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a  b  s  t  r  a  c  t

Colorectal carcinoma is acknowledged as the second leading cause of total cancer-related

death in the European Region. The majority of deaths related to colorectal carcinoma

are connected with liver metastatic disease. Approximately, in 25% of all patients, liver

metastatic disease is diagnosed at the same time as the primary diagnosis, while up to

a  quarter of others would develop liver metastases in the course of the illness. In this

study, we developed reaction-diffusion model and analyzed the effect of drug therapy on

liver  metastatic disease for a specific patient. Tumor volumes in specific time points were

obtained using CT scan images. The nonlinear function for cell proliferation rate as well

as  data about clinically applied drug therapy was included in the model. Fitting procedure

was used for parameter estimation. Good agreement of numerical and experimental results

shows the feasibility and efficacy of the proposed system.

©  2014 Elsevier Ireland Ltd. All rights reserved.

1.  Introduction

There are several theoretical methods that were developed to
simulate tumor growth, such as several mathematical models
[1–3], cellular automata [4], finite element methods [3–5] and
angiogenesis-based methods [6]. Out of all mentioned math-
ematical models, the reaction-diffusion model proposed by
Swanson et al. [1] increased reliability of the tumor growth
prediction process. Subsequently, in order to improve the
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reaction-diffusion model Clatz et al. [2] and Hoge et al. [3]
introduced biomechanical deformation.

Computer-aided systems have already been developed for
automated detection and classification of cancer [7]. In these
systems the computer analysis is performed using CT scan
images [8], tumor markers [9], tissue microscopy [10] or sim-
ilar. In this paper we present an approach to model tumor
progression using numerical simulation. Computer model-
ing of tumor progression based on new imaging techniques
is essential to improve apprehension of metastases growth
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process. Modeling the dynamics of a tumor should reveal
mechanisms of tumor activity in relation to critical biological
influences, time delays, medical interventions as well as grade
of tumor adaptation [11]. The developed model should provide
additional possibilities to analyze tumor response to differ-
ent treatment modalities. Similar approach was presented by
Chen et al. [12], where model predictive control was applied
to determine the optimal dosing of cancer chemotherapy.

The aim of this study was to numerically model the growth
of the tumor and the behavior of cancer cells over time, taking
into account the effects of applied drug therapy. Mathemat-
ical model that is used was proposed by Swanson et al. [1].
Even though this model is mainly used for brain tumors, it
can be used to simulate the growth of any tumor in general
[13]. However, the Swanson’s model is designed to describe the
untreated tumor growth. Extensions of this model were pro-
posed to include the effects of radiation therapy [13], resection
[14] and chemotherapy [15]. The novelty of this study is that we
extended the fundamental model in order to include the effect
of applied drug therapy, and this effect was modeled on both
tumor and cellular level. The effect of applied drug therapy
on the cellular level is modeled by introducing a relationship
between cell proliferation rate and drug concentration that
occurs due to the blocking of specific signaling pathways. This
case study was performed using clinical data of a patient who
suffered from inoperable liver metastatic disease, as a conse-
quence of colorectal carcinoma.

Colorectal carcinoma is acknowledged as the second lead-
ing cause of total cancer-related death in the European Region
[16,17]. Statistical projections for 2012 [18] accounted col-
orectum among four carcinomas which would be responsible
for about half of overall cancer deaths in the USA. More-
over, as it was also estimated for the USA region, colorectal
carcinoma would be represented in the first three most com-
monly diagnosed neoplasms in both men  and women, in
2012 [18]. According to the available data, similar assessments
were calculated for the region of Central Serbia in 2009. Esti-
mated standardized incidence and mortality rates per 100,000
populations were 35.7 and 19.8 for males, and 19.2 and 11.0
for females, respectively [19]. When colon cancer is investi-
gated, liver as the most common site of metastatic lesions is
explained through literature as a consequence of colon portal
drainage [17].

The paper is organized as follows. Clinical protocol, applied
drug therapy and CT scan examinations are explained in Sec-
tion 2. The analysis of CT images and numerical model are
also explained in this section. Then the fitting procedure for
parameter estimation and the results of numerical simulation
are presented in Section 3. Finally, discussion and conclusion
are provided.

2.  Materials  and  methods

2.1.  Clinical  protocol

The current case study was based on 72-year-old female
patient who  was initially diagnosed with intestinal obstruc-
tion and subsequently adenocarcinoma of sigmoid colon with
histopathologically observed spread in lymph nodes. The

Fig. 1 – Timeline of applied drug therapy and emphasized
moments in time when CT scan examinations were
performed.

patient underwent surgery which involved left hemicolec-
tomy. Afterwards, although patient was subjected to 176-days
long antimetabolite drug treatment, multiple liver metas-
tases were developed. Succeeding therapy included chimeric
anti-EGFR monoclonal antibody agent combined with four
other chemotherapeutics for 383 days. The study data com-
prised seven CT scan examinations. The first examination,
i.e. baseline imaging was performed ten days before the first
application of anti-EGFR specific therapy. Later 5 more  CT
scan examinations were scheduled averagely every 67 days,
during drug therapy. The close-out CT scanning was per-
formed 10 days after the last drug application. The timeline
of drug therapy (number of drugs applied in specific moments
in time) and specified points when CT scan examinations
were performed is shown in Fig. 1. For the purpose of the
current study metastatic lesion localized in the seventh and
sixth liver segment was selected for analysis. The complete
chemotherapeutic treatment and clinical evaluation was car-
ried out at Institute for Oncology and Radiology of Serbia.
The patient follow-up involved native and contrast-enhanced
3 mm-reconstructed images from 5 mm-thick CT scans per-
formed by Siemens SOMATOM Sensation Open.

2.2.  Generation  of  geometry  of  the  model

A model with patient specific geometry was created from
DICOM images of a CT scanner. Segmentation of the images
was performed using MIMICS software version 10.01 (Mate-
rialise, Leuven, Belgium) and it is then exported as surface
triangulation in stereolithography (STL) format. Finite ele-
ment meshes were generated using FEMAP software version
10 (Siemens PLM Software, Piano, TX, USA) and tetrahedrons
were created from the surface triangles. Finally, our in-house
developed software written in programming language C++ was
used for remeshing, i.e. conversion of tetrahedral elements to
8-node brick finite elements. During the creation of the finite
element mesh, a custom center of gravity (COG) algorithm was
used [20], together with the method proposed by Geuzaine and
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