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Abbreviations: EMT, epithelial-mesenchymal transition; 
MET, mesenchymal-epithelial transition; ODE, ordinary differential 
equation

Introduction
Cancer is a complex system that self-organizes far from 

thermodynamic equilibrium, exhibiting high plasticity and 
adaptability.1 It goes through three fundamental growth stages: 
avascular, vascular and metastasis,2 of all of them metastasis is the 
deadliest.3 In this stage the tumor invades nearby or distant organs.

The epithelial-mesenchymal transition (EMT) plays a fundamental 
role in embryonic development and metastasis.4 The metastasis of 
cancer is not only the most fatal stage but also the most complex one.5 
During this process cell-cell interaction and cell-membrane basal 
interaction is lost, this implies losing the polarity and the typical forms 
of the epithelial phenotypes, which occurs through genotypic changes.6 
The cells acquire then a Mesenchymal phenotype characterized by a 
high capacity for invasion and resistance to apoptosis.7

The reverse process of EMT is the mesenchymal-epithelial (MET) 
transition. Although this process occurs during normal development 
and reprogramming of stem cells, it is also related to the metastasis of 
cancer and the state of dormancy.8–10

An alternative to cancer treatments is chronotherapy, which 
consists in the application of a therapy taking into account the 
biological rhythms. This has been applied in cancer patients with 
positive results.11,12 Generic and cancer models have been developed 
using systems of differential equations, which include the effect of 
chronotherapy.13–16 It has been proved that external perturbations 
in some cases can be coupled with biological rhythms causing a 

decrease in temporal complexity.16 However, as far as we know 
there is no model that allows to relate the frequency and dose of 
an immunotherapy treatment in the stage of metastasis during the 
Epithelial-Mesenchymal transition. Therefore, the objective of our 
work is to propose a non-autonomous model of ordinary differential 
equations, based on a model previously developed by our research 
group.5

The methodology of work
Mathematical modeling of tumor growth makes it possible to 

describe their more regularities and it provides us with information 
for the application of more effective therapies, the development of 
drugs and taking clinical decisions against cancer.17,18 In this case, the 
modeling of two processes was carried out: immunotherapy and rate 
of EMT flow.

The immunotherapy, also called biologic therapy, is a type of 
cancer treatment that stimulates the organism’s natural defenses in 
order to fight it.19 Using substances produced by the organism or 
manufactured in a laboratory to improve or restore the function of the 
immune system.20 The immunotherapy can work in different ways: 
Stop or delay the growth of cancer cells or prevent spreading cancer to 
other organs. Monoclonal antibodies are a specific type of drug, which 
are manufactured in a laboratory. They can be used in various ways. 
For example, monoclonal antibodies can be used in a targeted therapy 
to block an abnormal protein in a cancer cell.21

It is known that the variation of the EMT alter drastically the 
behaviour of the metastatic tumour population,22 which suggests 
that EMT is a good checkpoint to treat cancer in this stage. For the 
modelling of both treatments, simulating a chronotherapeutic regime, 
periodic perturbations are introduced in a cancer model (Figure 1). 
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Abstract

Metastasis is resistant to conventional therapies and the main cause of death by cancer. 
In this article we discuss a non-autonomous model for the stage of cancer metastasis 
in which a periodic perturbation is introduced simulating the action of chronotherapy 
on the immune system and on the flow rate of the epithelial-mesenchymal transition. 
As a result of the perturbation, regions of less complexity are obtained, which implies 
less robustness or plasticity. These results allow us to delineate strategies for the 
chronotherapautic treatment in cancer metastasis.
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Figure 1 The network model for chronotherapy of the EMT.

In the model N represents the population of normal cells exposed 
to the tumour proliferation, H is the population of host cells in the 
surrounding environment;22 I is the cell population of the immune 
system (T lymphocytes and natural killer cells), and we use I=0.4;23 
N and H are considered constants because the number of these cell 
populations is greater that the tumor cells and for practical purposes 
their number does not vary.

The variables x; y; z represents the epithelial cell population in 
the a vascular, vascular and metastasis stages respectively, M is the 
mesenchymal cell population. The parameter k11 of EMT is a flow 
rate and its value is 0.1.24

The magnitudes C1 and C2 represent the perturbation to each of 
the control parameters. The control parameters determine the quality 
the dynamic of the system. This perturbation represents the periodic 
action of a treatment and it is a sinusoidal function.

Finally, ncp represents a non-carcinogenic product due to the 
interaction with the immune system. These steps shown in the model 
are related to processes that occur at the cellular level, mitosis, 
apoptosis and the form of tumor invasion through the EMT. The value 
of each of the constants was taken from our previous work.5

Results and discussion
To model the immuno-chronotherapeutics treatment, the sinusoidal 

function C1 is added as shown in figure 1. To solve the ODE system 
(1), the software COPASI (version 4.6.32) was used. However, the 
numerical integration was made through the implementation of the 
Gear algorithm for stiff equations, in Fortran with double precision 
and tolerance of 10-8.24 For the characterization of the dynamics, the 
power spectrum and the value of the exponents of Lyapunov were 
used. 

 The term A corresponds to the amplitude of the perturbation; in 
medical terms it would represent the dose and f is the autonomous 
frequency. The n represents a frequencies relation between the 
autonomous frequency and the perturbation frequency. Finally, 
t represents the time. The non-autonomous ordinary differential 
equations system is shown in (equation 1).
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dx
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For Solving the ODE system (1), for the value of k11= 0.1 and 
I=0.4 is shown in Figure 2.

Figure 2 Bifurcation diagram for the ODE system (1) for the value of 
k11=0.1 and I=0.4. The zones with red color represent the states with chaotic 
dynamics, the zones in green color represent the quasi-periodic states and the 
zones in blue represent the limit cycle states.
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The x axis represents the variation of the frequency values (n) and 
the y-axis represents the different doses A. The red and green zones 
are the predominant ones. The second ones represent states with a 
quasiperiodic dynamic and they do not have a defined oscillation 
period. They are a possible route to chaos.26 The blue regions are the 
useful ones, because they reduce the complexity of the system to a 
periodic state.

 When the cancer is in the stage of metastasis, it uses the 
mesenchymal epithelial transition in order to circumvent the body’s 
immune surveillance, as one of its strategies for the proliferation of 
the primary tumor and a secondary tumor.27 It can be observed in the 
bifurcation diagram (Figure 3) that, only in a small area of high doses 
and intermediate frequencies, the complexity of the system is reduced, 
to obtain a better result with this therapy or any other combined. 
This result corresponds to that reported in literature, where discrete 
advances have been made in the application of immunotherapy to 
tumors with advanced stages.28

Figure 3 Bifurcation diagram for the ODE system (2) for k11 = 0.1 and I=0.4. 
The zones with red color represent the chaos, the zones in green color 
represent the quasi-periodic states and the zones in blue represent the states 
in the limit cycle. The different tonalities of blue represent the amplitude of the 
oscillations, the lighter the less one oscillations and so on.

The addition of the perturbative term C2 to the EMT flow constant 
is shown below and the same mathematical treatment is performed 
with the ODE system as shown in equation (2).
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In figure 3 it is shown a bifurcation diagram of the dynamics 
resulting from the perturbation to the reaction of the EMT (eq. (2)). 
As can be seen appear a bigger region that exhibit the less complexity 
comparing with figure 2.

For values less than A=1, states of chaos and quasi-periodic are 
obtained, which implies zones of more complex dynamics than the 
limit cycle ones. As observed, treatments aimed at perturbing the 
EMT at low doses and frequencies can be performed, which would be 
less invasive and harmful for patients.

Cancer, as a first step to the metastatic cascade, manages to give 
greater mobility to tumor cells as well as a greater invasive capacity 
using the EMT.29 Thus, it provides cells with a new phenotype with 
greater resistance to therapies and apoptosis.

Influencing the EMT can achieve better benefits in the treatment of 
this disease. Some authors have recently suggested seeking therapies 
that use the transition to mesenchymal cells as a target.30 To achieve 
this, it must be considered the existence of hybrid states during the 
EMT31 and the current understanding of EMT from mathematical 
models of regulatory networks and existing experimental systems.32 
Other studies are aimed at the prognosis and determination of the 
stage of tumours through markers of EMT.33

Conclusions and remarks 
The results obtained allow the optimization of existing therapies, 

during metastasis. This is useful for patients whose physical conditions 
(age, sex, conditions, etc.) do not allow the use of conventional 
therapies such as chemotherapy or high frequency radiotherapy. 
They can also have a significant impact in terms of toxicity and 
recovery from the therapy because it is possible to obtain favourable 
results at low frequencies and amplitudes. In summary, it is found 
that: The most efficient treatment strategy is the one performed to 
chronoterapeutically disrupt the mesenchymal epithelial transition, 
due to less complexity of the system is obtained, which leads to less 
plasticity and adaptability of the cancer in the stage of metastasis. 
These results allow us to delineate strategies for the chronotherapeutic 
treatment in cancer metastasis.
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