if
they occur at a relatively young age. Examples are familial
adenomatous poliposis (FAP) in the colon, and familial
retinoblastoma [7]. The genetic predisposition of such
individuals renders multiple independent carcinogenic
events likely. Alternatively, multiple independent lesions
can be the result of a large area of tissue which has been
altered and is prone to the development of cancer, such as
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Barrett's esophagus [8], or by other mechanisms which are
not yet under-stood. On the other hand, genetic analysis
has indicated that multiple lesions in several cases have a
monoclonal origin [8-18]. Examples are mammary carci-
noma, gliomas, renal cell carcinoma, hepatocellular carci-
noma, and esophageal adenocarcinoma.

In this paper we focus on multiple lesions with a mono-
clonal origin. We will refer to them as "multifocal" can-
cers. The mechanism by which such multifocal cancers are
generated, and their relation to the stage and metastatic
potential of the cancer, are not fully understood [19]. Yet,
this understanding is important for decisions regarding
treatment and surgery. Here, we report that multifocal
cancers can be generated through the dynamical interplay
between tumor promoting and inhibiting factors. Mathe-
matical modeling indicates that somatic evolution away
from tumor inhibition and towards tumor promotion
results in the transition from a small contained tumor, to
multi-focal tumors, and finally to a large tumor mass
within a tissue. Multifocal tumors therefore represent an
intermediate stage in tumor progression. Several studies
have identified tumor promoting and inhibiting factors,
produced either by the tumor cells themselves, or by sur-
rounding tissue cells. An obvious example is angiogenesis
inhibition and promotion, where simple mutations can
change the balance away from inhibition and in favor of
promotion [20,21]. Other inhibiting factors which are not
related to angiogenesis have also been observed, although
their exact identity and function remain unknown [22].

2 Results

We start with a simple model which describes tumor
growth in relation to the production of promoters and
inhibitors. We then extend this model to describe the
local spread of cancer cells across space (tissue), and
examine somatic evolution of cells away from tumor inhi-
bition and towards promotion.

The basic model

We consider a basic mathematical model which describes
the growth of a cancer cell population, assuming that the
amount of blood supply influences the rate of cell divi-
sion. The model includes three variables: the population
of cancer cells, C; promoters, P; and inhibitors, I. It is
assumed that both promoters and inhibitors can be pro-
duced by cancer cells. In addition, inhibitors may be pro-
duced by healthy tissue. The model is given by the
following set of differential equations which describe can-
cer growth as a function of time,
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The equations are based on a previous study [23]. The
population of cancer cells grows with a rate r. Growth is
assumed to be density dependent and saturates if the pop-
ulation of cancer cells becomes large (expressed in the
parameter ¢). In addition, the growth rate of the cancer
cells depends on the balance between promoters and
inhibitors, expressed as P/(I + 1). The higher the level of
promoters relative to inhibitors, the faster the growth rate
of the cancer cell population. If the level of promoters is
zero, or the balance between promoters and inhibitors in
heavily in favor of inhibitors, the cancer cells cannot grow
and remain dormant [24-26]. Cancer cells are assumed to
die at a rate 0. Promoters are produced by cancer cells at a
rate a4, and decay at a rate b,. Inhibitors are produced by
cancer cells at a rate g; and decay at a rate b;. In addition,
the model allows for production of inhibitors by normal
tissue at a rate &

Insights from the model

The analysis of the model above is presented in detail in
the Materials and Methods section. It suggests the follow-
ing patterns. There are two outcomes. (i) The cancer cells
cannot grow and consequently go extinct.Thatis, C = 0, P
=0and I = 0. The cancer goes extinct in the model because
we only consider cells which require the presence of pro-
moters for division. If the level of promoters is not suffi-
cient, the rate of cell death is larger than the rate of cell
division. In reality, however, it is possible that a small
population of non-angiogenic tumor cells survives. Here,
we omit this for simplicity. (ii) The population of cancer

cells grows to significant levels, that is, C = C.

How do the parameter values influence the outcome of
cancer growth? The cancer extinction outcome is always
stable. The reason is as follows. The cancer cells require
promoters to grow. The promoters, however, are pro-
duced by the cancer cells themselves. If we start with a rel-
atively low initial number of cancer cells, this small
population cannot produce enough promoters to over-
come the presence of inhibitors. Consequently, the cancer
fails to grow and goes extinct. This outcome is always a
possibility, regardless of the parameter values. Significant
cancer growth can be observed if the intrinsic growth rate,
1, lies above a threshold relative to the death rate of the
cells, 5, and degree of tumor cell inhibition (a, and b, rel-
ative to a; and b, i.e. the production and decay rates of
promoters and inhibitors, respectively). The exact condi-
tion is given by (9). In this case, the outcome is either fail-
ure of cancer growth, or successful growth to large
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numbers. Which outcome is achieved depends on the ini-
tial conditions. Successful growth is only observed if the
initial number of cancer cells lies above a threshold. Then,
enough promoters are initially produced to overcome
inhibition. This provides an important barrier to the suc-
cessful growth of cancers. It could explain why it is diffi-
cult for cancers to escape angiogenesis inhibition, and
why autopsies often reveal the existence of multiple small,
non-pathogenic tumors which have failed to progress
[27].

Modeling the spread of tumors across space

In this section, we introduce space into the above
described model. We consider a one-dimensional space
along which tumor cells can migrate. The model is formu-
lated as a set of partial differential equations and is written
as follows,

aC 0O rC D] P O aCc?

— = C+D— 4
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The model assumes that tumor cells can migrate, and this
is described by the diffusion coefficient D,. Inhibitors can
also diffuse across space, and this is described by the dif-
fusion coefficient D;. It is generally thought that inhibitors
act over a longer range, while promoters act locally
[21,24]. Therefore, we make the extreme assumption that
promoters do not diffuse. Again, we ignore for simplicity
the production of inhibitors by healthy tissue, & As
before, numerical simulations indicate that results are not
changed qualitatively by this simplification. As men-
tioned above, the model considers tumor spread across
space. It is important to point out that we do not consider
long-range metastatic spread. Instead, we consider local
spread of a tumor within a tissue, such as the breast, liver,
brain, or esophagus.

Here we investigate the process of tumor growth and pro-
gression in relation to the degree of inhibition and pro-
motion. A mathematical analysis is presented in the
Materials and Methods section. Here we present biologi-
cal insights and results of numerical simulations.

Insights from the spatial model

We start with a scenario where the degree of inhibition is
much larger than the degree of promotion (a,/b,>>a,/b,).
This corresponds to the early stages when the tumor is
generated. We then investigate how tumor growth
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changes as the degree of inhibition is reduced relative to
the level of promotion (i.e. the value of a,/b, is reduced).
We consider the following parameter regions (Figure 1).

1. If the degree of inhibition is strong and lies above a
threshold, growth of the cancer cells to higher levels does
not occur (not shown). Only a small number of cells
which do not require promotion for survival would
remain.

2. If the degree of inhibition is weaker, the cancer cells can
grow. The spread across space is, however, self-limited
(Figure 1a). The cancer cells migrate across space. The
inhibitors produced by the cancer cells also spread across
space, while the promoters do not. Therefore, as the can-
cer cells migrate, they enter regions of the tissue where the
balance of inhibitors to promoters is heavily in favor of
inhibitors. Consequently, these cells cannot grow within
the space. They remain dormant and may eventually die.
In biological terms, this corresponds to a single coherent
but self-limited lesion (uni-focal). Note that this does not
mean that it is in principle impossible to generate more
lesions. It means that the space between lesions is bigger
than the space provided for cancer growth within the
tissue.

3. As the production of inhibitors is further reduced, we
enter another parameter region. Now fewer inhibitors dif-
fuse across space. We observe that multiple lesions or foci
are formed (Figure 1b). They are separated by tissue space
which does not contain any tumor cells. The separate
lesions produce some inhibitors, and they diffuse across
space. This explains the absence of tumor cells between
lesions. Because the production of inhibitors is weakened,
however, tumor growth is only inhibited in a certain area
around the lesion, and not across the whole space. How
many lesions are found within a tissue depends on the
parameters in the model, in particular on the relative
strength of inhibition and promotion (Figure 1b and 1c).
The stronger the degree of inhibition, the larger the space
between lesions, and the fewer lesions we expect. The
weaker the degree of inhibition, the smaller the space
between lesions, and the larger the expected number of
lesions. In biological terms, this corresponds to the occur-
rence of multi-focal cancers.

4. If the degree of inhibition is further reduced and lies
below a threshold, spread of inhibitors is sufficiently
diminished such that the tumor cells can invade the entire
space and tissue (Figure 1d). In biological terms, this cor-
responds to the most extensive tumor growth possible
within a tissue.

In summary, as the relative degree of inhibition is

reduced, the patterns of tumor growth change from
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Outcome of the spatial model depending on the relative balance of promoters and inhibitors, captured in the variable a;
Parameters were chosen as follows: r = |; §=0.1; a,= 5; b= 0.1; b;= 0.01; D= 0.00001; D,= 0.001; L = 2. For (a) a,= 3, (b),
a=2,(c),q=1,(d) g=0.I.
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absence of significant growth, to a single self-limited
tumor, to the occurrence of multiple foci, and to the max-
imal invasion of the tissue by tumor cells. Multi-focal can-
cers may arise through the dynamical interplay between
long range inhibition and local promotion. The following
section will examine this in the light of somatic evolution.

3 Discussion

We have shown how the pattern of cancer growth can
depend on the relative balance of promoters and inhibi-
tors. Here we consider these results in the context of
somatic evolution, and suggest some clinical
implications.

Somatic cancer evolution and progression

At early stages of cancer progression, the balance between
inhibitors and promoters is in favor of inhibition. Inhibi-
tors are likely to be produced by healthy cells (e.g. in the
context of angiogenesis), and they are more abundant
than an initiating population of transformed cells. In the
context of angiogenesis, specific mutations have been
shown to result in the enhanced production of promoters
or reduced production of inhibitors in cancer cells. Our
model has shown that such mutants have to be produced
at a relatively high frequency, so that a sufficient number
of promoting cells are present in order to ensure that
enough promoters are produced to overcome the effect of
inhibition.

Once the promoting cells have succeeded to expand, can-
cer progression can occur in a variety of ways according to
the model. How the cancer progresses depends on how
much the balance between promotion and inhibition has
been shifted in favor of promotion. We distinguish
between three possibilities (Figures 2, 3 &4).

(i) The balance between inhibition and promotion has
been shifted only slightly in favor of promotion, such that
self-limited growth of the cancer is observed (Figure 2).
That is, we observe a single lesion which can grow to a cer-
tain size but which is limited in the spread through the tis-
sue. In order to progress further towards the occurrence of
multiple lesions or towards more extensive invasion of
the tissue, further mutants have to be generated which are
characterized by enhanced production of promoters or by
reduced production of inhibitors. This introduces a new
problem: such a mutant will not have a selective advan-
tage, but is selectively neutral relative to the other cells.
This is because the promoters and inhibitors secreted
from one cell affect the whole population of cells. If the
mutant produces more promoters, not only the mutant,
but the entire population of tumor cells benefits. This
means that a mutant characterized by enhanced produc-
tion of promoters will not invade the tumor cell popula-
tion. Instead, we observe genetic drift which is stochastic

http://www.carcinogenesis.com/content/3/1/13

and not described by the equations considered here. The
model does, however, suggest the following (Figure 2): if
the population of mutant cells remains below a given
threshold relative to the rest of the tumor cells, it will not
alter the growth pattern. If the population of mutant cells
grows beyond a threshold relative to the rest of the tumor
cells, it can change the pattern of cancer growth, even if
the mutants do not become fixed in the population (Fig-
ure 2). The change can either be the generation of multi-
ple lesions, or invasion of the whole tissue, depending on
the amount by which the level of promotion has been
enhanced by the mutant cell population. The chances that
the mutant cell population drifts to levels high enough to
cause such a change in tumor growth depend on the pop-
ulation size of the lesion. The larger the number of tumor
cells, the lower the chance that the relative population size
of the mutants can cross this threshold. If this cannot
occur, further cancer progression not only requires the
generation of a mutation which enhances the level of pro-
motion, but an additional mutation which gives the pro-
moter mutant a selective advantage over the rest of the cell
population. That is, in addition to the mutation which
shifts the balance in favor of promotion, a mutation is
required either in an oncogene or a tumor suppressor gene
so that the mutant can grow to sufficiently high numbers
or fixation.

(ii) The first mutation shifts the balance between promot-
ers and inhibitors to a lager extent which is sufficient to
result in the generation of multiple lesions (Figure 3). The
multiple lesions do not, however, occur immediately.
First, the tumor grows as a single and self limited lesion
(Figure 3). Over time, this lesion bifurcates to give rise to
two lesions, or further lesions if the degree of promotion
is large enough relative to the degree of inhibition (Figure
3). The temporal sequence from a single and self-control-
led lesion to the occurrence of multiple lesions is the same
as in the previous case. But in contrast to the previous
case, no further mutations are required. This is because
multiple foci arise from the split and migration of a single
lesion. The number of foci that form depends on the exact
degree of promotion which was achieved by the initial
mutation. The higher the degree of promotion, the larger
the number of lesions. Growth beyond this number of
lesions (which will eventually result in maximal invasion)
then requires higher levels of promotion. This is in turn
achieved by further mutational events according to the
same principles as described in the previous section.

(iii) Finally, assume that the initial mutation shifts the
balance so much in favor of promotion that maximal
invasion of the tissue is possible (Figure 4). Now we
observe cancer progression without the generation of
multiple foci. Instead, a relatively small single lesion
expands in space until all the tissue has been invaded.
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Figure 2

Tumor progression if the initial mutant cell line has only shifted the balance between promoters and inhibitors slightly in favor
of promotion. This cell line can only give rise to self limited growth. Further tumor growth requires the generation of further
mutants. The new mutant in the simulation is depicted by the dashed line. Parameters were chosen as follows: r = |; 6= 0.1; a,
=5;bp=0.1;a,= 3; b;=0.01; D,=0.00001; D,= 0.001; L = 2. For mutant: ;= 0.5; ap = 20.
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Figure 3

Tumor progression if the initial mutant cell line has shifted the balance between promoters and inhibitors more substantially
towards promotion. Now, multiple foci can develop without the need for further mutations. The multiple foci develop, how-
ever, by first generating a single lesion which subsequently splits to give rise to two lesions during the natural growth process.
Parameters were chosen as follows: r = 1; §=0.1; a,= 5; b, = 0.1; ;= I; b;= 0.01; D= 0.00001; D,= 0.001; L = 2.
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In summary, the model predicts different modes of cancer
progression in relation to the evolution away from tumor
inhibition and towards promotion. A single cancer lesion
may spread across the tissue without the occurrence of
multiple lesions. Alternatively, the cancer can first grow as
a single, self-contained lesion. This can then bifurcate to
give rise to multiple foci, either as a result of additional
mutations, or as a result of the natural pathway by which
multiple foci are generated, depending on the degree of
tumor promotion conferred by the initial mutation. Fur-
ther evolutionary events can then induce the multiple foci
to become a single, maximally invasive mass. The occur-
rence of multiple foci therefore represents an intermediate
stage in tumor progression towards malignancy.

Clinical implications

The models discussed here show that multiple foci with a
monoclonal origin can develop through a dynamical
interplay between tumor promoters and inhibitors. The
cancer can only grow to high loads as a single mass if it has
largely escaped all inhibitory effects. Otherwise, the can-
cer is likely to grow via the generation of a relatively small
and self limited tumor which then bifurcates into multi-
ple foci until it finally invades the entire tissue. The occur-
rence of multiple foci is therefore an intermediate stage in
cancer progression. The higher the number of foci, the fur-
ther advanced the stage of cancer progression.

A clinically important step in carcinogenesis is the process
of metastasis. That is, the spread of tumor cells to the
lymph node, entry into the blood supply, and the spread
to other tissues. Various studies have investigated the met-
astatic potential of multi-focal compared to uni-focal can-
cers [19,28,29]. In uni-focal cancers, tumor size has been
found to be a predictor of metastatic potential. For staging
multi-focal breast carcinomas, it has been suggested to use
the diameter of the largest tumor only [19]. This, however,
assumes that the other foci do not significantly contribute
to tumor progression. According to our arguments, this
would under-stage the cancer. According to the model, the
number of foci correlates with the stage of the disease.
This has also been concluded in clinical studies, and is
supported by data which show reduced patient survival
with multi-focal compared to uni-focal cancers [19].
Moreover, because our model suggests that multi-focality
can occur as a result of reduced tumor cell inhibition, suc-
cessful metastatic growth might be easier to achieve.
Although under debate, some data suggest that inhibitors
produced by the primary tumor can prevent metastatic
cells from growing [24]. If multi-focality correlates with
reduced inhibition, then it could also correlate with an
increased chance that metastatic cells grow and do not
remain dormant.

http://www.carcinogenesis.com/content/3/1/13

Further, it is important to note that studies which aim to
assess the correlation between multi-focality and meta-
static potential should not only concentrate on the
number of foci, but also on the size of the foci. As we have
shown with the model, cancer progression might start
with a small single lesion which can be considered uni-
focal. It can then bifurcate to give rise to multiple foci, and
finally spread through the entire tissue. When such spread
occurs, the multiple foci turn into a big and single mass,
and this would again be considered uni-focal. Hence, the
cumulative size or volume of the tumor is likely to be the
best predictor of malignant progression.

4 Conclusions

In conclusion, we suggest that the balance between tumor
promoting and inhibiting factors might be an important
driving force which determines the pattern on cancer pro-
gression, and can account for the occurrence of multi-
focal cancers. The best worked out example of such pro-
moter-inhibitor dynamics is angiogenesis. In this context,
inhibitors are produced both by healthy tissue cells and
by tumor cells. During the course of progression, tumor
cells can mutate and evolve to produce less inhibitors and
more promoters. The initial establishment of an ang-
iogenic cell line is the most difficult step. Since the pro-
moting factors are produced by angiogenic cells
themselves, their initial abundance has to be sufficiently
high, such that the balance can be shifted away from inhi-
bition. This enables the population of cancer cells to
expand beyond a very small size. This growth can then
give rise to a self-limited uni-focal cancer which can bifur-
cate to give rise to multi-focal cancers. Further evolution-
ary events can finally lead to maximal tissue invasion. If
the initial mutation allows the cells to sufficiently escape
from inhibition, cancer progression can occur as a single
expanding mass without the occurrence of multi-focality.
These arguments not only apply to angiogenesis, but to
any tumor promoting and inhibiting factors where
inhibitors act over a long range while promoters act
locally. Therefore, the therapeutic use of inhibitors should
be further explored. This is an active area of research in the
context of angiogenesis [30], and the identification of
possible alternative inhibitors might open new avenues of
investigation in this context.

5 Materials and Methods
Here we present mathematical methodology used to ana-
lyze the equations described in the text.

Linear stability analysis of the ODEs
Here we discuss a linear stability analysis of system (1-3).
Let us first simplify the problem by using a quasistation-
ary approach, that is, we will assume that the level of pro-
moters adjusts instantaneously to its steady-state value (P
= Cap/bp). It is convenient to denote
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Now we have a two-dimensional system,

. O 0
Oa+eC)@+I1) 0

I=b,(yC-1I). (8)

For simplicity we ignore the constant input term, & which
describes the production of inhibitors by healthy tissue.
Numerical simulations have shown that results are not

altered qualitatively by this simplification.

There can be up to three fixed points in this system,
(C,I)=(0,0), and (CI)=(Cs, 1),

where I, = yéi, and

o Ty remwy ey +e-w) —aey
+_ .

2&ey

It is obvious that if y+ £- W< 0, and (y+ - W)2-4¢gy> 0,
then there are exactly three positive equilibria in the sys-
tem. If either of these conditions is violated, the (0,0)
solution is the only (biologically meaningful) stable
point.

Stability analysis can be performed by the usual methods.
For the (0,0) equilibrium, the Jacobian is

00 0 0O
O
Elfﬂly —br 0

that is, this equilibrium is always stable. For the points
(C,, L,), we get the following Jacobian,

O0-9(e-y-W+lh) Je-y-Ww-1)0O
0 2w 2yW O
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where we denote for convenience,

= \/(£+y—W)2 —4egy. It is easy to show that the

eigenvalues of this matrix for the solution (C_,I_) are

given by

1 2
—(—Y_ +/Y2 +16b,6WT )
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and for the solution ( Ci Iy ) we have eigenvalues

i(—n +, Y2 —16b;0WT )

4w

where Y + =2b)W + §(g- y- W £ I'). We can see that solu-
tion (C_,f _) is always unstable and we will not consider
it any longer. Solution ( C+ I, ), which we call for simplic-

ity (C‘,f ) from now on, is stable as long as

Y,>0 (9)
Turing stability analysis

Here we present a linear analysis of system (4-6). As
before, we are going to assume that promoters adjust
instantaneously to their equilibrium level. By replacing P

a
with C defined by P = b—pC , We can rewrite equation (4)
p
as

g Cra g 2
a—czﬁ—” —6H:+D o°C (10)
ot by(1+£C)(1+1)

This equation together with equation (6) gives a Turing
model.

Let us go back to the system of ODEs, (7-8), and assume

that solution ( C,I ) is a stable equilibrium. Of course, this
solution also satisfies the system of PDEs, (10,6). Let us
consider a wave-like deviation from this spatially uniform
solution:

C(x,t)=C +Acos(wx)em,

I(x,t) =1 +Bcos(wx)em.

Here, the amplitudes of the perturbation, A and B, are
small compared to the amplitude of the spatially uniform
solution, and we assume an infinitely large space. The
equation for the new eigenvalue, 1 is

-Dw? - A - O
det%ﬂ ¢ A 0= 0, (11)
ar _bl _DI(UZ _AH

where we define

szp
= N2 — > 0.
by(1+€C)°(1+1)

Cmp

= — — > O,
b,(1+£C)* (1 +1)

Page 10 of 13

(page number not for citation purposes)



Journal of Carcinogenesis 2004, 3:13

Equation (11) can be written as

A2+ Ab- a+ (D + D)a?) + aff- (b;+ Dyjo?)(a - Dea?) =
0. (12)

This is the dispersion relation which connects the growth-
rate, 4, with the spatial frequency of the perturbation, ®.
The stability conditions now are given by

b-a+ (Dg+D)@*>0, (13)

af- (b;+ Dy?)(a-DCa?)>0. (14)

Note that the stability conditions for solution (C,I) of
the system of ODEs, (7-8), are obtained automatically
from the conditions above by setting w = 0:

b-a>0,

(15)

af-ba>0. (16)

Inequality (13) is always satisfied because of inequality
(15). Let us derive conditions under which the spatially
uniform solution is unstable. This requires that condition
(14) is reversed. This can be expressed as follows:

F(w)=D\Deo* - @*y, + 1< 0. (17)

where we denoted for simplicity,
n=abD;-bDe y,= ayff - ab;> 0.

This is a fourth order polynomial, symmetrical with
respect to the line @ = 0, with a positive leading term. The
points, +|w|, satisfying

Ww=_Nn_ (18)
2D, D

correspond to the two minima of the left hand side of ine-
quality (17). Let us call these values of @, +@,. The condi-

tion F(w,) < 0 defines that the uniform solution (C,I) is
unstable.

Let us plot the function F(w) for different values of a;, see
Figure 5. For small values of a;, F(®) is strictly positive,
and the spatially uniform solution is stable. As g
increases, the function F(w) crosses the line F = 0. The crit-
ical value of a;, a;, for which F(®,) = 0, is determined
from

(aD;-bDc)? = 4DDe(a,B - ab,),

http://www.carcinogenesis.com/content/3/1/13

where ¢ and fboth depend on a;. We solved this equation
numerically to find the critical value of 4, , see Figure 5.

The applicability of the above analysis depends on the
parameters of the system. First of all, we need conditions
(15-16) to be satisfied. They mean that without diffusion,
a positive, spatially uniform solution is stable. Next, we
need to be in a weakly nonlinear regime, where the function
F(®) has only very narrow regions of @ corresponding to
negative values. More precisely, Aw ~ L1, where L is the
spatial dimension of the system. In terms of parameter a,,
we require that it is sufficiently close to a;,.. Then, we can
calculate the "most unstable" wavenumber, that is, o,
defined by equation (18), with a;,.. This value will deter-
mine the spatial period of the solution,

. 2m
Period = —. (19)
wC
Stationary periodic solutions
In numerical simulations described in this paper, we used
the following (Neumann) boundary conditions:

oC

aC _oI
0x

orj _or
=0 Ox

x=0 Ox

_ac

|l _a
x=0 Ox

orj _or
ez Ox

x=L Ox

=0.
x=

The simulation results are presented in the main body of
the paper. Here we discuss the behavior of the system in
the light of the analysis presented above. Let us assume
that the value g, is below the critical, 4, <a,,.. The system
exhibits bistability. If we start in the vicinity of a (0,0)
solution, then cancer will not grow and decay to zero. If
we start from a point (C, I) in the domain of attraction of

the solution ( C,1I ), then the system will develop towards
this positive spatially homogeneous stationary solution.

Next, let us suppose we have a; >a, , but make sure that it
is sufficiently close to g, (the exact meaning of "close" is
specified in the analysis above). Again, if the initial condi-
tions are close to the zero solution, then the zero state will
be the state that the system will attain. However, if we start

in the vicinity of the ( CI ) state, we will observe interest-

ing behavior. Solution ( C,I ) is now unstable, and we will
see "ripples" developing on top of this solution. This is
Turing instability. The spatial period of the ripple was cal-
culated in the previous section. Long-time evolution of
this state is of course not in the realm of linear stability
analysis, but we can predict that the spatial scale of the
resulting solution will be given by (19).

Finally, let us assume that g, is much higher than critical.

Now, solution (C,f ) is unstable even in the system of
ODEs. However, a periodic solution will develop, unless
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a=0.1

a=a,,=0.31

- 40

-0. 0005 |

Figure 5

a=0.4

Emergence of Turing instability. As g,increases through its critical value, the function F(®) (equation (17)) crosses zero. Nega-
tive regions of F(®w) correspond to unstable wave-numbers. The wave-number which becomes unstable first is denoted by ..
The parameters are as follows: r = |; §=0.1; a,= 5; b,=0.1; b;=0.01; D= 0.00001; D,= 0.001.

the initial condition is in the domain of attraction of the
zero solution. The spatial scale of the periodic solution is
determined intrinsically by the parameters of the system,
and it grows with a;. Intuitively this is easy to understand,
because higher values of a; correspond to higher levels of
inhibition, so the distance between regions of large C will
become larger. Note that the exact period of the periodic
solution is adjusted to fit the boundary conditions of the
system. For instance, with the Neumann boundary condi-
tions, the boundary points are forced to be troughs of the
wave-like pattern. In other words, the period of the solu-
tion must be an integer fraction of L.

References

l. Ruijter ET, Miller GJ, van de Kaa CA, van Bokhoven A, Bussemakers
M), Debruyne FM, Ruiter DJ, Schalken JA: Molecular analysis of
multifocal prostate cancer lesions. | Pathol 1999, 188:271-277.

2. Hartmann A, Rosner U, Schlake G, Dietmaier W, Zaak D, Hofs-
taedter F, Knuechel R: Clonality and genetic divergence in
multifocal low-grade superficial urothelial carcinoma as

determined by chromo some 9 and p53 deletion analysis. Lab
Invest 2000, 80:709-718.

Hafner C, Knuechel R, Stoehr R, Hartmann A: Clonality of multi-
focal urothelial carcinomas: 10 years of molecular genetic
studies. Int | Cancer 2002, 101:1-6.

Wilkens L, Bredt M, Flemming P, Klempnauer ], Heinrich Kreipe H:
Differentiation of multicentric origin from intra-organ met-
astatic spread of hepatocellular carcinomas by comparative
genomic hy bridization. | Pathol 2000, 192:43-51.

Tsuda H, Hirohashi S: Identification of multiple breast cancers
of multicentric origin by histological observations and distri-
bution of allele loss on chromosome 16q. Cancer Res 1995,
55:3395-3398.

Teixeira MR, Pandis N, Heim S: Multicentric mammary carci-
noma: evidence of monoclonal proliferation. Cancer 2003,
97:715-717. author reply 717

Marsh D, Zori R: Genetic insights into familial cancers-update
and recent discoveries. Cancer Lett 2002, 181:125-164.

van Dekken H, Vissers CJ, Tilanus HW, Tanke HJ, Rosenberg C:
Clonal analysis of a case of multifocal oesophageal (Bar-
rett's) adenocarcinoma by comparative genomic
hybridization. J Pathol 1999, 188:263-266.

Middleton LP, Vlastos G, Mirza NQ, Eva S, Sahin AA: Multicentric
mammary carcinoma: evidence of monoclonal proliferation.
Cancer 2002, 94:1910-1916.

Kupryjanczyk ), Thor AD, Beauchamp R, Poremba C, Scully RE, Yan-
dell DW: Ovarian, peritoneal, and endometrial serous carci-

Page 12 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10951399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10951399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10951399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7614478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7614478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7614478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12548617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12548617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12175530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12175530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10419593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8685209

Journal of Carcinogenesis 2004, 3:13 http://www.carcinogenesis.com/content/3/1/13

noma: clonal origin of multifocal disease. Mod Pathol 1996,
9:166-173.

I'l. Noguchi§, Aihara T, Koyama H, Motomura K, Inaji H, Imaoka S: Dis-
crimination between multicentric and multifocal carcino-
mas of the breast through clonal analysis. Cancer 1994,
74:872-877.

12.  Louhelainen J, Wijkstrom H, Hemminki K: Allelic losses demon-
strate monoclonality of multifocal bladder tumors. Int | Cancer
2000, 87:522-527.

13. Rosenthal AN, Ryan A, Hopster D, Jacobs IJ: Molecular evidence
of a common clonal origin and subsequent divergent clonal
evolution in vulval intraepithelial neoplasia, vulval squamous
cell carcinoma and lymph node metastases. Int | Cancer 2002,
99:549-554.

14.  Simon R, Eltze E, Schafer KL, Burger H, Semjonow A, Hertle L, Dock-
horn-Dworniczak B, Terpe HJ, Bocker W: Cytogenetic analysis of
multifocal bladder cancer supports a monoclonal origin and
in traepithelial spread of tumor cells. Cancer Res 2001,
61:355-362.

15. Antonescu CR, Elahi A, Healey JH, Brennan MF, Lui MY, Lewis J,
Jhanwar SC, Woodruff M, Ladanyi M: Monoclonality of multifocal
myxoid liposarcoma: confirmation by analysis of TLS-CHOP
or EWS-CHOP rearrangements. Clin Cancer Res 2000,
6:2788-2793.

16. Miyake H, Nakamura H, Hara |, Gohji K, Arakawa S, Kamidono S, Saya
H: Multifocal renal cell carcinoma: evidence for a common
clonal origin. Clin Cancer Res 1998, 4:2491-2494.

17.  Junker K, Thrum K, Schlichter A, Muller G, Hindermann W, Schubert
J: Clonal origin of multifocal renal cell carcinoma as deter-
mined by microsatellite analysis. | Urol 2002, 168:2632-2636.

18. Holland EC: Glioblastoma multiforme: the terminator. Proc
Natl Acad Sci U S A 2000, 97:6242-6244.

19.  Andea AA, Wallis T, Newman LA, Bouwman D, Dey ], Visscher DW:
Pathologic analysis of tumor size and lymph node status in
multifocal/multicentric breast carcinoma. Cancer 2002,
94:1383-1390.

20. Folkman J: Angiogenesis inhibitors generated by tumors. Mol
Med 1995, 1:120-122.

21. Folkman J: Role of angiogenesis in tumor growth and
metastasis. Semin Oncol 2002, 29:15-18.

22. Guba M, Cernaianu G, Koehl G, Geissler EK, Jauch KW, Anthuber M,
Falk W, Steinbauer M: A primary tumor promotes dormancy of
solitary tumor cells before inhibiting angiogenesis. Cancer Res
2001, 61:5575-5579.

23. Wodarz D, Krakauer DC: Genetic instability and the evolution
of angiogenic tumor cell lines (review). Oncol Rep 200I,
8:1195-1201.

24. Ramanujan S, Koenig GC, Padera TP, Stoll BR, Jain RK: Local imbal-
ance of proangiogenic and antiangiogenic factors: a potential
mechanism of focal necrosis and dormancy in tumors. Cancer
Res 2000, 60:1442-1448.

25. O'Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E,
Birkhead JR, Olsen BR, Folkman J: Endostatin: an endogenous
inhibitor of angiogenesis and tumor growth. Cell 1997,
88:277-285.

26. O'Reilly MS, Holmgren L, Chen C, Folkman J: Angiostatin induces
and sustains dormancy of human primary tumors in mice.
Nat Med 1996, 2:689-692.

27. Folkman |, Kalluri R: Cancer without disease. Nature 2004,
427:787.

28. Junker K, Schlichter A, Hindermann W, Schubert J: Genetic charac- Publish with Bio Med Central and every

terization of multifocal tumor growth in renal cell : :
carcinoma. Kidney Int 1999, 56:1291-1294. scientist can read your work free of charge

29.  Junker K, Schlichter A, Junker U, Knofel B, Kosmehl H, Schubert J, "BioMed Central will be the most significant development for

Claus.sen u: th°$e“et"' hlstopathologlf:, and immunologic disseminating the results of biomedical research in our lifetime."
studies of multifocal renal cell carcinoma. Cancer 1997, .
79:975-981. Sir Paul Nurse, Cancer Research UK

30. Folkman J: Angiogenesis inhibitors: a new class of drugs. Cancer

Biol Ther 2003, 2:5127-133. Your research papers will be:

« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 13 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8685209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8039114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8039114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8039114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10918192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10918192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11196186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11196186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11196186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10914725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10914725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10914725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9796982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9796982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12441999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12441999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10841526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11920492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11920492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11920492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8529090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12516034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12516034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11454710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11454710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11605033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11605033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10728711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10728711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10728711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9008168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9008168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8640562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8640562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14985739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10504478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10504478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10504478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9041160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9041160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14508090
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	1 Introduction
	2 Results
	The basic model
	Insights from the model
	Modeling the spread of tumors across space
	Insights from the spatial model

	3 Discussion
	Somatic cancer evolution and progression
	Clinical implications

	4 Conclusions
	5 Materials and Methods
	Linear stability analysis of the ODEs
	Turing stability analysis
	Stationary periodic solutions

	References

