J. Math. Computer Sci., 24 (2022), 73-81

Online: ISSN 2008-949X

Journal of Mathematics and Computer Science

Q¥

4(;,/

yourna/ o
o
N
U109 ¥

PEicinos
Journal Homepage: www.isr-publications.com/jmcs

A general model of non-communicable diseases and its qual-  ® check for updates
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Abstract

Obtaining the analytical solutions of a linear ordinary differential equations is impossible without finding the eigenvalues.
In this study, a general linear model of non-communicable disease (NCD) is formulated using the compartmental analysis and
its qualitative properties are analyzed without finding the eigenvalues. NCDs are diseases which are not passed from person
to person. The proof of the qualitative properties of the general model including the existence and uniqueness of its solution
and equilibrium, and the positivity and boundedness of its solutions are provided. The global stability of the general model
is analyzed using the theorem of compartmental matrix and Lyapunov function. It is found that the model has one unique
non-negative equilibrium which is globally exponentially stable. As a real-world example, the general model and its qualitative
analysis are implemented to a NCD, namely venous thromboembolism (VTE) among pregnant and postpartum women. VTE
is selected in this study as it is a major global health burden due to its association with disability and lower quality of life and
death.
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1. Introduction

This study focuses on the qualitative analysis of the linear population models. We are concerned
only with a system which is assumed to be adequately described by a system of constant coefficient
linear differential equations, namely the population dynamics of non-communicable diseases (NCDs)
such as diabetes mellitus and hypertension. NCDs are diseases which are not passed from person to
person. NCDs are also known as chronic diseases, such as cardiovascular diseases (like heart attacks
and stroke), cancers, chronic respiratory diseases (such as chronic obstructive pulmonary disease and
asthma) and diabetes. They are currently leading causes of morbidity and mortality worldwide and major
Public Health challenges which increase the burden of infective diseases, especially for developing or low-
and-middle income countries. Unlike infectious diseases, mathematical modelling is seldom applied to
NCDs. It has been shown recently that the population dynamics of NCDs can be described and are better
modelled by linear systems [2, 11-14].
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A very recent study highlights several issues in the studies of NCDs, including the lack of NCDs
models using differential equations, the wrongly formulated mathematical terms, and the ill-posedness
of governing equations [12]. This study will attempt to address these issues. Three NCDs have been
studied recently, in which the mathematical models of thyroid disorder [11], hypertension [13] and di-
abetes mellitus during pregnancy are proposed and studied using stability and sensitivity analysis [14].
However, to date, no mathematical model of VTE has been studied in the literature. Note that, while the
discussion in this paper is that of NCDs, various other potential applications such as modeling the cycles
of carbon and other biogeochemical elements, should be kept in mind.

One may argue that for linear ordinary differential equations (ODEs), the conventional methods, such
as the Laplace transform method and variation of parameters, can be used to solve the ODEs analytically.
However, finding exact solutions of linear system of ODEs with constant coefficients involve solving
characteristic polynomial. There is no general formula for finding the roots of a polynomial that is degree
5 or higher, especially if we deal with symbolic polynomials. It will require the aid of computer algebra
system and frequently the form of solution given by a computer algebra system is large, cumbersome
and hard to study. Even simplification routines may not help much [19]. Moreover, there are difficulties
if the order of the linear equation or system is high [3]. In this study, we provide the qualitative analysis
of linear systems without finding the eigenvalues. It is important to note that the methods of solving
system of linear differential equations analytically is well established and described in many textbooks.
It is also generally accepted that numerical techniques for linear differential equations yields acceptable
solutions. Therefore, the discussion on the qualitative analysis of the model in this study is not an attempt
to reinvent the wheel, and proof from previous studies will quoted whenever necessary. Qualitatively
analyzing ODEs, means determining what the graph of a solution of an ODE (also called solution curve)
looks like and approximating certain qualitative properties of ODEs, without finding the analytical or
numerical solutions of the ODEs. The properties of ODEs includes the existence and uniqueness of
solutions, stability, boundedness, etc.

The objectives of the present study are as follows. Firstly, to formulate a general population model
which can be used to describe the dynamics of all NCDs. Secondly, to discuss the qualitative properties of
the model, namely the existence of unique of its solution, the positivity and boundedness, and its stability.
Finally, as an example of a real-world problem, the model will be used to study the population dynamics
of patients with venous thromboembolism (VTE).

The organization of this paper is as follows. Section 2 discusses the formulation of the general linear
modeling. In Section 3, the proof of qualitative properties of the model, namely the existence and unique-
ness of the solution, the positivity and boundedness of the solution, and its global stability are provided.
In Section 4, the general model and its qualitative analysis are implemented to a non-communicable dis-
ease, namely venous thromboembolism (VTE) among pregnant and postpartum women. Finally, some
recommendations for future work is provided in Section 5.

2. Formulation of the general NCD model

A general linear model for such a population is developed using compartmental modeling (note
that this is not a new idea, see for example [1]). Consider a heterogeneous population in which the
epidemiological parameters for an individual may depend on certain factors (in this study, the factor is
the stage of the NCDs), but can be grouped into finite homogeneous subpopulations. That is, individuals
in a subpopulation are indistinguishable from one another (by homogeneous we imply that all of the
individuals of a subpopulation is at all times homogeneous; there is instantaneous mixing with individual
that enters the subpopulation). Therefore, the parameters may vary from subpopulation to subpopulation,
but are identical for all individuals in a particular subpopulation. We begin the formulation of the general
model by construction a general flow diagram which illustrates the population dynamics of linear model.
In the flow diagram, the subpopulations are represented by the boxes while the arrows depict the possible
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movement of individuals between different subpopulations in the population. A common assumption is
that the movements out of one subpopulation into the next one is governed by constant rates [16].

Figure 1 shows a general flow diagram which illustrates the population dynamics of a continuous-time
linear model with n subpopulations. Note that N(t) =x; +x2+--- +xn and py = p+ z; where,

xi(t) represent the number of individuals in the subpopulation x; at time t;

ai; represent the per capita transmission rate of individuals from the subpopulation x; to subpop-
ulation x;j, which are assumed to be constants (a;; = 0 if there is no movement from subpopulation
xi to subpopulation x;);

c; represent the number of individuals which enters subpopulation x;;
u represent the per capita death rate of the population;

z; represent the per capita rate of individuals who leave subpopulation x; (due to death and other
factors), fori=1,2,--- ,n,j=1,2,---,n,and i #j.
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Figure 1: Flow diagram of the population dynamics of a NCD model with n subpopulations.

Notice the underlying assumption that there are no time delays in the transfers: in the transfer from j
to 1, as soon as individuals leave subpopulation j, it appears in subpopulation i. It is also assumed that
the average time spent in subpopulation i by individuals has a constant length 1/u;. Based on Figure 1, a
general mathematical model can be formulated. The governing equations can be obtained by writing the
instantaneous mass balance equation for each subpopulation. Using compartmental modelling [6], the
general model of n dimensional continuous-time system is governed by a linear system of n differential

equations
dXi n n
It =ci+ J.El ajiXj — Lgl aij + Pvi] Xi, (2.1)

with initial conditions x;(tp) =xi(0) € R, fori=1,2,--- ,n.
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3. Qualitative properties of model (2.1)

3.1. Existence and uniqueness of solutions/equilbirum

Model (2.1) can be written in matrix form x{ = Ax; + c;, where

—d;; a1 Azl v Qnp X1 C1
aijp  —Qy; a2 0 Qpp2 X2 c2
A= | @3 a3 —a5 - an3 |, x;=[X|, c¢;=|C3], (3.1)
[ A1n azn an - _dn,j_ [ Xn | 1Cn |

and

n
Qk,j = Z ag,;j + Hk-
iA],j=1

Based on the given definition of a;; in Model (2.1), all elements of matrix A are constant which
represent the per capita transmission rates of individuals from subpopulation x; to subpopulation x;.
Therefore, the elements of matrix A always exist and continuous hence the initial value problem x; =
Axi + i, X(tg) = X0 has a unique solution.

The existence of the equilibrium of Model (2.1), (x},x}, -+ ,x},) depends on the nature of matrix A.
From linear algebra, we know that Model (2.1) has exactly one equilibrium point if the determinant of
matrix A is non-zero, that is |A| # 0. From (3.1), we know that matrix A is a diagonal dominant matrix,
therefore matrix A is nonsingular [8] and hence Model (2.1) has one unique equilibrium given by the
constant vector xi = —A ey

3.2. Positivity and boundedness of the solutions

Since all the dependent variables in the general models denote physical quantities (in population
models, they represent the number of individuals of a subpopulation), the negative solutions are not
biologically meaningful. Therefore, we require that solutions that start from nonnegative initial conditions
remain nonnegative for all time. Furthermore, if a model is to make a plausible prediction, a population
should not be able to continue growing indefinitely (i.e. bounded).

Theorem 3.1. Positivity of the solutions of Model (2.1).

Proof. Since c; and x; represent the number of individuals, then c; and initial conditions x;(tg) = x1(0),
ci = 0, x%(0) >0, 1=1,2---,n are always non-negative, i.e, ¢; > 0 and xi(t) > 0, (t) > 0 for
i=12,---,n

From (2.1), we know

dx
i [ZGIJ‘FM]XI—Q Zaux], ,j=1,2,-

Hence,

Xm |:Z ai; + ul] > 0. (3.2)

As inequality (3.2) is linear and first order, it can be solved using integrating factor method to yield

d
a[xieklt 0;k; = [Z ai;j + M] (3.3)
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Integrating inequality (3.3) with respect to t, and solving, we obtain
xi(t) = xi(0)e " > 0.

Therefore x; (t) > 0 for (t) > 0. i.e., the solutions of Model (2.1) are always non-negative.
Alternatively, the general solution of initial value problems for the non-homogeneous constant coeffi-
cient linear system is given by variation of constants formula [14]

t
xi = e % (0) + eAtJ e Meids. (3.4)
0

It is not hard to see that solutions of this system that start positive stay positive in the future. Indeed (3.4)
implies that if x(0) > 0, then x(t) > 0,t >0,e* >0,t>0,and "% > 0,0 <s < t. O

Theorem 3.2 (This is the exact statement of [1, Corollary 2.11]). Boundedness of solutions of Model (2.1).

Proof. To prove the boundedness of all x;(t), it is suffice to show that N is bounded.
From (2.1),

dN o dX1 dX2 an
@A SRR TS
—ZC1+ZZX1)X1 ZZXJQCJ del
i= 1] 1 i= 1) 1
—Zcﬁzzaxm Zzaj,ixj—Z(H+Zi)Xi
i=1j=1 i=1j=1 i=1

Since c; and z; are always non-negative, and a; jx; = a;j,ixj, we get

ﬂ%—nN <k, k —io (3.5)
dt [ 2, 2—. i .

As inequality (3.5) is linear and first order, it can be solved using integrating factor method to yield

d
— [Ne™H] < kpe™Mt, 3.6
p t[ et < koe (3.6)
Integrating inequality (3.6) with respect t,
k
N(t) < —2(1—e ™M)+ N(0)e ™
ny
Taking limit when t — oo, we obtain
N < 2
ny’
Therefore, the total population N = x; + % + - - - + x5, is bounded since the number of individuals in every
subpopulation xi,1 =1,2,--- ,n are bounded. O

It is crucial to note that Model (2.1) will be analyzed in a feasible region D given by

k:
D:{(Xl,X2,..~,Xn)€R1:O<N:X1+X2+...+Xn<‘ni},

which can be verified to be positively invariant with respect to Model (2.1). In what follows, the model is
epidemiologically and mathematically well-posed in D [7].
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3.3. Global stability analysis of Model (2.1)

Without further transformations (which require the determination of eigenvalues of the coefficient Matrix
A), the representation of the solution of (3.4) does not provide clear insight into how the solution behave
for high dimension system, particularly in symbolic polynomials. The following theorem will provide the
information about the global stability of Model (2.1), using two proofs, both without explicitly finding the
eigenvalues of A.

Theorem 3.3. The NCD linear Model (2.1) is globally exponentially stable in D.

Proof 1: Using compartmental matrix. The real proof of this statement is based on Gershgorin’s Circle Theo-
rem, the proof of which relies on the strict negativity of the eigenvalues of the matrix. Therefore, the proof
using compartmental matrix is not reproduced here. For linear systems, this implies globally asymptoti-
cally stable and hence globally exponentially stable. O

Proof 2: Using Lyapunov Direct Method. (Note that it is well known (see for example [5, Theorem 2.10])
that in linear systems the strict negativity of all eigenvalues and the system’s stability are equivalent.
Originally this was proved by Lyapunov himself in 1892.)

Consider quadratic Lyapunov function

n

1 1
V(x) = 5(x%—|—x%+---~l—x%1) = EZX%‘

i=1

It is easy to see that V(x) > 0 for x # 0 and V(0) = 0. Furthermore, the derivative is

av n n n n
E = Z XiXi = Z Xi [Ci + ajiXxj — |:Z ai;jxi + Hi:| Xi:| <0,
j=1

i—1 i=1 i=1

k:
for x # 0, since a;;x; = aj,ixj, N < n—it (from Theorem 3.2) and there is at least one z; # 0 (that is, NCDs

can cause death). Besides,V(0) = 0. Therefore, Model (2.1) is globally asymptotically stable and hence
globally exponentially stable. O

4. Application to VTE disorder among pregnant and postpartum women

As an example, the findings of the previous sections will be implemented to a non-communicable
disease, namely VTE among pregnant model. VTE is a condition where blood clots form in the vein,
which is called deep vein thrombosis (DVT). The blood clot may dislodge, travel to the lungs and block
the lung’s blood vessel, known as pulmonary embolism (PE) that may be fatal. Risk factors for VTE are
grouped into three main factors: changes in blood composition, disruption in blood flow and injury to
the vessel wall [15]. Pregnant and post-partum women have an increased risk of blood clots forming due
to the physiological increase in blood clotting factors composition (this is called hypercoagulable state)
combined with dilation of vein, mechanical obstruction of blood flow by the enlarged uterus, vessel injury
during childbirth and immobility. The presence of non-pregnancy related risks such as thrombophilia,
lupus, sickle cell, heart disease, and other associated conditions further increase the risk of VTE. The
combination of these factors increases the likelihood of VTE between four to five times during pregnancy
and twenty times during postpartum period (up to eight weeks after termination of pregnancy) [4, 9].
VTE is a major global burden regardless of the socioeconomic status of the countries due to its association
with disability, lower quality of life and death [18]. Among pregnant and post-partum women, VTE
affects from 90 to 171 per 100,000 pregnancies [17, 18] with 714 deaths per 100,000 VTE cases [10]. VTE is
not a leading cause of maternal deaths in developing countries as other causes predominate. However, in
developed countries where those cases are successfully managed, VTE is a leading contributor to maternal
deaths [4, 18].
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Figure 2: Flow diagram of the population dynamics of VTE during pregnancy.

Women can only become pregnant during the reproductive age. A woman in the hypercoagulable
state (due to various health conditions stated above) will continue to be in that state during pregnancy
and postpartum. However, there are normal women who only become hypercoagulable during pregnancy
and postpartum due to pregnancy-related and postpartum-related conditions. Among these women, there
are two possible implications after the postpartum period; (1) hypercoagulable state ceases as the risks
factors are removed, or (2) hypercoagulable state continues if the risk factors persist (as an example, the
dilation of vein started during pregnancy and then venous insufficiency developed and continued after
postpartum). Venous thrombosis can occur in women in hypercoagulable state. When venous thrombosis
occurs, it may (1) resolve, or (2) lead to PE which may be fatal. When a thrombus or an embolus resolves,
depending on the presence of risk factors, the woman can be in hypercoagulable state (if the risk factors
persist) or normal state (if the risk factors have been removed).

The flow diagram of VTE during pregnancy is shown in Figure 2. Five dependent variables represent
subpopulations of different stages of the disease, namely L(t) is the number of normal non-pregnant
women in reproductive age, M(t) is the number of thrombophilic pregnant or postpartum women, R(t) is
the number of pregnant or postpartum women with DVT, S(t) is the number of pregnant or postpartum
women have PE and T(t) is the number of normal non-pregnant women in reproductive age population
with thrombophilia. Using the notations in Section 3.1, x; = L(t), x2 = M(t), x3 = R(t), xa = S(t),
x5 = T(t). The parameters in the models are described in Table 1 (all other c; and a;; are zeros).

Therefore, the mathematical model of VTE during pregnancy is as follows:

%:ll)_(£+H+K+7\)L+BT+7TM+O'R+QS/ (4.1)
%I:a)—(g+p+[5+6)T+ocL+QM+TR+yS, (4.2)
ddlf:AL_(n+o+u+a)M+eT+ch+¢s, (43)
%:GM—(({)—FT—FH—FT]-FO')R-FXS, (4.4)
i—i:nR—(x+u+6+¢+Y+P)5/ (4.5)

with initial conditions L(0) = Ly, T(0) = Ty, M(0) = Mg, R(0) = Ry, S(0) = So.
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Using the results in previous sections, we know that the VTE model has a unique non-negative equi-
librium solution, given by the constant vector x} = —A1l¢;,i=1,2,---,5 which is globally exponentially
stable, where A is the coefficient matrix of the model.

Table 1: The parameters in the VTE model.

Parameters Description

W= Uz =W death rate not due to VTE

z4 =0 death rate of pregnant/postpartum women due to PE

c1=1 rate of women entering reproductive age without thrombophilia

z1=§ rate of women leaving the normal non-pregnant women in the reproduc-
tive age population without thrombophilia

5= rate of women entering reproductive age with thrombophilia

zZ5 =¢ rate of women leaving the normal non-pregnant women in reproductive
age population with thrombophilia

ais =K rate of normal non-pregnant women becoming thrombophilic

as; = f3 rate of thrombophilic non-pregnant women recovering from thrombophilia

ajp =A rate of normal non-pregnant women becoming thrombophilic pregnant or
postpartum women

asp =0 rate of thrombophilic non-pregnant women becoming thrombophilic preg-
nant or postpartum women

g =T rate of thrombophilic pregnant or postpartum women recovering from
thrombophilia become normal non-pregnant women

ars =02 rate of thrombophilic pregnant or postpartum women becoming throm-
bophilic non-pregnant women after postpartum

az1 =0 rate of pregnant or postpartum women with DVT recovering from DVT
and becoming normal non-pregnant women

a5 =T rate of pregnant or postpartum women with DVT recovering from DVT
but continue to be thrombophilic after postpartum

a3 =0 rate of thrombophilic pregnant or postpartum women developing DVT

asp = @ rate of pregnant or postpartum women with DVT recovering from DVT
but continue to be thrombophilic pregnant or postpartum women

azs =T rate of pregnant or postpartum women with DVT developing PE

azp = ¢ rate of pregnant or postpartum women with PE recovering from PE but
continue to be thrombophilic pregnant or postpartum women

az4 =X rate of pregnant or postpartum women with PE recovering from PE but
still not recovering from DVT

ags5 =Y rate of pregnant or postpartum women with PE recovering from PE be-
coming thrombophilic non-pregnant women after postpartum

az1 =p rate of pregnant or postpartum women with PE recovering from PE be-
coming normal non-pregnant women

5. Conclusions

Obtaining the analytical solutions of a linear ordinary differential equations is impossible without

finding the eigenvalues. The present study proposes a general linear model which describes the pop-
ulation dynamics of NCDs (and several other potential applications) using the compartmental analysis.
The model has a unique non-negative equilibrium which is globally exponentially stable. This means
that all solutions of Model (2.1) will converge exponentially to the equilibrium given by x; = —A~lc;,
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independently of the initial conditions. Furthermore, the qualitative properties of Model (2.1) including
the positivity and boundedness of the solutions are studied. The global behavior of the model is stud-
ied and analyzed using the theorem of compartmental matrix and Lyapunov function, without explicitly
determining the eigenvalues of the coefficient matrix. Finally, the proposed model is applied to a real-
world example, namely the VIE among pregnant and postpartum women. For further study, we intend
to considerably extend this study by developing corresponding model with time delay to better describe
the nature of the dynamics of NCDs.

The novel contributions of this study are the formulation of the general NCD model, the qualitative
analysis on the properties (the existence, uniqueness, positivity and boundedness) of the solutions of the
model and the study of VTE using the developed model and its analysis. The implementation of the
formulated model and its analysis to VTE is due to its importance which has not been studied before.
VTE is selected as it is a major global health burden due to its association with disability and lower quality
of life and death.
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