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Abstract. Breast cancer is the second largest cause of death for women in the world. Cancer treatment is used to kill cancer cells,
remove cancer cells through surgery, or prevent cancer from getting the signal needed for cell division. Cancer treatment does
not necessarily have a good effect on patients. Breast cancer treatment with chemotherapy can effect heart health. Side effects of
chemotherapy on the heart is called cardiotoxicity. Therefore, we have constructed a mathematical model from the breast cancer
patient population in the hospital. A population is divided into five sub-populations. They are stage 1 and 2 (A), stage 3 (B), stage
4 (C), disease-free (D), and cardiotoxic (E). The model is constructed by using a differential equation system. The equilibrium
point and stability analysis are used to study the dynamics associated with time. Analysis of equilibrium point stability using Routh
Hurwitz criteria. Based on the analysis obtained an asymptotic stable equilibrium point. We verified the results of analysis with
numerical simulations. Numerical simulations have a result that an equilibrium point is always stable without conditions using a
variety of initial conditions. It is evident that the five sub-populations of patients will be stable when they reach the equilibrium
point.

Keywords: Breast Cancer, Mathematical Model, Cardiotoxicity, Cancer Stage, Differential Equation System.

INTRODUCTION

Breast Cancer is a malignant tumor that attacks breast tissue. Breast Cancer is the cancer with the highest incidence
based on data from The Global Burden of Disease Cancer Collaboration [1]. Breast cancer causes cells and breast
tissue to change shape to abnormal and grow out of control. Every woman in the world has a risk of developing breast
cancer. The World Health Organization (WHO) in 2004 stated that breast cancer was the second-largest cancer after
lung cancer. A survey was conducted by WHO states that 8-9 percent of women in the world solve breast cancer.

World health experts are still not sure what causes breast cancer. The medical world can only link several risk
factors that have an impact on the possibility of a woman experiencing breast cancer. Some cancer risk factors cannot
be changed, such as age and race. Some others can change over time, especially those related to environment and
behavior, such as smoking, drinking alcohol, and dietary arrangements.

The cancer stages determine the severity of cancer. The method used by doctors to describe the stage of cancer is
the TNM system (Tumor, Node, Metastasis). This system uses three criteria to determine the stage of cancer, namely
tumor size, spread to lymph nodes and spread to other organs (metastasis). The process of healing breast cancer is
easy to do if the cancer is detected since an early stage. The higher of the stage, the less chance of recovery

There are various types of cancer treatments; they are surgery, radiotherapy, hormone therapy, targeted therapy,
and chemotherapy. This cancer treatment is used to kill cancer cells, remove cancer cells, or prevent cancer cells from
getting signals for cell division. Chemotherapy is the most commonly performed cancer treatment. Chemotherapy is
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carried out using a cancer-killing drug (chemotherapy regimen) that is given intravenously (injected into a vein) or by
mouth.

Chemotherapy does not only have a good effect on the patient’s recovery but also hurts health. Treatment of
breast cancer with chemotherapy can cause adverse side effects on the heart, called cardiotoxicity. Cardiotoxicity of
chemotherapy has infected patients ranging from children to adults since thirty-five years ago [2]. Chemotherapy reg-
imens that often cause cardiotoxic are anthracycline and trastuzumab. Complications from oncological treatment of
anthracyclines and trastuzumab have dramatic clinical effects that can cause heart failure [3]. Prevention of cardiotox-
icity due to chemotherapy remains a challenge for cardiologists and cancer experts until now.

Mathematical modeling can be used to model a disease dynamics. The journey of mathematical modeling of
cancer was explained by [4] from 1954 [5] to 2004 [6] in his article. Mathematical modeling of cancer continues to
grow until now. Dixit et al. [7] discussed the mathematical model of chemotherapy for cancer treatment. The model
consists of specific tumor and energy cells in Adriamycin (chemotherapy drugs), while the energy of tumor cells
depends on various tumor cells. Schittler et al. [8] made a mathematical model with minimal parameters for low-
dose chemotherapy. They were taking into account angiogenic signals between tumors and vasculature as well as
tumor inhibitory effects from tumor-immune system interactions. Jordao and Tavares [9] constructed a deterministic
mathematical model are derived from biochemical models within a human cell in two distinct cases, for comparison:
healthy cells and cancerous cell. Mahlbacher et al. [10] use mathematical modeling for the experimental investigation
that is suggested to measure and predict interactions between Tumor and Immune.

Some studies specifically discussing breast cancer mathematical models are as follows. A mathematical model
of breast cancer development local treatment and recurrence by Enderling et al. [11]. The breast cancer model uses
the growth rates of clonal expansion of intermediate cells and mutation rates as parameters and builds two-six stage
models to fit the agespecific incidence of breast cancers in the surveillance, epidemiology, and results (SEER) registry
by Zhang, X. et al. [12]. Model of cancer treatment with radiotherapy and chemotherapy by Liu and Yang [13]. The
breast cancer model focuses on its heterogeneity and the role of mathematical modeling and simulation in teasing
apart the underlying biophysical processes by Simmons, A. et al. [14]. In previous studies no one has discussed the
mathematical model of breast cancer at the patient population level.

In contrast, in the previous research, this study discusses mathematical models at the population level of people
with cancer. We construct the Mathematical Model Analysis of Breast Cancer Stages with Side Effects on Heart in
Chemotherapy Patients. The model consists of sub-populations of stage 1 and 2 (A), stage 3 (B), stage 4 (C), disease-
free (D), and cardiotoxic (E). The five sub-populations are modeled by forming a system of differential equations.
Equilibrium point analysis and stability used to determine the dynamics of the five populations with time. Numerical
simulations enhance the results of dynamic analysis. Numerical simulation were use to visualize the results of the
dynamic analysis obtained.

RESULTS

The first discussion is about how to build mathematical models of population dynamics in cases of breast cancer
cardiotoxicity. The second is on dynamic analysis, which calculates equilibrium points and determines the stability of
equilibrium points. The third discussion is a numerical simulation, which is the result of simulation using numerical
methods. The last is a discussion, which discusses the conclusions from the results of dynamic analysis and simulation,
as well as appropriate medical actions based on the model.

Model Construction

This study took the case of breast cancer patients in the "TULIP” Installation of RSUP dr. Sardjito Yogyakarta. The
person affected by cancer is assumed to occur when the person comes first to the hospital. It is assumed that there
were no healthy patients when they first arrived at the hospital. At the time of the first medical record, the patients
are classified into sub-populations of stage 1 and 2, stage 3, or stage 4. In the process of treatment at the Hospital, all
cancer patients are assumed to receive chemotherapy treatment. Patients will experience changes in the severity of the
cancer over time, so that each sub-population will experience changes in the number of individuals. There are patients
whose disease is getting worse, there are patients who experience recovery (disease-free), and there are patients who
experience cardiotoxic during the chemotherapy process. Changes in population dynamics from these sub-populations
are depicted in a diagram called the compartment diagram.
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The model was constructed from five compartments representing sub-populations of breast cancer patients. Each
sub-population is represented by variables A, B, C, D, and E. sub-population A represents patients with Ductal Carci-
noma In Situ cancer, stage 1, 2A, and 2B. sub-population B represents stage 3A and 3B cancer patients. sub-population
C expresses stage 4 cancer patients. sub-population D represents cancer patients with disease-free conditions af-
ter chemotherapy. In disease-free conditions, cancer is no longer seen by observation. sub-population E expresses
cancer patients who have cardiotoxicity. The compartment diagram is shown in FIGURE 1. Rate of change from
each sub-population is expressed in a system of differential equations as in equation (1). Note the set defined by
Q ={A,B,C,D,E)JA>0,B>0,C>0,D>0,E > 0}. That is, all solutions satisfy (A(z), B(¢), C(¢), D(¢), E(t)) € Q
for all ¢, if (A(0), B(0), C(0), D(0), E(0)) € Q. All parameters described in TABLE 1 are assumed to have positive
values.

FIGURE I: Compartment Diagram
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Stage 1 and 2 cancer patients were placed in one sub-population A because the number of individuals both in
the Hospital was relatively smaller than the other sub-populations. This is because most cancer patients who have
undergone treatment have developed advanced cancer. Patients who first received treatment were diagnosed with
stage 1 and 2 cancers included in the sub-population A with rate ;. Patients with sub-population A who have been
chemotherapy have two possibilities, namely recovery (disease-free) with rate psp or worse with rate (4.

The patients who were first treated at the Hospital were mostly suffering from stage 3 cancer, so they were
grouped in sub-population B with rate #,. Patients in sub-population B were able to die from cancer with rate y;.
Patients who are in this sub-population, after they experience chemotherapy can become a disease-free with rate ugp
and can also become worse with rate upc. sub-population B with more intensive chemotherapy than sub-population
A can cause patients to experience cardiotoxicity with rate ypg.

Patients who are treated for the first time can also enter into sub-population C because cancer has undergone
metastasis or stage 4. During this condition, it is unlikely that chemotherapy treatment can cure cancer, so the rate
towards a disease-free with rate ucp is assumed to be the least compared to uap and upp. Conversely, the rate ucg
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towards cardiotoxic is assumed to be of great value because the patient is experiencing very intensive chemotherapy.
This sub-population also experienced cancer deaths with rate ;.

Disease-free in sub-population D can be increased from patients with sub-populations A, B, and C. The condition
of this disease-free can last forever or only briefly. If it only lasts for a while, then patients in the sub-population D
can return to be sub-populations of B and C with their respective rates are uppg and ppc. An extended period of sub-
population D can also directly experience cardiotoxicity with rate upg. Patients who experience cardiotoxicity or who
are in the sub-population E can experience cardiac death with rate ;.

TABLE 1: Parameter Description

Parameter Description

0 Number of new patients diagnosed to suffer in stage 1 and 2 cancer

6, Number of new patients diagnosed to suffer in stage 3 cancer

03 Number of new patients diagnosed to suffer in stage 4 cancer

HAB Increased rate from stage 1 or 2 to stage 3 (progressive disease)

HAD Rate of stage 1 or 2 patients who experience a complete response
UBD Rate of stage 3 patients who experience a complete response

Upc Increased rate from stage 3 to stage 4 (progressive disease)

UBE Rate of stage 3 cancer chemotherapy patients who experience cardiotoxic
Ucp Rate of stage 4 patients who experience complate response

UCE Rate of stage 4 cancer chemotherapy patients who experience cardiotoxic
UDB Rate of disease-free patients who relapse back to stage 3

Upc Rate of disease-free patients who relapse back to stage 4

UDE Rate of disease-free patients who experience cardiotoxic

Y1 Death rate of cardiotoxic patients

V2 Death rate of stage 3 cancer patients

V3 Death rate of stage 4 cancer patients

Dynamical Analysis

Dynamic analysis performed on systems of equations (1) include calculation of equilibrium points and stability anal-
ysis. Investigation of equilibrium and stability points was used to determine the dynamics of the five populations over
time. In analyzing the stability of equilibrium points using the Routh Hurwitz criterion. The Routh Hurwitz crite-
rion determines conditions for left half plane (LHP) polynomial roods and cannot be directly used to investigate the
stability of discrete-time systems. For characteristic equation

ap "+ ap A"+ v d+ag =0 )
/1”1 a, ap-
A anp—1 ap-3 -*°° —det( Qn ap-2 ] _ det a ap—4
n=2 dp—1 d4p-3 a1 dau-s .
The Routh Array Z by by where by = na . by = "u : z . The system is

L0 0 0
stable (all Re(py) < 0 < all poles lie on LHP) iff the element of the first column of the Routh Array have same sign.
The number of sign change is the number of poles that lies on the RHP [15].

Equilibrium Point

From the system of equations (1) we get an equilibrium point, which is & = (A*, B*,C*, D*, E¥), with A*, B*, C*, D*,
and E* values are given in equations (3). The values of a, 8, o, v, p, and k1, k2, k3, k4, ks are given afterwards. Based on
the equilibrium point, all sub-populations are positive, so it can be concluded that the equilibrium point exists without
conditions.
a B . o . %
14*:—’3*:—’6'*:—,D}F N =
ki kip kip kip kipy

Il
|
™

3
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@ = (ksupp + (UpE + ppc) 3 + (UpE + pC) HCE + UDEHCD) O2piAB
+ (k361 + ucpB3) upp + 01 (UpE + 1pc) ¥3 + (UpE + Upc) HcE + MDEHMCD) HAB
+ap ((ksppp + (UpE + ppc) ¥3 + (UpE + ppc) pce + Mpepcp) 02 + (kb + ucp63) upp)
B = (koupc + (upp + upg) pc + (y2 + ppp + BE) UpE + HpB (V2 + pBE)) k163
+(((61 + 62) pupc + (y2 + ppp + ppE) 01 + uppba) upc + (G2ptpe + ppp (61 + 62)) pc) Hap
+ ((upc + upp) ppc + (Hpp + ppE) pse) (01 + 62) pap

o = ((k2B1 + (62 + 63) upp + ppcr + 63 (y2 + e + ppe)) pep + (k201 + ppp6a) (v3 + pck)) Hap
+uap (((Wpc + upp) 01 + (62 + 63) upp + ppcbr + 03 (v2 + ppe + ppe)) ep + ppp (01 + 62) (v3 + ice))
v = ((61 + 6+ 63) upe + (y2 + ppc + 1pp) 61 + (upc + ppp) 02 + 63 (y2 + upc + Upp)) UDEHADUCE

+ (upp + ppc) (01 + 02 + 63) upe + (upp + pc) e + Hpc (Y2 + iaDp)) 61
+ ((ups + upc) pac + pBpipc) 62 + ((Ups + Upc) wsc + 2B + Hpc (Y2 + psp)) O3papiicE
+(((01 + 02 + 603) upe + (upc + ppp) 01 + (upc + ppp) 02 + 03 (2 + ppc + D)) UDE) HABHCE
+ ((upp + ppc) (01 + 62 + 63) upe + ((pp + tpc) e + HepiDC) 01) HABHCE
+ (((pB + ) psc + 1epipc) 62 + (Upp + pc) e + Yapps + ipc (Y2 + BDp)) 63) HaBHCE
+upetap (3 + pep) 01 + (y3 + pep) 62 + O3pcp) pse + (v3 + pep) (v2 + sce + psp)) 01
+ (((upc + pap) ep + V3ipp) 02 + O3pcp (Y2 + e + UBD)) HDEMAD
+upe ((y3 + pep) ppsdt + (Wpscp + ¥3 (Ups + upc)) 62 + Gspicpiips) Hap
+uapppe (v + pep) 1 + (v3 + pep) 02 + Os3pcp) use (Usce + pap) Hep + V3iap) 01)
+uaptpe (((Usc + pep) Hep + Y3psp) 62 + O3pcp (Y2 + wsc + psp))
+upepas (Upspcp + 3 (Ups + ppc)) 61 + (upspicp +¥3 (Ups + Upc)) 62 + O3picppps)

p = kskoupe + ((ups + upc) y2 + (Ups + ipc) UBE + pBcppB + (UBc + UBD) UpC) V3
+ ((upp + pc) y2 + (ups + pc) BE + Uacipp + (e + MBDp) Upc) HcE + Heppps (Y2 + UBE)

and ky = pap + pap, ko = ppp + ptpc + 1pe + ¥2,k3 = ficp + pce + ¥3, ks = ppp + fipc + UpE, ks = y1.

Stability

Next, we look for stability from the equilibrium point. To determine the stability of the equilibrium point, the equation
is first made in the form of a matrix

F = KG+0O
A —ky 0 0 0 0 A 0,
B Hap —ko 0 upg O B 6,
c| = 0 ppc —ks wpc O C [+]| 6 “
D Map fBD Hcp —ka 0 D 0
E 0  uge Hce MpeE —ks E 0

Equation K is a coefficient matrix. The characteristic equation is calculated using the formula

-k -4 0 0 0 0
Hap  —ko—24 0 HDB 0
K —All = 0 Mpc  —k3—=A  upc 0 Q)]
HAD HUBD Hep —ki—A4 0
0 HBE HCE Hpe  —ks—A4

The Routh Hurwitz criterion are used to determine the stability of the equilibrium point based on the characteristic
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equations that have been obtained. Based on the Routh Hurwitz criterion obtained the Routh Table as follows

A1 o+ +
A+ o+ 4+
2+ + 0
2+ + 0 ©)
A + 0 0
1 + 0 O

The ”+” symbol explains that the elements of the Routh Array are positive. It can be seen from the Routh Array that
all elements are positive and zero, meaning that all real eigenvalues are negative. So that it can be concluded that the
equilibrium point in this system is asymptotically stable.

Numerical Simulation

In this section, we verified the results of analysis with numerical simulations. Numerical simulations are carried out
using parameter values 6; = 5,6, = 20,603 = 11, uap = 0.63, uap = 0.56, upp = 0.35, upc = 0.62, uge = 0.30, upc =
0.42, upp = 0.36,upg = 0.30, ucp = 0.10, ucg = 0.30,y; = 0.4,y, = 0.5, and y3 = 0.8. Based on these parameter
values, an equilibrium point & is obtained, where A* = 4.2, B* = 14,45,C* = 19.77,D* = 8.96, E* = 32.39. The
numerical simulation results are shown in FIGURE 2.

Cardiotoxic Mathemaftical Model

—— Stage 1 &2
= Stage 3
Stage 4
== [iazase Fre
= Cardictoodic

Mumber of Breast Cancer Patients

[i] 2 4 [:] 8 10 12 14 16
Time {)

FIGURE 2: Simulation result with initial condition A(0) = 14, B(0) = 30, C(0) = 20, D(0) = 10, E(0) = 10

FIGURE 2 shows the equilibrium conditions occur from 7th time period. The stage 1 and 2 sub-populations
from the initial condition with 14 patients dropped to 4 patients in equilibrium conditions. Likewise, the stage 3 sub-
population from the initial condition of 30 patients fell to 14 in equilibrium conditions. Relatively constant conditions
occur in the Disease-Free and Stage 4 sub-populations, both of which do not show a significant change in population
from the initial condition to equilibrium. The stage 4 sub-population from 20 to 19 and the disease-free sub-population
from 10 to 8. Unlike the case with the cardiotoxic sub-population, this population experienced a significant increase
from the initial number of 10 patients drastically increasing to 32 patients in equilibrium conditions. The results of
this simulation are stated as initial simulation. The second and third simulations are performed by reducing the relapse
rate and cardiotoxic rate.

FIGURE 3a shows the simulation results by reducing the relapse rate, ie, upg and ppc to 0, 1 for both. Simulation
results show that the disease-free sub-population increased to 19 patients at equilibrium. Although it managed to add
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Cardiotoxic Mathemaftical Model

40

Stage 1 &2
Stage 3
Stage 4
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Mumber of Breast Cancer Patients

Time {)

(a) Simulation results by reducing parameter values ucg and ppg

Cardiotoxic Mathematical Model
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25 q
Stage 1 &2
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4
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E 15
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£ 10
E
El
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1] 2 4 & a 10 12 14 16

Time: {)
(b) Simulation results by reducing parameter values ppc and upg

FIGURE 3: Simulation result with reduce the relapse rate and cardiotoxic rate

people who recovered, cardiotoxic sub-population also experienced a significant increase. Cardiotoxic sub-population
reached 37 patients in a stable condition. Other sub-populations are relatively the same as initial simulation. FIGURE
3b is carried out by reducing the value of the cardiotoxic rate, ie, yucg and ugg to 0.1 for both. FIGURE 3b shows
that the disease-free sub-population increased slightly to 10 patients. Another positive thing was also seen from the
cardiotoxic sub-population, which decreased the population to 18 patients at the time of equilibrium. For stage 3 sub-
population, it increased slightly compared to the initial simulation. For other sub-populations, it is relatively the same
as the initial simulation.

060007-7

1€:8€:€Z ¥20¢ Joquialdas 2o



DISCUSSION

In this study, a mathematical model was constructed with five variables and sixteen parameters. Mathematical models
made according to medical phenomena about the chemo cardiotoxicity of breast cancer patients. The model consists
of three sub-populations of breast cancer patients by stage, one disease-free sub-population, and one cardiotoxic sub-
population. A dynamical analysis is carried out to determine the dynamics of the number of individual sufferers in each
sub-population at any time. The results of the dynamical analysis is a stable equilibrium point. Numerical simulations
are made to verify the behavior of solutions around the equilibrium point.

Based on the results of simulations, it can be concluded that if all parameters are assumed to be constant, the
state of the population will be stable at a particular time with any initial conditions. This shows that the equilibrium
point of the system proved to be stable without conditions. By reducing the relapse rate, an unexpected result is
obtained, which is an increase in cardiotoxic sub-populations. Better results are obtained when reducing cardiotoxic
rates. Under these conditions, the number of disease-free sub-populations increases, and the number of cardiotoxic
sub-populations was decreases dramatically.

From the three simulation results, a practical solution is obtained in minimizing the number of cardiotoxic suf-
ferers and increasing the number of patients recovering or experiencing a complete response after chemotherapy. The
solution is to reduce the cardiotoxic rate of stage 3 and stage 4 sub-populations. In further research, we modified the
system by considering psychological factors from cancer patients. The patients who undergo chemotherapy treatment
interact with each other, so that it has an impact on the patient’s psychological factors.

REFERENCES

[1] C. Fitzmaurice, D. Dicker, A. Pain, H. Hamavid, M. Moradi-Lakeh, M. F. MacIntyre, C. Allen, G. Hansen,
R. Woodbrook, C. Wolfe, et al., “The global burden of cancer 2013,” JAMA oncology, vol. 1, no. 4, pp. 505—
527, 2015.

[2] I. Vasiliadis, G. Kolovou, and D. P. Mikhailidis, “Cardiotoxicity and cancer therapy,” Angiology, vol. 65,
no. 5, pp. 369-371, 2014.

[3] V. Mercurio, F. Pirozzi, E. Lazzarini, G. Marone, P. Rizzo, G. Agnetti, C. G. Tocchetti, A. Ghigo, and
P. Ameri, “Models of heart failure based on the cardiotoxicity of anticancer drugs,” Journal of Cardiac
Failure, vol. 22, pp. 449-458, June 2016.

[4] H. M. Byrne, “Dissecting cancer through mathematics: From the cell to the animal model,” Nature Reviews
Cancer, vol. 10, no. 3, pp. 221-230, 2010.

[5] P. Armitage and R. Doll, “The age distribution of cancer and a multi-stage theory of carcinogenesis,” British
Jjournal of cancer, vol. 8, no. 1, p. 1, 1954.

[6] T. Alarcon, H. Byrne, and P. Maini, “Towards whole-organ modelling of tumour growth,” Progress in bio-
physics and molecular biology, vol. 85, no. 2-3, pp. 451-472, 2004.

[7] D. S. Dixit, D. Kumar, S. Kumar, and R. Johri, “A mathematical model of chemotherapy for tumor treatment,”
Advances in Applied Mathematical Biosciences, vol. 3, no. 1, pp. 1-10, 2012.

[8] H. Schiittler, U. Ledzewicz, and B. Amini, “Dynamical properties of a minimally parameterized mathematical

model for metronomic chemotherapy,” Mathematical Biology, vol. 72, pp. 1255-1280, June 2016.
[9] G. Jordao and J. N. Tavares, “Mathematical models in cancer therapy,” BioSystems, vol. 162, pp. 12-23,
September 2017.

[10] G. E. Mahlbacher, K. C. Reihmer, and H. B. Frieboes, “Mathematical modeling of tumor-immune cell inter-
actions,” Journal of Theoretical Biology, vol. 469, pp. 47-60, March 2019.

[11] H. Enderling, M. A. Chaplain, A. R. Anderson, and J. S. Vaidya, “A mathematical model of breast can-
cer development, local treatment and recurrence,” Journal of Theoretical Biology, vol. 246, pp. 245-259,
December 2006.

[12] X. Zhang, Y. Fang, Y. Zhao, and W. Zheng, “Mathematical modeling the pathway of human breast cancer,”
Mathematical Biosciences, vol. 253, pp. 25-29, March 2014.

[13] Z.Liu and C. Yang, “A mathematical model of cancer treatment by radiotherapy followed by chemotherapy,”
Mathematics and Computers in Simulation, vol. 124, pp. 1-15, June 2016.

[14] A. Simmons, P. M. Burrage, D. V. N. Jr, S. R. Lakhani, and K. Burrage, “Environmental factors in breast
cancer invasion: a mathematical modelling review,” Pathology, vol. 49, pp. 172—180, February 2017.

[15] J. J. Distefano, A. R. Stubberud, and 1. J. Williams, Feedback and control systems. McGraw-Hill Education,
2012.

060007-8

1€:8€1€Z ¥202 Joquisides z0


https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.1177/0003319713498298
https://doi.org/10.1016/j.cardfail.2016.04.008
https://doi.org/10.1016/j.cardfail.2016.04.008
https://doi.org/10.1038/nrc2808
https://doi.org/10.1038/nrc2808
https://doi.org/10.1038/bjc.1954.1
https://doi.org/10.1038/bjc.1954.1
https://doi.org/10.1007/s00285-015-0907-y
https://doi.org/10.1016/j.biosystems.2017.08.007
https://doi.org/10.1016/j.jtbi.2019.03.002
https://doi.org/10.1016/j.jtbi.2006.12.010
https://doi.org/10.1016/j.mbs.2014.03.011
https://doi.org/10.1016/j.matcom.2015.12.007
https://doi.org/10.1016/j.pathol.2016.11.004

