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Abstract

Aim: This article presents an investigation into various mathematical models for cell population growth,
including tumor cells, and their dynamics.

Methods: We classify the models into five categories: exponential, logistic, time-tested, heterogeneous, and
immunology. Mathematical modeling provides insights into the development of tumors over time and how
their proliferation rate becomes more dangerous. To explore the impact of immune response on tumor
heterogeneity, we develop a reaction-diffusion model of tumor growth that incorporates tumor-immune
interactions and a mechanism for tumor mutation and clonal expansion. We use numerical simulations to
investigate how variation in immune response affects tumor heterogeneity.

Results: Our findings show that a stronger immune response leads to greater homogeneity in the tumor
population, which suggests that enhancing immune response could reduce tumor heterogeneity and
improve treatment outcomes.

Conclusions: These results have important implications for the development of therapeutic strategies
targeting the immune system to combat tumor heterogeneity.
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Introduction

Mathematical modeling has emerged as a powerful and accessible tool for predicting the development,
volume, and growth of tumors. The utilization of mathematical models and dynamic systems has garnered
significant attention in recent years for its potential to enhance our comprehension of various biological
and medical phenomena, especially within the expanding field of mathematical biosciences. Despite the
exponential growth in applications in the living world, there is a notable lack of studies focusing on cancer
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growth and treatment. This research seeks to bridge this gap by examining the influence of the immune
response on tumor heterogeneity through mathematical modeling. Cancer growth involves abnormal tissue
development, often characterized by cell invasion and mass effects. Tumor growth modeling becomes
particularly relevant for unresectable tumors or those not removed until reaching a specific size threshold.
Employing a mathematical model based on the reaction-diffusion equation, this research delves into the
dynamics of tumor cell growth and cancer cell spread. The immune system, instrumental in detecting and
eliminating abnormal cells, faces challenges as cancer cells can employ strategies to evade surveillance,
such as inhibiting the immune response or creating an environment conducive to immune tolerance. This
allows cancer cells to grow and spread undetected. In developing mathematical models of tumor growth, it
is crucial to consider the intricate interactions between the immune system and cancer cells. These models
offer a framework to comprehend the evolving relationship between the two entities. For instance, they
may incorporate aspects like immune surveillance effects on tumor growth, the dynamics of immune cell
infiltration into tumors, and the influence of immune response on treatment effectiveness. The advent of
immunotherapy, a treatment leveraging the immune system to combat cancer, has introduced new avenues
for mathematical modeling of cancer growth and treatment. While checkpoint inhibitors and Chimeric
Antigen Receptor T (CAR-T) cell therapy have shown promising results, their effectiveness can be curtailed
by factors like tumor heterogeneity, resistance emergence, and immune-related adverse events.
Mathematical models play a pivotal role in predicting and optimizing responses to immunotherapy by
accounting for these variables and guiding treatment decisions. Overall, the immune system is a crucial
consideration in developing mathematical models for tumor growth and treatment. Integrating immune
system dynamics into these models offers valuable insights into the complex mechanisms involved in
cancer development, progression, and treatment response. This understanding can potentially enhance
cancer treatment outcomes. Additionally, the research introduces a mathematical model exploring optimal
control in chemotherapy and discusses its effectiveness in reducing tumor cell volume. The study also
focuses on a diffusion model utilizing multiple growth laws to deepen our comprehension of tumor
heterogeneity, with a key emphasis on investigating the impact of immune response on such heterogeneity.

Materials and methods
Mathematical models

Initially, in the exploration of tumor dynamics through mathematical models, a simplistic belief prevailed
that tumor growth adheres to a straightforward exponential model. This assumption was grounded in the
notion that under optimal conditions, where all tumor cells have ample access to nutrients and oxygen,
each cell would undergo mitosis, resulting in the generation of two new cells. While this basic exponential
growth model served as an initial framework for comprehending fundamental tumor growth dynamics,
subsequent research has unveiled the intricacies of tumor development, influenced by factors such as
alterations in the microenvironment and immune responses. Despite its limitations, the exponential growth
model retains utility as a foundational concept for grasping the early dynamics of tumor growth. The
Gompertzian equation, introduced by Gompertz [1] represents a mathematical function frequently
employed to model the growth of diverse biological systems, including tumors. This equation, portraying a
sigmoidal growth curve, has widespread applications across scientific disciplines, extending from biology to
economics. Researchers such as Winsor [2] and Laird et al. [3] have employed the Gompertzian model to
study growth in various contexts. Burton [4] study on the rate of growth of solid tumors addresses the
problem of diffusion, highlighting how nutrient supply limitation influences tumor expansion. Over time,
numerous mathematical models have been proposed to study tumor growth and its intricate interactions
with other biological systems. Orme and Chaplain [5] delved into the analysis of solid spherical tumor
growth and vascularization. Anderson and Chaplain [6] developed continuous and discrete mathematical
models elucidating the capillary sprout network for tumor angiogenic factors. Bellomo and Preziosi [7]
addressed modeling issues related to tumor evolution and its interplay with the immune system. Sherratt
and Chaplain [8] introduce a novel mathematical model for avascular tumor growth, emphasizing the
interaction between cellular proliferation and nutrient diffusion. Tsoularis and Wallace [9] provided a
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comprehensive analysis of logistic growth models, offering insight into the dynamics and applications of
these models in various biological contexts. The contributions of Villasana and Radunskaya [10], have
expanded the landscape of mathematical models, encompassing diverse aspects of tumor growth, immune
responses, and drug interactions. Extensive research by Misra and Dravid [11] has covered biomedical
mathematics and physiological fluid dynamics, reflecting their commitment to advancing the understanding
of various aspects of these fields. Murray [12] offers an extensive introduction to mathematical biology,
providing foundational concepts and models applicable to various biological systems. Yang [13] presents a
detailed mathematical model of solid cancer growth incorporating angiogenesis, elucidating the complex
interactions between tumor cells and the formation of new blood vessels. The studies by Dixit et al. [14], Li
et al. [15], Wei [16], Yin et al. [17], Ira et al. [18], and Pourhasanzade and Sabzpoushan [19] have further
enriched the mathematical modeling landscape, exploring topics ranging from chemotherapy for tumor
growth to analyzing stable models and drug resistance evolution. In certain studies, considerations have
been given to the role of tissue stresses in elucidating the formation of necrotic regions in growing tumors.
The regulation of cell proliferation in these models often hinges on the concentration of oxygen, assumed to
rapidly diffuse into the tumor from its surroundings. In recent years, novel mathematical models, such as
those proposed by Rojas-Dominguezet al. [20] have expanded the exploration to include cancer
immunoediting in the tumor microenvironment and ising-model characterization through Hamiltonian
equations. Ullah and Mallick [21] explore the impact of surgery and chemotherapy on lung cancer through
mathematical modeling and analysis. In a separate study, Wei et al. [22] proposed a novel pyroptosis-based
prognostic model for pancreatic cancer, emphasizing its correlation with the para-inflammatory immune
microenvironment.

In summary, these collective studies have significantly advanced the development of mathematical
models for understanding and predicting tumor growth and its responses to various treatments.
Investigations have extended beyond tumor growth dynamics to encompass broader themes, including
biomedical mathematics, physiological fluid dynamics, chemotherapy, stable models, and drug resistance
evolution. The ongoing research by scientists like Misra and the contributions of various researchers
underscore the interdisciplinary nature of mathematical modeling in advancing our understanding of
complex biological systems.

Exponential models

Mathematical models, grounded in first-order ordinary differential equations, provide a means to examine
tumor growth dynamics. These models capture the evolution of tumor volume over time, starting from an
initial volume. Exponential models are frequently employed to characterize tumor growth, and discussions
have arisen regarding the biological relevance of logistic models in this context.

Malthusian model

The most straightforward approach to depicting tumor growth involves employing a mathematical model
that posits growth is directly proportional to the number of tumor cells. This model, commonly utilized to
characterize the growth rate of a singular species population, adheres to a specific form as outlined by
Murray [12].
dv
Pl v
Where V is the volume of the tumor, r is the growth parameter and t represents time, the solution of an
equation is V(t) = Vye™.

Based on the observations from the graph in Figure 1, it can be seen that the volume of the tumor over
time follows an exponential growth pattern when the value of growth parameter r is positive. This means
that the tumor grows rapidly and the volume increases exponentially over time. Conversely, when the value
of r is negative, the tumor volume decreases exponentially over time, indicating a reduction in the size of
the tumor. Finally, when r is zero, the cell volume remains constant over time, implying that the tumor does
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not grow or shrink. These observations highlight the significance of the growth parameter in determining
the behavior of tumor growth over time.

1000
900

800

700

600

T 500
400

300

200

100

Figure 1. Graph of Malthusian model with initial volume V=5 x 10™* m3

Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.

Power law model

The power law model is a generalization of the Malthusian model and was following by Li et al. [15]. This
model considers that the rate of tumor growth is not constant, but it changes as the tumor becomes larger.
The model shows that the tumor volume increases at a rate proportional to power of the tumor volume
itself. This power is denoted by the parameter y, which is often referred to as the growth exponent. The
power law model is a more realistic representation of tumor growth than the exponential model, as it takes
into account the fact that tumor growth is not constant.
Z—Z = rpb

Where r is the intrinsic growth rate, if b = 1, we get the Malthusian model which we have already

discussed. This equation has the solution of the following form:

V() =[Ve P + r(1 — bx(t - t,))] /1

Now we can draw the graph from this solution using different values of b. For b = 1, we get the
Malthusian model (Figure 2).

By observing the graphs of the power law model in Figure 2 with different values of the parameter b, it
can be concluded that the behavior of the model changes with different values of b. For instance, when b =
1.05, the tumor volume grows at a faster rate for r > 0 and decays at a faster rate for r < 0. However, when b
= 0.9, the growth rate of the tumor volume is slower as compared to the other graph. This indicates that the
value of the parameter b has a significant impact on the behavior of the power law model, and its selection
should be made carefully depending on the context of the problem being modeled.

Migration model

The migration model is a type of mathematical model that describes how a population grows and moves
over time. In this model, the growth of the population follows an exponential law, which means that the rate
of growth is proportional to the size of the population. The model also takes into account the effect of
migration, which can either increase or decrease the population size. When migration occurs, new cells are
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Figure 2. Power law model with initial volume V, =5 x 10~* m3 and the exponent, b = 1.05 (left) and b = 0.9 (right)
Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.

added to the population, which can increase its size. However, migration can also result in the death of cells,
which can reduce the population size. The equation proposed by Murray [12] describes this process
mathematically, and it is commonly used in tumor growth research to model the effect of migration on
tumor cells.

v _ V + K
a

To solve the given equation, the value of r is considered to be zero, and a new variable u is introduced,
which is equal to V + K/r. Using this substitution, the given equation can be transformed into a new
differential equation that can be solved.

K K
V() = (Vo + 7) et

This equation shows in Figure 3 the relationship between the tumor volume and time in the presence
of migration. If the migration rate K is positive, the tumor volume will increase over time, and if K is
negative, the tumor volume will decrease over time.

Gompertz model

The Gompertz model is a mathematical function that describes the growth rate of a tumor. It is a sigmoid
function that shows the growth rate is slowest at the beginning and the end of the tumor growth. The model
is particularly suitable for modeling breast and lung cancer growth. It has been modified for use in
biological populations. The equation of the Gompertz model is a differential equation that is dependent on
the growth rate and the carrying capacity of the system. The carrying capacity represents the maximum
number of cells that the system can sustain. The Gompertz model is widely used in cancer research to
predict tumor growth and to design optimal treatment strategies. The model can be described by the
following form Li et al. [15]:

dv
= ge Pt
= ae PV
dt
Where a is the intrinsic growth parameter and f is the parameter of growth declaration Integrating

both sides by taking limits from Vto Vand t to t, we get:

& =

For t, = 0 the graph of this model is shown in Figure 4.
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Figure 3. Graph of Malthusian model with initial volume V=5 x 1074 m3
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Figure 4. Graph of Gompertz model with 8 =1 x 107 m3-day~" and V, = 1074 m3

Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.

The Figure 4 shows that when the growth rate a > 0, the tumor volume increases exponentially with
time. On the other hand, if the growth rate a < 0, the tumor volume decreases exponentially over time.
When the growth rate is equal to 0, the tumor volume remains constant over time.

Logistic model

The logistic equation is a model that takes into account the limited availability of resources for tumor
growth, which eventually leads to a saturation point. This model considers that as the tumor grows, there
will be competition for essential growth factors like nutrients and space. However, it does not consider the
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variability of these resources depending on the location of the cells within the tumor. The equation is
represented by v(t) for the volume of a solid tumor at time ¢t and a as the proliferation rate of cells.
dv v
— = (1 - =
dt v ( c)
With v(t = 0) = v, where ¢ > 0 is the carrying capacity of the environment.

Generalized logistic model

The logistic equation can be extended to include factors such as cell migration, immune response, and drug
treatment by adding additional terms to the original equation. The generalized form of the logistic equation
Tsoularis and Wallace [9] includes terms that account for the effects of these factors on tumor growth. This
form of the equation can be used to model more complex scenarios where these additional factors are

present.
v [ v ﬁ]y
= - ()

The generalized form of the logistic equation involves three non-negative exponents «, 5, and y, along
with the growth rate parameter a. This equation can be used to derive all the other models described
previously by selecting appropriate values for a, §, and y. For a = 1 and y = 0, one gets the exponential
growth equation by:

dv
T = al

The graph of its solution behaves exactly like the exponential growth curve that increases in an

unbounded manner, as t = o fora > 0. Fora=1, =1, and y = 1, reduces to the general logistic equation:

For different initial volumes. If we take a = 2/3, f=1/3, and y = 1 we get from general logistic growth
equation:

1/3
=6
dt K

Which is the equation of Von Bertalanffy’s model. We can observe that Von Bertalanffy’s curve gets
stable at a slower rate than the logistic curve. Lastly, we can consider a = 1, and y = 1. Then we get Richard’s

o i )]

The graph of its solution becomes stable at a faster speed than the normal logistic equation with the
smallest increment of § in Figure 5.

equation:

Von Bertalanffy model

The surface rule model assumes that the growth of a tumor is proportional to its surface area because the
nutrients required for growth enter the tumor through its surface. The model also assumes that the rate of
cell death is proportional to the tumor size. This model has been used by Tsoularis and Wallace [9] to
effectively describe the growth of human tumors.
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Figure 5. Generalized logistic model with a = 3 cm3-day~!, K= 100, V = 50 cm3 and t = 0 days to t = 10 days

Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.

dv
— = aV?/3 — py
dt
Where a is the growth parameter and b is the growth deceleration parameter. According to Figure 6

solution is given by:

a a b s
V() = [— + (w2 - —)e_§(t_t°)]
® =+ %" -5
800 r r . .
700 \ |
3
\\. « VO>K
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T s500f
> Vv =Kk3
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Figure 6. Graph of Von Bertalanffy model with t,= 0 days, a = 1.6 x 10~ m3-day~!, b =0.2 x 107 m3-day~", and b
Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.
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a3
Taking the initial cell volume between 0 and (E) the cell volume increases over time and gets stable at
a3 a3 a3
- (E) . Hence, V= (E) is the saturation level of the model. If we take the initial volume "° ~ (E) the volume
3

a3 a
. . . = (= . vV = (= .
reduces exponentially over time and is stable at v (b) . Also, if we take (b) the volume remains
constant.

Richards’ model

The logistic equation was originally designed to describe population growth, but it has also been applied to
tumor growth modeling. The Tsoularis and Wallace [9] paper presents the mathematical representation of

this model.
v -p (V)“
a ¢ K

Here a is the positive exponent. We can analytically derive the solution of the above equation by letting
pa-1 1 1 ya-1
— =U A V7 ka1~ (¥ . . .
K¢ and by using the partial fraction V [1 (K) “] kK [1 (K) “]. Using these in the equation and

integrating both sides we obtain the solution:

K

a 1/0.'
[+ 1) e
Vo

Similar to the logistic model, this model exhibits comparable behavior. However, by adjusting the value
of a appropriately in Figure 7, the system can achieve stability faster than the logistic model.

V() =

600 i
K= 500 V=K
0
m - —
>
300 -
—K/2=250
200 .
6—0<V0<K/2
100 .
ot 1 L 1 ! L
0 0.5 1 1.5 2 25 3
t
_a
Figure 7. Richards’ model for various initial volumes with a =5 x 10~ m3-day~!, b= 0.1 x 10" m3-day~!, a=1.001,and =~ b

Note. Reprinted from “Mathematical Modelling of the Dynamics of Tumor Growth and its Optimal Control” by Ira JI, Islam MS,
Misra JC, Kamrujjaman M. Int J Ground Sediment Water. 2020;11:659-79. (https://www.preprints.org/manuscript/202004.0391/
v2). CC BY.

Time-delay model

A time delay refers to a phenomenon where there is a delay or shift in the effect of an input on the resulting
output dynamic response, typically in the context of a first-order linear system that incorporates a delay in
its feedback mechanism.
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Temporal model
One of the classic methods to model tumor growth is by employing differential equations to describe the
total number of cells. This approach disregards the spatial characteristics of the cancerous growth.
dn
ac
Where n represents the number of tumor cells at time ¢, and A is the proliferation rate of the tumor,
which can be expressed in the form mentioned earlier.

An

n = ngelt

Here n = ny, is an initial tumor cell. This model assumes that the tumor grows exponentially at the rate
A, in the absence of treatment.

Delay differential equation model

A delay differential equation is a type of mathematical equation where the rate of change of a variable at a
certain time point depends not only on its current value but also on its past values, up to a certain time
delay. In the context of modeling heterogeneous tumor growth, this time delay factor can be taken into
account to capture the effect of spatial heterogeneity and other factors that may affect tumor growth over
time. Here, time delay factor (7 units of time). Models of heterogeneous tumor growth:

n(t — T)]

c

dn_ i
a "

Where n is the number of tumor cells, a is the growth rate, and c is the maximum carrying capacity for
tumor cells.

Spatio-temporal model

In the avascular tumor model, the shape of the tumor is assumed to be spherical. To describe this model,
Murray [12] developed a density equation, which relates the growth rate of the tumor to the distribution of
nutrients in the surrounding tissue. This equation is used to analyze how the growth of the tumor is
influenced by factors such as the diffusion of nutrients and the consumption of oxygen.

The rate of change of tumor cell population = the diffusion (motility) of tumor cells + the net
proliferation of tumor cells.

e _ yove) + 2
— = c c
dt
Where c (x,t) designates the tumor cell density at x radial distance from the origin at time ¢, and A is the

proliferation rate, and V defines the spatial gradient operator, D is the diffusion coefficient representing the
active motility of tumor cells.

Nyerto+ T) g—x%/*Dt0

8(7TDt0)3/2

c(x,t) =
Initially, the tumor cell density is:

Noel(to) " _x2/4Dt0

c(x,0) = TCTINEE

Heterogeneous model

The previous models assumed that all cells in a tumor are identical, but in reality, tumor cells can differ
from one another. To account for this, cells can be divided into three types: proliferating cells, quiescent
cells, and necrotic cells. The cells can change their state based on the local conditions, so that proliferating
cells can become quiescent or necrotic cells, and quiescent cells can become proliferating or necrotic cells.
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This modeling approach allows for a more realistic representation of tumor behavior and can help to better
understand tumor growth and response to treatment.

Model of heterogeneous tumor growth

During the tumor growth process, cells in proximity to blood vessels benefit from enhanced nutrient access,
resulting in a higher rate of proliferation. Conversely, moving away from blood vessels entails a diminishing
nutrient concentration due to consumption and diffusion. Consequently, a region emerges where cells
receive just enough nutrients to survive without increasing, forming a quiescent layer. Further distancing
from blood vessels leads to a nutrient concentration incapable of sustaining cell survival, resulting in
necrosis and subsequent degradation of cells. This progression is visually depicted in a diagram illustrating
the transitions between cell states, proliferation, and cell degradation. It’s important to acknowledge that in
reality, these state changes are influenced by diverse environmental factors and may occur simultaneously
in different tumor regions.

If P(¢t), is the number of proliferating cells Q(t), is the number of quiescent cells D(t), is the number of
necrotic cells at a time. Then the total number of tumor cells N(t), is the sum of all three types of cells that
are given by:

N@® = P@® + Q@® + D)

From the Figure 8, the following functions:

o Ma, shows the rate at which proliferating cells produce new cells.

o Mg, the rate at which the quiescent cells become proliferating.

o My, the rate at which the proliferating cells become quiescent.

o Z, the rate at which the proliferating cells die.

o L, the rate at which the quiescent cells die, and A is the decay rate of the necrotic core. So, a
mathematical model can be written as:

dP

- = (Mo = Mp = Z)P + MpQ
dQ

- = MP — (M + L)Q
D wm,p - 10 - 10
ac 7 ¢

With the initial conditions as P(0) = P, Q(0) = Q,, and D(0) = D,,.

Angiogenesis and vascular growth model

The model successfully predicted the emergence of distinct regions within a tumor, including a necrotic
core, a proliferating rim, and a quiescent region in the middle. Additionally, it considered the impact of anti-
angiogenic factors, which could induce tumor size regression by prompting the regression of the capillary
network. The methodology involved the integration of two domains: the solid tumor and the surrounding
host tissue, and the vasculature domain. The vasculature domain was discretized using a 1D grid that
evolved in a Lagrangian manner through the convected element method. Figure 9 shows that
communication between the two domains occurred through source and sink terms. The tissue featured a
capillary network with a heterogeneous distribution based on a triangular sub-structure. This network
evolved dependent on the production and diffusion of Vascular Endothelial Growth Factor (VEGF),
Angiopoietin-1, and Angiopoietin-2 along with the presence of related receptors, activating new sides of the
triangular mesh accordingly.
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Figure 8. Schematic figure of the model of heterogeneous tumor growth. K, represents the rate of cell birth, K, is the death
rate of proliferating cells, K,, the rate at which proliferating cells become quiescent and K, describes the transformation of Q to
P, and K, is the rate death of quiescent cells

.
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Figure 9. Model of vascular and angiogenesis tumor growth
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Immunology model

The immune system is a complex network of cells, tissues, and organs that work together to identify and
destroy foreign invaders while leaving healthy cells alone. It includes various types of white blood cells,
such as T cells, B cells, and natural killer (NK) cells, as well as other specialized cells and molecules.
Immunology also involves the study of immune disorders, such as allergies, autoimmune diseases, and
immunodeficiencies, which occur when the immune system fails to function properly. Understanding
immunology is important for the development of vaccines, immunotherapies, and other treatments for
diseases caused by infectious agents or immune disorders.

Immune cell migration model

The immune cell migration model is a mathematical model that describes the movement of immune cells,
such as T-cells and dendritic cells, toward sites of inflammation or infection. The model assumes that
immune cells are attracted to specific chemical signals, known as chemokines, which are produced by cells
at the site of infection or inflammation. The model can be described mathematically using partial
differential equations, which represent the concentration of chemokines and immune cells over space and
time. The equations take into account the diffusion of chemokines and the movement of immune cells
towards regions of high chemokine concentration. The equations can be written as follows:

dc 3

— = DV<“c — kc
ot

on 3
E=DnVn+)(cn

These equations describe how chemokines and immune cells interact in a system. The first equation
talks about how chemokines are produced and spread out, but they also degrade over time. The second
equation explains how immune cells move towards areas where there are lots of chemokines, with y
representing how sensitive the cells are to these chemical signals. Graphs can help us understand how
immune cells move in response to chemokine concentration. The values of the parameters were obtained
from Table 1.

Table 1. Model parameters, descriptions, and values are chosen for simulations

Notation Value Description

C 7 %107 Cancer cells

/ 2.1x 107 Immune system

E 3.8x10™ Elimination of cancer cells

IC 57 x 107 Complex formed between the immune system and cancer cells
c 1x107 Concentration of chemokines

n 3.42x107° Concentration of immune cells

k 1.8 x10°° Degradation rate of chemokines

D, 1.3x10™ Diffusion coefficient of immune cells

t Est Time

X Est Sensitivity of immune cells to chemokines
D 413 x 107 Diffusion coefficient of chemokines

c, 5x 107 Sensitivity of concentration of chemokines

Note. Adapted from “Modeling cancer immunoediting in tumor microenvironment with system characterizationthrough the ising-
model Hamiltonian” by Rojas-Dominguez A, Arroyo-Duarte R, Rincén-Vieyra F, Alvarado-Mentado M. BMC Bioinformatics.
2022;30:200. (https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-022-04731-w#citeas). CC BY.

The variation in chemokine concentration over time and distance illustrates in the Figure 10

diminishing concentration as it diffuses away from the infection or inflammation source. Meanwhile, a
graphical representation of immune cell concentration over time and distance showcases the migration of
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immune cells towards areas with elevated chemokine concentration, ultimately accumulating at the
infection or inflammation site. The immune cell migration model serves as a valuable framework for
comprehending the dynamics of immune cell movement towards infection or inflammation sites, offering
insights into how factors like chemokine concentration and immune cell sensitivity can influence this
process.

X
n
k
c

R . T —— 2 per. Mov. Avg. (x)

Chemokine Concentration
(values)

0 1 2 3 4 5 6
Time (Days)

Figure 10. Chemokines Immune Cell migration model (2 period moving average)

Cancer immunoediting model

The cancer immunoediting model describes the dynamic relationship between the immune system and
cancer cells during tumor development. The model consists of three phases: elimination, equilibrium, and
escape. The probability density visualizations in Figures 11, 12, and 13 offer a representation of the energy
distribution during the latter phase of the simulations. Instead of depicting the system’s temporal dynamics,
these plots encapsulate the system’s energy in a stabilized state.

0.9

0.8

0.7

0.6

0.5

0.4 Y
0.3 / \
0.2 ’ \
01 \

Probability Density

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Strength Level

Figure 11. Elimination phase of the immunoediting model. The graph represents the probability density functions for two
different groups during an elimination phase, with strength level on the x-axis and probability density on the y-axis. The red
dashed line corresponds to the first group with lower strength levels, while the blue solid line corresponds to the second group
with higher strength levels
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Figure 12. Equilibrium phase of the immunoediting model. The graph represents the probability density functions for two
different groups during an equilibrium phase, with strength level on the x-axis and probability density on the y-axis. The red
dashed line corresponds to the first group with lower strength levels, while the blue solid line corresponds to the second group

with moderately higher strength levels
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Figure 13. Escape phase of the immunoediting model table [1]. The graph represents the probability density functions for two
different groups during an E phase, with strength level on the x-axis and probability density on the y-axis. The red dashed line
corresponds to the first group with lower strength levels, while the blue solid line corresponds to the second group with

moderately higher strength levels

Elimination phase: the immune system recognizes and eliminates cancer cells. The equation can
represent this:

Immune system (I) + Cancer cells (C) — Elimination of cancer cells

I + C —» Elimination of cancer cells

Where I represent the immune system and C represents cancer cells. Immune system attacking and
destroying cancer cells. The graph for this phase would show in Figure 11 a decrease in the number of
cancer cells over time. The values of the parameters were obtained from Table 1.

Equilibrium phase: The immune system can keep cancer cells in check, preventing them from forming a
tumor. A balance between the immune system and cancer cells characterizes this phase.

[+Ce IC
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Where IC represents the complex formed between the immune system and cancer cells. It represents
the equilibrium between the immune system and cancer cells. The graph for this phase would show in
Figure 12 a relatively stable number of cancer cells over time, as the immune system can keep the cancer
cells. However, cancer cells may acquire mutations that allow them to evade the immune system and
progress to the next phase. The values of the parameters were obtained from Table 1.

Escape phase: Cancer cells acquire mutations that allow them to evade the immune system and form a
tumor. This phase is characterized by cancer cells escaping immune recognition and attacking, leading to
tumor growth and metastasis.

C + I- Escape

[t represents cancer cells escaping immune recognition and attacking. This phase is the most advanced
stage of cancer immunoediting and represents the failure of the immune system to control the growth of
cancer cells. The graph for this phase would show in Figure 13 a rapid increase in the number of cancer
cells over time. The values of the parameters were obtained from Table 1.

The cancer immunoediting model highlights the importance of the immune system in tumor
development and provides a framework for understanding how the immune system can be harnessed to
treat cancer, such as through immunotherapy. By understanding the different phases of cancer
immunoediting, researchers can develop strategies to enhance the immune system’s ability to recognize
and eliminate cancer cells or to restore the balance between the immune system and cancer cells in the
equilibrium phase.

Results

Begin by introducing the different mathematical models used to study tumor growth dynamics, such as
exponential, logistic, time-delay, heterogeneous, and immunology models.

Exponential models

Malthusian model: This model assumes that tumor growth is directly proportional to the number of tumor
cells present. When the growth parameter (r) is positive, tumor volume increases exponentially over time,
indicating rapid growth. Conversely, when r is negative, tumor volume decreases exponentially, implying
decay or treatment effectiveness in Figure 1. A value of zero for r suggests that tumor size remains constant,
indicating a balance between growth and decay.

Power law model: Unlike the Malthusian model, the power law model considers that the rate of tumor
growth changes as the tumor becomes larger. The parameter ‘b’ determines the nature of tumor growth: if
b > 1, the growth rate accelerates with increasing tumor volume, while if 0 < b < 1, growth slows down in
Figure 2. This model provides a more realistic representation of tumor growth dynamics.

Migration model: This model incorporates migration effects on tumor growth. A positive migration rate
(K) leads to an increase in tumor volume over time as new cells migrate and contribute to growth in
Figure 3. Conversely, a negative migration rate results in a decrease in tumor volume, reflecting cell
migration away from the tumor.

Gompertz model: The Gompertz model exhibits sigmoidal growth dynamics, reflecting a slow initial
growth rate followed by accelerated growth and eventual saturation. Positive growth rates lead to
exponential tumor volume increase over time, while negative rates result in exponential decay. When the
growth rate equals zero, the tumor volume stabilizes in Figure 4. This model effectively predicts tumor
growth characteristics, particularly in breast and lung cancers, aiding in treatment strategy optimization
and prognosis assessment.

Logistic models

Generalized logistic model: This model considers the limited availability of resources for tumor growth,
leading to a saturation point. The exponents («, 8, and y) allow for various growth behaviors, influencing
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the stability and shape of the growth curve in Figure 5. [t’s a versatile model capable of representing
different growth scenarios.

Von Bertalanffy model: It accounts for the relationship between tumor growth and its surface area,
with the rate of cell death proportional to tumor size in Figure 6. The model reaches stability at a saturation
level, providing insights into tumor growth dynamics under different conditions.

Richards’ model: Similar to the logistic model, but with an adjustable exponent (a) allowing for faster
stability in Figure 7. It offers flexibility in capturing tumor growth patterns with different parameters.

Time-delay models

Temporal model: This model describes tumor growth over time without considering spatial characteristics.
[t assumes exponential growth in the absence of treatment, providing a basic understanding of tumor
dynamics.

Delay differential equation model: By incorporating time delays, this model captures spatial
heterogeneity and other factors affecting tumor growth. It offers a more comprehensive representation of
tumor behavior over time.

Heterogeneous models

Model of heterogeneous tumor growth: By considering different types of tumor cells (proliferating,
quiescent, necrotic), this model offers a more realistic depiction of tumor behavior in Figure 8. It accounts
for spatial variations in cell states, providing insights into tumor progression and response to treatment.

Angiogenesis and vascular growth model: This model predicts distinct regions within a tumor and
considers the impact of anti-angiogenic factors on tumor regression in Figure 9. It integrates solid tumor
and vascular domains to analyze tumor growth dynamics comprehensively.

Immunology models

Immune cell migration model: Describes the movement of immune cells towards infection or inflammation
sites based on chemotactic sensitivity in Figure 10. It illustrates how immune cells respond to chemical
signals, aiding in the understanding of immune system dynamics.

Cancer immunoediting model: This model highlights the dynamic interaction between the immune
system and cancer cells during tumor development in Figures 11, 12, and 13. It emphasizes the role of the
immune system in controlling cancer growth and progression through different phases, providing insights
into potential immunotherapy strategies.

Each of these models contributes to our understanding of tumor growth and the immune response,
offering valuable insights for cancer research and treatment development. By considering various factors
such as growth parameters, migration effects, and immune system interactions, these models provide a
comprehensive framework for studying tumor dynamics in different contexts.

Discussion

We have explored various mathematical models to study tumor growth and analyzed their effectiveness in
predicting the behavior of tumor cells. In addition to the traditional exponential and logistic models, we
have also investigated the reaction-diffusion model using a one-dimensional equation and studied the
impact of heterogeneity and time delay on tumor growth. we have incorporated the immune system into
our models to explore its impact on tumor growth and found that it plays a crucial role in controlling tumor
cell proliferation. We have also developed a model to investigate the optimal control in the case of
chemotherapy and analyzed its effectiveness in reducing tumor cell volume. Through our numerical
analysis using the Finite difference method, we have observed that the initial location of a tumor and the
diffusion coefficients are critical factors in predicting tumor growth. Furthermore, we have demonstrated
the potential of mathematical modeling in predicting tumor growth without the need for laboratory tests.
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Overall, our study highlights the significance of interdisciplinary research between Mathematics and
Biology in advancing our understanding of tumor growth and developing effective strategies for cancer
treatment.
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