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ABSTRACT. In order to refine the solution given by the classical logistic equation and extend its range of
applications in the study of tumor dynamics, we propose and solve a generalization of this equation, using
the so-called Fractional Calculus, i.e., we replace the ordinary derivative of order 1, in one version of the
usual equation, by a non-integer derivative of order 0 < o < 1, and recover the classical solution as a
particular case. Finally, we analyze the applicability of this model to describe the growth of cancer tumors.
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1 INTRODUCTION

The art of getting a differential equation whose solution describes well the reality, brings a great
difficulty, generally the closer we are to perfectly describe a real problem the harder and complex
the equations involved are, in Albert Einstein words [2]“One thing I have learned in a long
life: all our science, measured against reality, is primitive and childlike — and yet it is the most
precious thing we have”.

In this sense, the so-called Fractional Calculus, which is the branch of mathematics that deals
with the study of integrals and derivatives of non-integer orders, plays an outstanding role. There
are countless problems that, when described in terms of differential equations of non integer
order, provide a more accurate description of reality. Specially phenomena that posses time de-
pendence, since the fractional derivatives excellently describe effects of memory and hereditary
properties3[2, 19].

Among the different ways to solve a fractional differential equation (FDE), or still an initial
value problem, we mention the so-called method of integral transforms, i.e., we transform the
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initial problem into another one (called transformed problem and normally easier to be solved),
solve this new problem and recover the original solution applying the inverse integral transform
[2, 3, 19]. Usually the solution of a FDE is expressed in terms of a parameter corresponding to the
order of the derivative, and the solution of the corresponding integer order equation is recovered
for a particular value of this parameter. In many cases, it is not a whole order of the derivative
that makes the solution of equation closer to reality [2, 4, 5].

Moreover, the logistic equation was published in 1838 by Pierre Frangois Verhulst to model the
growth of world population and was based on the assessment of population statistics available,
complementing the theory of exponential growth of Thomas Robert Malthus. It can be applied
to models with time dependence and has a wide application area since the inhibiting factors
are taken into consideration. Furthermore, the logistic equation proved applicable in a series of
probabilistic events and related to chaos theory and industrial and business dynamics [7, 25].

Recently, the logistic equation has been applied to describe the growth of populations both in the
laboratory natural habitat, limiting the growth by influence of competition, mortality and fertility
factors. However, the logistic model does not fit very well in cases where there are more complex
relationships acting as interactions within food webs or several features that occur in most cases
in nature dependencies[5, 6, 7, 8, 9, 22]. Aiming to generalize the logistic equation and give
a better description for some of those events, El-Sayed, at all [5], studied the corresponding
fractional-order logistic by a numerical analyze.

The purpose of this paper is to present the analytic solution of the fractional logistic equation,
in the inverse form, and analyze the applicability of this fractional equation to improve the de-
scription of the dynamic of cancer tumor and compare this model with some classical models
presented in the literature [9, 18], and is organized as follows. In Section 1 we make a brief
introduction to our work. In Section 2 we present some functions inherent to fractional calculus
and the definition of the fractional integral of Riemann-Liouville and Caputo’s fractional deriva-
tive. In Section 3 we present the Classical Logistic Equation and its corresponding solution and
also its generalization via Fractional Calculus. Besides that, we recover the classical solution as
a particular case. In Section 4 we present some classical models presented in literature that de-
scribe the growth of tumors and compare them with the solution of fractional logistic equation.
Finally in Section 5 we present our concluding remarks.

2 FRACTIONAL CALCULUS

In this section we present the definition of some important special functions related to fractional
calculus and their basic properties, that will allow us to propose and solve the fractional version
of the classical logistic equation.

2.1 Gamma Function

We denote by I'(z) the Gamma function, this function can be defined by the improper integral
[19]:

I'(z) = /OO e 't* Vs, 2.1)
0
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with Re(z) > 0, the integral is convergent.

Solving this integral by parts and a change of variable, it follows that:

F'z+1) =zI().
Once that I'(1) = 1, itis easy to see that, forn € N, I'(n + 1) = n!, i.e., the Gamma function is
a generalization of factorial®.

2.2 Gel’fand-Shilov function definition

Let n and v be, respectively, a natural and non-integer number with Re(v) > 0, we define the
Gel’fand-Shilov function as

tn_l tv—l
=1 - 'Y wd s={ Toy *'=° 2.2)
( ) (v)
0 set < 0. 0 set < 0.
Thus, the Laplace transform of ¢, (¢) is given by:
] tv—l 1 ] v=1 (
LUy (1)] = / e ——dt = / ea (3) da _ s, 2.3)
0 INQD) r'w) Jo s s

in which, the second equality is due to the change of variable (st = a) and the last equality is
due to the definition of gamma function.

2.3 Mittag-Leffler functions

The classical Mittag-Leffler function is a complex function depending on a complex parameter
and was defined and studied by Mittag-Lefller [14, 15, 16], in the year 1903, as

o k

Z
Ey(z) = ’; rerin  Re@=o. 2.4)

This function is a direct generalization of the exponential function since for « = 1 we have the
exponential function. The function defined by

o k

z
E 7) = _ Re(x), Re > 0, 2.5
w5 (2) ,;rmkw) (@), Re(B) (2.5)
gives a generalization of E,(z) since E4 1(z) = Eq(z). This generalization was studied by

Wiman [26] in 1905.
The Laplace transform of the function t#~1E,, glat®), is given by:

se—p

Q [rﬁ—lEa,ﬁ(im“)] = (2.6)

s Fa

4As we will see, the generalization of factorial, by the gamma function, is the key for the generalization of the usual
calculus by the fractional calculus.
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One important relation between the Mittag-Lffler functions with one and two parameters is given
by

o0

Fopn0=3 Iy @™ Loy )
wotl ZTantat+l) =Tla@+h+1 z ° ' '

2.4 Fractional integral
Here we first define the integral operator of order n and then, using the generalization of factorial

by Gamma function, we define the fractional integral of Riemann-Liouville.

Definition. Lern € Nand f(t) : R — R an integrable function. We define the Integral Operator,
1, of order 1 and n respectively as:

t t t h—
If(t):/ f(t1)dn and I"f(t):/ /l/ lf(tn)dtndtn_l...dtl.
0 0 Jo 0

Theorem. For f(t) : R — R integrable, we have that [2]:

; t t (f _ .L.)n—l
I f(t)=¢n(t)*f(t)=/ ¢n<r—r)f(r)dr=/ U rmyde. 28)
0 o m—1!

where * denotes the Laplace convolution product and ¢, (t) is the Gel fand-Shilov function.

Definition. Let f(t) be an integrable function and v € C, such that Re(v) > 0, the Riemann-
Liowville fractional integral of order v of f(t), denoted by I" f(t), is defined as°:

t — .L.)v—l

1
1”f(¢)=¢v(t)*f(t)=/ (7f(f)df (2.9)
o '

2.5 Caputo’s Fractional Derivative

Caputo’s fractional derivative is based on the fact that derivative is the left inverse operator of
integral and on Lagrange’s exponential law.

According to Caputo, the fractional derivative is the fractional integral of an integer order
derivative such that exponential law makes sense [10].

Thus, let f (¢) be a differentiable function, m € N and @ ¢ N such thatm — 1 < Re(a) < m, we
have:

DYf (1) =1""“D" f(t) = Gm—a(t) * D" f(1). (2.10)

5Note that this definition comes from equation (2.8) and from the fact that Gel’fand-Shillov function is well defined for
non integer numbers.
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2.6 Laplace Transform

From the definition (2.10) and from the Laplace convolution theorem we may write:

LD f()] = LUPm—o O] L[D™ f()] = s*7" L[D™ f(1)]. 2.11)

3 FRACTIONAL LOGISTIC EQUATION

In this section, we present the classic logistic equation and its solution and also their respective
generalized using fractional calculus.

3.1 The Classic Logistic Equation
In 1838, Verhulst [25] published logistic equation defined as:

iN(t) =kN(1) (1 - M) . 3.1
dt r

where N (¢) is the number of individuals in time 7, k is the intrinsic growth rate and r is carrying
capacity. Without loss of generality, taking r = 1, this equation can be rewritten in the form:

%N(t) = kN[l — N(@®)]. (3.2)

Note that this is a non-linear and separable equation. Though solving this equation is quite simple
we cannot say the same about its fractional version. Using the variable change v(f) = 1/N(¢) in
the previous equation we obtain the following Linear and separable equation:

dv(t)
dt

= k[1 —v(@®)], (3.3)
whose solution is given by
I 4 1
v(t) =1+ —e = v0)=1+-
c c

Since N(¢) = v(r)~!, we can write 1/¢ = 1/N(0) — 1, as a result;
1 1
N = . o
1 + [W — 1:| ekt

Note that 0 < N(0) < 1 and lim;—. o N(¢) = 1 (i.e. the carrying capacity).

N=— = 34
e~kte=1 41 (3-4)

3.2 Fractional Logistic Equation (Inverse form)

We will use the results presented above to propose a generalization, via fractional calculus, for
the logistic equation in the linear form given by equation (3.3). It is very important to note
that the fractional version with order 0 < o < 1 of equation (3.1) was numerically solved by
El-Sayed, at all [5], however, we will present the analytic solution of equation (3.3).
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The fractional version of equation (3.3) with order 0 < « < 1 is given by

d%v(t)
dr®

= D%(1) = k[1 — v(®)]. (3.5)

Applying Laplace transform to both sides, following:

2 [D“v(t)] = k[l —v(@®)].
Using equation (2.11), with m = 1 (since 0 < @ < 1) we have:

sYF(s) — s () = k E — F(s)_

Then

g1 ga—1 ]
F(s) =k Tk + v(0) o
in which F(s) = L[v(0)].

Thus we have:

—1 a—1
_ gl e T
v(t) =L Lv(@)] = kR |:s“ n k} +v(0)¥ |:s“ +k} )

From this, the result of equation (2.6), we have:

V(1) = 1%k Eq 41 (—kt®) 4 v(0) Eq (—kt®). (3.6)

Then, using equation (2.7) with z = —kt¢

V(1) = 1 + Eq(—kt“)[v(0) — 1]. 3.7)

Once we v(r) = 1/N(t), we obtain:
1

M= 1+ [ﬁ - I]Ea(—kt“).

(3.8)

Note that, limy_, | N(t) = W, i.e., the solution of integer order is a particular case of
Hlvw e

the fractional solution.

Below is the graph corresponding to the solution of equation (3.5), taking N(0) = 0.2 carrying
capacity r = 1, for different values of «, we have:

Since limy_, o Eo(—kt*) = 0 for all values 0 < o < 1 we have:

1
lim N(t) = lim =1,
=00 =00y 4 [ﬁ _ 1] Eq(—kt®)

that is, the all the values considered converge to the value of the carrying capacity.
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Figure 1: The solution of equation (3.5).

4 TUMOR DYNAMIC

With the artifice of scientific research and the use of mathematics in modeling, description and
even the prediction of a given physical process we can better understand some factors in the
biological context. However, such use is recent, particularly in the study of cancer tumors one
of the reasons is that we still finding difficulty in modeling satisfactorily the tumor’s growth.
The models found are currently based on computer simulations, differential equations and curve
fitting, but even the most sophisticated models are unable to predict how the size of the host
interferes in tumor’s growth. There are several models of tumor growth in the literature, thus,
it is very important to know which one best fits with experimental data. It is of paramount
importance to understand the assumptions and the consequences of such models because often
these models supports more complex models of tumor growth [5, 6, 7, 8, 9, 22].

It can be considered a volume of tissue as a “cellular community” comprises “species” of mes-
enchymal and epithelial cells in dynamic equilibrium with the environment and with each other
[8]. A small number of tumor cells produced by successive non-lethal mutations begin to inter-
act with the community of normal cells and do not recognize, thus triggering the acquisition of
space and the vital resources of the existing community.

In the case of tumor dynamic saturation in the growth of various types of tumors is not well
modeled by the exponential model. For this reason, this model applies only to avascular tumors,
i.e., when angiogenesis has not occurred, which under Kerbel [11], have around 1 to 2 mm
diameter [21, 22].

Indeed, tumor cells compete for oxygen and vital resources that is the reason why the logistic
model fits well in several cases[12, 25]. In the literature, one realizes that tumor growth does not
follow a universal law [20], so we can mention another two of the most used models®:

OThere are several other models that describe the dynamic of cancer tumor that will not be considered here [8], due to the
fact that they are very similar to those that we considered.
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i) The so called Generalized Logistic model is given by [§]

dN(t) iN(t) (1 - M)G
=3 .

dt k

This model describes well the growth of breast cancer [23].

ii) The Gompertz model [8],

dN(1) N(t)
dr ——rN(t)ln (T>,

best fits the volumetric growth in vivo [13];

Below, we present some graphs of models in the literature that describe the increase in tu-
mor mass/volume over time, from the simple Exponential growth model from one parameter to
the more sophisticated models such as Gompertz, Generalized Logistic and Fractional Logistic
Equation.

Tumor growth models
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Figure 2: Tumor growth in humans according to the Exponential Models, Logistic, Gompertz
and Logistic Fractional.

In the chart above tumor growth in humans we consider the initial population N (0) = 4x10°, a
carrying capacity cells r = 10'%, k = 10~?/day and for the generalized logistic model § = 2
with scale 1 : 1.000.000.000.

One disadvantage of all the usual models is that they go to the carrying support faster than what
is expected [5, 6, 7, 8, 9, 22]. This is one of the advantages of the fractional logistic model, i.e.,
we note that as the order of the derivative decreases the amount of convergence to the support
becomes slower. This slow convergence to the carrying support is consistent with the growth of
some types of cancer tumor [8] making this highly relevant for the study of tumor dynamic equa-
tion, since this model include competition between tumor cells for vital resources and predicts
that the maximum size of a tumor takes longer to be achieved.
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5 CONCLUDING REMARKS AND FUTURE WORK

The Fractional Calculus is nearly as old as the entire order one, but just in end of last century this
valuable tool became evident, especially in modeling phenomena that possess time dependence,
since fractional derivatives excellently describe memory effects when encountered derived from
their entire order.

In this work, we had the purpose of emphasizing the importance of Fractional Calculus to gener-
alize and refine the solution of differential equations of integer order, these being of paramount
importance in describing various phenomena in biological field. With this, we propose a general-
ization via Fractional Calculus for classical logistic equation and show that the fractional model
may provides a better description than the usual on, in the study of cancer tumor growth.

One important aspect is to analyze if the solutions of the fractional versions of equations (3.1)
and (3.3) are the same. Despite having scientific value the search for an answer to the previous
question, is not indispensable for the purpose of the article, since equations (3.1) and (3.3) are
equivalents, to consider the fractional growth we may to choose one of them. We are working on
an answer for this question and we intend to publish it in a future work.

A natural continuation of this work is to study the system presented by Rodrigues [21, 22] in
fractional version, since we know the behavior of tumor free from chemotherapy we will use this
knowledge to analyze the increase or decrease in tumor cancer on the action of chemotherapeutic
agents.

RESUMO. Com o intuito de refinar a solug¢@o da cldssica equacdo logistica e ampliar seu
campo de aplicacdo para o estudo da dinamica tumoral, propomos e resolvemos a gene-
ralizacdo fraciondria desta equacdo, utilizando o assim chamado célculo fraciondrio, i.e.,
substituimos a derivada ordindria da equacéo usual por uma derivada fraciondria de ordem
0 < o < 1, e recuperamos a solucio cldssica como um caso particular. Por fim, analisamos a

aplicabilidade deste modelo para descrever o crescimento de tumores de cancer.

Palavras-chave: biomatematica, calculo fraciondrio, equagdo logistica, dinamica tumoral de

cancer.
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