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Computational Model of Ductal Carcinoma
In Situ: The Effects of Contact Inhibition
on Pattern Formation
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Abstract—The computational model presented in this paper focuses on modeling ductal carcinoma in situ (DCIS), which is the
most commonly detected preinvasive form of breast cancer. The
model aims to understand the biological mechanisms and resultant growth dynamics of DCIS. The cellular automaton model
based on observed phenotypic characteristics of DCIS emphasize
the important role of contact inhibition on lesion pattern formation.
Computer simulations resembled the cribriform, micropapillary,
solid, and comedo patterns of DCIS. The model has led to insights
about the progression of the preinvasive disease such as possible
explanations for coexisting micropapillary and cribriform patterns
commonly found through histological analyses.
Index Terms—Cellular automata, ductal carcinoma in situ
(DCIS), pattern formation, theoretical biology.
Fig. 1. Initially, the local tissue environment involves the duct boundary composed of healthy epithelial cells, blood vessels, stroma, a cancer seed, and duct
lumen.

I. INTRODUCTION
HE PROGRESSION of ductal carcinoma in situ (DCIS) to
invasive ductal carcinoma (IDC) is still largely unknown.
IDC represents 75% of breast cancer incidence in the United
States. Normal function of the mammary parenchyma is a tightly
controlled process. The ducts of the mammary gland are composed of an inner layer of epithelial cells surrounded by a myoepithelial layer and then by a basement membrane (see Fig. 1).
Mutational abnormalities in the epithelial cell layer or its progenitor cells lead to the excessive proliferation known as DCIS
and IDC. While the exact natural history of ductal carcinoma
is still unclear, specifically regarding the progression from its
in situ to its invasive form, several classifications of the disease
have been established [1], [2].
Works explaining the underlying causes for the different
DCIS morphologies have not been found in the literature. One
reason for the ambiguous nature of DCIS is that when found, the
affected area is removed for the obvious benefits to the patient’s
health. This has made it necessary to study the disease with less
realism using in vitro methods, histological analyses, and animal models. The emerging field of theoretical biology, a mixture
of computer science, mathematics, and biology, is emerging as
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a standard method for studying tumorigenesis. There are many
challenges facing each method, which is why a combined effort must be realized in order to understand the complexities of
DCIS and IDC.
Morphologically, DCIS lesions are classified as cribriform,
micropapillary, solid, and comedo. Cross sections of a duct
containing cribriform DCIS present a pattern likened to swiss
cheese due to characteristic holes left unfilled by the neoplastic
cells. Micropapillary patterns are often found in the same duct
system with cribriform DCIS [3], [4]. Both types can have associated clinging patterns in which cancerous cells adhere to the
walls of the duct. It has not been established whether varying
pattern types found in the same duct are of differing genotypes
or merely behave differently due to the heterogeneity in the
microenvironment. Both solid and comedo DCIS fill the duct,
but comedo DCIS contains central areas of dead cells known as
the necrotic core. These cells die due to diffusion limitations of
essential nutrients.
Several mathematical and computational models have been
proposed, which attempt to describe different facets of DCIS
[5]–[9]. Franks et al. [5]–[7] represented the tumor as a Newtonian fluid growing in the duct. The growth of the tumor mass
was dependent on nutrient diffusion, and the tumor secreted
matrix degradative enzymes that decreased the basement membrane’s resistance to dilation [5]–[7]. In this case, tumor cells
were not modeled explicitly, excluding important aspects such
as cell–cell interactions. In another model, Xu modified a framework proposed by Byrne et al. to tumor growth within a cylinder [8]. This model reported that the patterns observed in DCIS
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Fig. 2. Cancer cell cycle flowchart shows the three possible nutrient-dependent processes that the cell can undergo during one iteration. When a cell divides, the
daughter cell prefers to enter a site that has an adequate number of neighbors for contact inhibition. The other daughter cell remains at site (i,j).

were based solely on nutrient diffusion and uptake by the neoplasm [8]. In this model, tumor cells were also not explicitly
considered since the tumor distribution was represented by nutrient gradients [8]. The third model, as proposed by Bankhead
et al., while using different cell types modeled on an individual
level, focused on analyzing different progenitor cell hierarchies
as have been proposed for mammary stem cells [9]. This model
incorporated an interesting mutational system and used a more
biologically based approach to modeling DCIS than the others,
yet did not emphasize specific cell–cell interactions or pattern
formation.
While each of the aforementioned models is unique in purpose and execution, in order to model complex behavior as seen
in vivo, the authors believed that discrete factors should be considered. The model developed in this paper incorporates specific
characteristics of DCIS such as intercellular interactions, nutrient consumption, hypoxia, a basic cell cycle, certain mutational
assumptions, characteristic extraductal vascularization, and dimensionally accurate necrosis in order to reproduce clinically
observed DCIS patterns.

corresponds to the microvessel density reported by Naccarato
et al. for normal mammary tissue [11]. The capillary distribution
was kept constant for the simulations presented.
The nutrient diffusion and nutrient uptake system was modified from a model proposed by Sansone et al. to work on an individual cell level using a hexagonal lattice. In the original model,
every point on the 2-D Cartesian grid could contain many cells
of differing types, which inherently limits modeling cell–cell
interactions [11]. The nutrients at any site diffuse between the
six neighboring sites based on concentration as described by
= ptij +
pt+1
ij

NN


t
t
t
(αij pti  j  − αi  j  ptij ) − γij
− ξij
+ ψij
(1)

ij 

A. Discretization and Nutrient Diffusion

where ptij represents the nutrient level at site (i, j) at the current
iterative timestep t. The nutrient diffusion coefficients αij and
αi  j  represent the relative rates at which nutrients flow through
different tissues. Capillaries maintain a constant nutrient level
t
that is updated for every iteration. The normal stromal tisψij
t
, which is
sue sites also uptake nutrients at a constant rate ξij
t
normally less than γij . This corresponds to the increased rate at
which cancerous cells uptake nutrients, and is given as


t
t
γij
= Γ 1 − e(−p i j /Γ )
(2)

The simulated duct, made up of only a single layer of normal
epithelial cells acting as the duct boundary, is placed at the
center of a 300 × 300 hexagonal grid. Each cell has a diameter
of 10 µm, and duct diameters in simulations shown here will be
either 440 or 900 µm in order to be consistent with the range of
duct sizes in vivo [5]–[7]. The myoepithelial layer and basement
membrane are not included here, but will be involved explicitly
in future work modeling the progression from DCIS to IDC. A
generic nutrient flows from 29% of the extraductal sites, which

where Γ is the saturation constant for nutrient transport into the
cancer cell. In the article by Sansone et al., multiple tissue types
such as bone and cartilage were included and considered to be
less permeable to nutrient flow, and consequently, had lower
values for αij at such sites [11]. Every cell type in this study
is assigned the same nutrient diffusion coefficient. Depending
on their internal nutrient level at any given iteration, cancerous
cells will either remain quiescent, enter a hypoxic state, die, or
divide. A flowchart for the cell cycle is given in Fig. 2. The

II. METHODOLOGY
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Fig. 4.
Fig. 3. If the necrotic cell is surrounded by four or more nonnecrotic cells for
200 iterations, it will be absorbed by the surrounding cancer cells and the site
will become empty. White cells are cancerous, dark gray cells are necrotic, and
the light gray site is luminal space.

cancerous cells have a metabolic rate β at which the nutrients
transported into the cell are used to sustain cell viability. Any
nutrients not used by a cell during the iteration are added to the
t
.
cell’s nutrient storage σij
B. Hypoxia and Necrosis
In this model, random apoptosis is not considered. Normal
hypoxia-induced apoptosis has been shown to be evaded by
some breast cancer cells [12]. For the simulated cases shown
later in this paper, necrosis will be the only form of cell death.
Before cell death occurs, cells can enter a hypoxic state in which
they require only 0.25β. Once the internal nutrients available to
a cell drop below 0.25β, the cell will become a necrotic entity
 
β
t
t
< 0.
(3)
σij + γij −
4
Once a cell dies, it can be absorbed into its surrounding if it
has more than three nonnecrotic neighboring sites. Otherwise,
the site will remain necrotic. As illustrated in Fig. 3, the necrotic
cell in the center site in example (a) only has three nonnecrotic
neighbors, while the central necrotic site in example (b) has four.
After 200 iterations of these configurations, only the necrotic site
in example (b) will become a luminal site, open to occupation
by a cancer cell.
C. Cell Division
Cancer cell division is governed by an algorithm for contact
inhibition as well as a nutrient dependence expressed by
t
t
+ γij
− β > Qm
σij

(4)

where Qm is the threshold level of nutrients required for cell
division. When (4) is satisfied, then the number of surrounding
sites occupied by either cancer or normal epithelial cells determines whether or not the cell’s division will be contact inhibited.
This model represents the role of E-Cadherin in epithelial cell
contact inhibition. E-Cadherin is a cell–cell adhesion molecule,
and its expression in DCIS has been shown to be significantly
decreased, especially in the high-grade comedo type [2]. As
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Indicated cells with their corresponding NCNs are able to divide.

a consequence of decreased expression of E-Cadherin, DCIS
cells become less sensitive to contact inhibition [13]. Other
mechanisms by which a cell’s sensitivity decreases in response
growth-inhibitory cell–cell contacts may exist, but are not explicitly represented in the DCIS model. The contribution of this
study is in the incorporation of these two ideas in a concise
fashion in order to provide an in silico experiment to determine
the possible effects of contact inhibition on DCIS pattern formation. Otherwise, direct observation via in vitro or animal models
using techniques to tightly control a continuous decrease in cell
response to contact inhibition would be required. To the best
of the authors’ knowledge, such a sophisticated system has not
been developed for studying DCIS pattern formation.
The physiological observations are simulated algorithmically
by considering the microenvironment in two dimensions. A
hexagonal lattice was chosen over a square lattice because, like
columnar epithelium, each site has six lateral neighbors with
which to interact. At the beginning of a simulation, the initial
cancer seed and any subsequent cancer cell is given an integer
value in the range from 2 to 6. This integer will be referred to
as the neighboring cell number (NCN). It is meant to represent
the amount of expression of, or lack of response to, E-Cadherinmediated contacts, and, in turn, the number of neighboring cells
required to arrest the cell cycle. Quantitative data have not been
found in the literature with which to directly correlate this system. In this sense, NCN values and probability combinations
were devised ad hoc based on the 2-D nature of the modeling
system.
In 2-D terms, the normal epithelial cell layer, as shown in
Fig. 4, consists of cells fully expressing E-Cadherin, and thus,
require only two neighboring cells, or NCN = 2, to be inhibited from dividing. Accordingly, if the cancer cells have a decreased level of E-Cadherin expression, or lack of response to
it, their NCN numbers will be higher. Fig. 4 shows cells which,
provided they have sufficient nutrients, are able to divide into
empty neighboring sites so long as their NCN is greater than
the number of cells surrounding them. NCN probabilities are
selected between two consecutive integers or can fall directly
on a single value. These probabilities will be referred to as
NCNX = Y %, where Y is the probability that the NCN value
for a cell at an iteration will be X. For example, in Fig. 4, the
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TABLE I
CONSTANT PARAMETERS AND INITIAL VALUES USED FOR ALL SIMULATIONS

cell with NCN2 = 100% is in contact with only one cell. Since
its number of neighbors is less than its current NCN value, this
cancer cell is not contact inhibited.
If a cell does not have enough nutrients to divide, has not
entered a hypoxic state, or is inhibited by contacts with neighboring cells, then the cell will remain quiescent and the stored
t
− β). If a cell does divide, then
nutrients will increase by (γij
each daughter cell will retain a third of the original cell’s stored
nutrients.
III. RESULTS
C++ was used to program the model, and Python scripting
through the Blender–Python Advanced Programming Interface
(API) was used to visualize the simulations. Each case shown
here uses the same parameters as given in Table I. These parameters were fit to produce architecturally valid Comedo DCIS
morphology since this pattern of DCIS is the most heavily influenced by nutrient diffusion. DCIS is typically classified into
low and high grades. These classifications are based on prognostic factors such as nuclear morphology, mitotic rate, and cell
differentiation. Low-grade types of DCIS include cribriform,
micropapillary, and solid that are less aggressive than the highgrade, comedo type.
A. Low-Grade DCIS
The cribriform type of DCIS in histological slides contains
areas where cells have not and supposedly will not invade. In
Fig. 5, cribriform growth simulation is visualized unto completion after 7600 iterations. The timestep in the program does not
explicitly relate to a biological time, but to the relative rates at
which cells divide and nutrients diffuse. In vivo, cells are usually well differentiated with polarized surfaces facing the open
areas. Low grade DCIS, including cribriform, was found to have
a significantly higher level of E-Cadherin expression than the
high-grade comedo DCIS [2]. Under histological analysis, holes
as well as slits are observed for cribriform DCIS.
Fig. 5 displays a chronological view of simulated cribriform
DCIS. Around i = 2000, some open areas have already reached

stable configurations that persist to the end of the simulation.
Another area can be seen forming in the upper portion of the
growth. The surface cells on the left of this area are in a stable
configuration; so, the peninsula of cells to the right of the open
area grow from right to left to fill the area in, as can be seen in the
snapshot at i = 4000. This pattern type is obtained during simulations with combinations of NCN3 and NCN4 probabilities or
NCN4 = 100%.
Fig. 6(a) shows simulated patterns from only varying NCN
probabilities. Each of these cases is shown after 25 000 iterations, and, in general, the lower values of NCN correspond to
decreased proliferation rates. This is an obvious product of the
model since cells with low values of NCN, or more normal ECadherin levels, have fewer possible configurations where cell
division is not inhibited.
The micropapillary-like structures begin, as with the other
simulations, with a single cancer seed neighboring only one
healthy epithelial cell. This allows a cell even with NCN2 =
100% to proliferate at least once. The patterns reach a stable configuration in relatively few iterations. In order to produce more complex micropapillary patterns as seen in vivo,
multiple cancer seeds could have been initiated along the duct
boundary. The solid pattern seen in Fig. 6(a) would appear as
a case of comedo DCIS, except that the duct diameter is only
440 µm, thus providing sufficient nutrients for the central cells to
survive.

B. Pattern Continuum Hypothesis
Each of the simulations discussed so far were performed under the assumption that the healthy luminal epithelial cells contribute to contact inhibition of the cancerous cells even though
the apical membrane of these epithelium do not normally express E-Cadherin in vivo. In this case, as shown in Fig. 6(a),
the cribriform patterns allow the formation of holes along the
duct boundary. In the case where the healthy epithelial cells
do not contribute to contact inhibition, as shown in Fig. 6(b),
the cribriform holes do not form along the duct boundary, but
the cancer cells cling to the sides during the evolution of the
simulated lesions.
When the boundary epithelial cells in the model do not
contribute to contact inhibition, which may well be the case
in vivo, interesting behaviors arise that may explain why clinging, micropapillary, and cribriform patterns can all be observed
in the same duct system. Micropapillary patterns are observed
in the model when the NCN3 probability dominates NCN4 , yet
after many iterations, the duct will be filled with the cribriform pattern. Intermediate stages also show clinging behavior.
Fig. 7 displays an example of this phenomenon for NCN4 =
0.029%. Micropapillary projections into the lumen eventually grow toward one another, forming the stable cribriform
configuration.
Under these conditions, the model indicates that it is possible
for the micropapillary and cribriform types of DCIS to exist in
the same duct and that the micropapillary patterns are merely
immature cribriform DCIS.
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Fig. 5. DCIS growth simulation demonstrating characteristic cribriform patterns. NCN4 = 95% and NCN3 = 5%. Nutrient distributions are superimposed over
the cancer cell map. The darker regions indicate lower nutrient concentrations. Assuming that the cells are 10 µm in diameter, the duct diameter would be 440 µm.

Fig. 6. Patterns simulated (from left to right): clinging, papillary, cribriform, and solid in which (a) the healthy epithelial layer contributes to contact inhibition
and (b) does not contribute to contact inhibition.

Fig. 7. When NCN3  NCN4 , there is a gradual progression from micropapillary patterns to a full cribriform pattern after 130 000 iterations.

in vivo, the duct is distended due to the pressure from proliferation and factors weakening the basement membrane [5], [15].
The simulation in Fig. 8 has a duct diameter of 900 µm with
NCN6 = 100%. The necrotic core is composed of coagulative
necrotic cells. The time at which the core starts forming and
the relative rate at which necrotic cells become luminal sites
are important factors in reproducing the comedo morphology.
For example, if the rate of necrotic to lumen progression is lowered from 200 iterations to 100, then the core will not form
fast enough to maintain the initial necrotic sites. The final result
would be a central lumen with insufficient nutrients to sustain
further cancer growth. If this were the behavior in vivo, then
pressure effects from the surrounding proliferating cells would
likely reduce this area. Such a pattern with an open lumen and
many viable cells is not seen in vivo.

C. Comedo DCIS
High-grade, Comedo DCIS contains a necrotic core surrounded by viable cells. The parameters in this model were
fit to produce a necrotic core that would form after a viable
rim of 315 µm, consistent with distances measured through
histological image analysis [14]. When comedo DCIS forms

D. Semiquantitative Validation
In order to assess the similarity of patterns reproduced by the
model with those displayed from histological slides of DCIS,
a simple image-analysis method was performed. The contours
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IV. CONCLUSION

Fig. 8. Necrotic core formation begins after 315 µm and is surrounded by
hypoxic and quiescent cells. As can be seen on the nutrient map in the lower
left-hand corner, the rate of nutrient diffusion is not great enough to overcome
the rate at which the cancer cells uptake the nutrients.

Pattern formation in DCIS is largely due to cell–cell interactions. A preliminary computational model for reproducing patterns such as clinging, micropapillary, cribriform, solid,
and comedo DCIS is presented and discussed. The major factors governing the course of the simulations are nutrient consumption and a gradual loss of contact inhibition related to
E-Cadherin expression, or an implicit lack of response to contact inhibition. Based on the model presented here, two possibilities arise to explain the relationship between the low-grade
micropapillary and cribriform patterns of DCIS. They are either separate entities within the same duct system or the micropapillary portions of the lesion are simply not fully grown
cribriform configurations. This could be determined experimentally through the histological analysis of whole ductal systems
affected by DCIS, where the micropapillary patterns and cribriform patterns are present and their respective physical locations
and molecular fingerprints are studied. If the model is correct,
then such an analysis could lead to determining approximate
starting locations, leading to a more accurate account of the
natural history of some types of DCIS.
The results from this model, although limited by fixed hexagonal geometry, give a realistic portrait of the morphological
history of DCIS from a single cell to micropapillary, cribriform,
solid, and comedo patterns. This model is a simplistic version
of the actual in vivo processes responsible for the formation of
DCIS lesions.
Future work will include modeling the progression to invasion, inclusion of growth promoting and inhibiting factors,
the effects of the immune system, variable cell geometry, and
biomechanical processes in both 2-D and 3-D.
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