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Abstract: This study proposes a nonlinear mathematical model of virus transmission based on the
SEIR model. In this study, the interaction between viruses and immune cells is investigated using
phase-space analysis of a mathematical model. Specifically, it is focused on the dynamics and stability
behavior of the mathematical model of a virus spread in a population and its interaction with human
immune systems cells. The endemic equilibrium points are found and local stability analysis of all
equilibria points of the related model is obtained. Further, the global stability analysis either, at
disease-free equilibria, or in endemic equilibria is discussed by constructing the Lyapunov function
which shows the validity of the concern model exists. Finally, a simulated solution is achieved and
the relationship between viruses and immune cells is highlighted.
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1. Introduction

Mathematical modeling of biological processes is a field of research that facilitates our
understanding of complex biological systems and variables by simulating and analyzing several
biological scenarios through specific models based on mathematical theories [1-3]. It provides a robust
approach to describe mechanisms behind the dynamics occurring in biological processes by melting
mathematical theories and models in the same pot with biological simulations [1]. This approach is
playing a crucial role in predicting the spread rates of various major public health problems caused by
viral diseases such as Ebola [4], Influenza [5], Cancer [6], Zika [7], Usutu [8], and Covid-19 [9].

Simultaneously, the field of mathematical modeling and simulations has gained considerable
attention in various areas of human physiology, e.g., the analysis of muscle structure [10] and the
study of brain activity [11,12]. Furthermore, mathematical modeling is also actively used to optimize
medication usage and treatment process [13-15]. In this study, we focused mainly on modeling and
simulating the spread of viruses and the behavior of cells in the human immune system through
the dynamical modeling approach. Dynamic models are widely recognized for their pivotal role in
describing the interactions among uninfected cells, free viruses, and immune responses [16-19]. The
latest study findings highlighted the ability of complex models to describe human biology. For instance,
Nowak et al. proposed a three-dimensional dynamic model for viral infection, which utilized numerical
methods from autonomous dynamical systems [17-19]. Giesl and Wendland characterized a Lyapunov
function as a solution of a suitable linear first-order partial differential equation approximating it using
radial basis functions [20]. Yang and Wang formulated a mathematical model employing non-constant
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transmission rates, which varied with environmental conditions and the epidemiological status and
reflected the impact of the ongoing disease control measures [21]. Despite significant efforts in
designing mathematical models for virus dynamics, characterizing their behavior remains challenging.
Even though several models have been proposed over the past two decades, their results bring different
outcomes. However, a deterministic compartmental (SEIR) model has been successfully devised [22].
In mathematical epidemiology, numerous models have been proposed to analyze and predict epidemic
outbreaks [23-25]. One such approach is the stereographic Brownian diffusion epidemiology model
(SBDiEM), which provides a novel spatial perspective for the dynamic publishing, prediction, and
modeling of infectious diseases [26,27]. The SBDiEM model can be adapted to identify past outbreaks
and track the spread of viruses, offering valuable insights for national health systems, international
stakeholders, and policymakers, thereby contributing to innovative perspectives in the field [28].

Kahajji et al. conducted a study focusing on the transmission dynamics of viruses, developing a
separate mathematical model to describe the spread of the virus among animals in different regions.
Their study highlights the importance of implementing effective campaigns to prevent individuals
from moving between regions, promoting participation in quarantine centers, utilizing awareness
campaigns targeted at virus prevention, and implementing security measures and health protocols
within the region [29]. They estimated outbreak dynamics through mathematical modeling and
provided decision guidelines for successful outbreak control. Furthermore, their model provided a
valuable tool for estimating vaccination effectiveness and quantifying the impact of relaxing political
measures, such as total lockdowns, shelter-in-place orders, and travel restrictions, for both low-risk
subgroups and the population as a whole [30]. Numerous studies have highlighted the importance
of models and simulations in understanding complex biological phenomena and tackling emerging
diseases. However, the diversity of biological factors affecting human health and the emergence of
new diseases warrants further exploration.

Moreover, the mathematical approaches identified by the World Health Organization (WHO)
can be essential in providing evidence-based information to healthcare decision-makers and
policymakers [31].

In this study, we have theorized a nonlinear mathematical model of virus transmission based on
the SEIR model. We consider the following mathematical model concerning the initial value problem
for the following nonlinear systems:

)
) =qT(t)V(t) — B2E(t)I(t) — daI(t), )
) = B3I(t)E(t) — d3E(t),

) = BI(t) — cV(8)

T (to) = To, I (to) = Io, E (to) = Eo, )
V(to) = Vo, to €10, a),

where T = T (t), I = I (), E (t) and V (t) denotes the concentration of uninfected cells, infected cells,
effector immune cells, and free viruses at time ¢ € (0, m), respectively.

Uninfected cells are supplied at a rate 4, and uninfected hepatocytes (target cells, T) are infected
by virus V at B1. They are d; (i = 1,2, 3) that die naturally at the rate g is the rate constant characterizing
infection of the infected cells. Effector cells mediate infection by eliminating productively infected cells
at a rate of 8,. Effector immune cells E are supplied to the presence of tumor cells, stimulating the
immune response. The virus activates the effector immune cells at the rate of f3. The infected cells
produce new viruses at the rate of b during their life. The constant ¢ > 0 is the rate at which the viruses
are cleared [32-34]. They worked on the local and global dynamic model of cancer tumor growth [35].
Recently, studies have been carried out on dynamic models [6,35-37].
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2. Boundedness and Dissipativity

In this section, we showed that the model is bounded by negative divergence, positively invariant
with respect to a region in R% and dissipative. As we are interested in biologically relevant solutions
of the system, the next results show that the positive octant is invariant and that the upper limits of
trajectories depend on the parameters.

We put

T(t)=x1(t), I(t)=x2(t), E(t) =x3(t), V() = x4 ().

Then the problem (1) — (2) is reduced the following form:

X1 (t) =a—Pixg (f) x1 () —dixq (t) , 3)
Xp (1) = qx1 (t) x4 (t) — Boxs (t) x2 () —daxa (t),
X3 (t) = Baxa (t) x3 (t) —dsx3 (),

X4 (8) = bxo (£) —cxq (8),
x1 (to) = x10, X2 (to) = x20, ¥3 (to) = X30, 4)

X4 (t()) = x40, o € [O, a).

Let
x=x(t) = (x1,%2,x3,%4), Xj = X; (t),j=1,2,34, (5)
fi (x) = a = Prxs (D)3 (1) —di (1)
f2(x) = g1 () x4 (t) — Pox3 (t) x2 () — doxz (t)
f3(x) = Baxa () x3 (t) — dax3 (t), fa (x) = bxz (t) —cxa (t) .
Here,

Ri = {x - (xl/x2/x3rx4) € R4/ X > 0}/

Q= {XE]RA_I,_: B3xy — B1x4 — Boxz < dq —l—d2+d3+c}

Consider the problem (3) — (4) with £y = 0.
Condition 1. Assume the following assumption is satisfied
,Bll 521 dl/ d2/ d3/ c> 0/ ﬁ?) < 0.

Theorem 1. Let the Condition 1 holds. Then the system (3) is with the negative divergence and is dissipative
in the domain QO C R*.

Proof. Indeed, from (3) and (4) we have

O L 3 O
ax1 + 8x2 + ax?, + aJC4
ﬁng, (t) —dy + ﬁng (t) —dsz —c.

Hence, by Condition 1, the system (3) is dissipative on the domain (). but there is no definition of
Condition 1. O

= — (,31964 -l—dl) —
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3. The Local Stability of Equilibria Points
In this section, we derive the stability properties of equilibria points of the system (1). Let
R: = {x ERY x>0, i= 1,2,3,4},Br (%) = {x ERY, [x — s < r}.

Condition 2. Let

bd; bazzang + azpac + azzan aab
—= #dq, bds # dyc, D
c a21a14Y + bazzay — aza3

< 0,d3 > B3xa. (6)

Theorem 2. Assume that the Condition 2 is satisfied. There is a point P = (x1, X, X3, x) that is a equilibria
points of the system (1) in R4 .

Proof. It is sufficient to find the solution of the following system of algebraic equation in x1, x2, x3, x4:
a— (Prxg —di) x1 =0, qx1x4 — Pox3xy — dyxy =0,

ﬁgXQXg - d3X3 =0, bXQ — CXq4 = 0. (7)

From first and second equations we have

a
= — — d = U.
= G — ) T Baxsxz —daxy =0 8)
From third and fourth equations we get
b
(/33.‘)62 - d3) X3 = 0, X4 = Exz. (9)

If x3 # 0 we get that X, = %. By (9), then we dedused that %, = % Hence, from (8) we have

3
B a
X1 =

1 w/

X3 = ! [xx—dx]—iabq _%
37 Bty Pha = 2k ~ (bds —dic) By B’

Thus we obtain that the system (1) have a unique equalibria point P (%1, X, ¥3, ¥4 ), where

Xl_M’fz_ﬁ'fa_M_z'x4_fg (10)
O
Remark 1. For the point to have the biological meaning of stability point P (%1, X2, X3, X4), it should be:
d1 < b;ﬁ bds —dic > 0, BrXs +dy > 0. (11)

We show here, the following results:

Theorem 3. Assume that the Condition 2 is satisfied. Suppose the estimate (11) holds. Then the point
P (%1, %, X3, %4) is locally stable point for the system of (1) .

d0i:10.20944/preprints202308.1037.v1
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Proof. Consider the linearized matrix of (1), i.e. the Jacobian matrix according to system (1) at point
P (%1, Xy, X3, X4) is the following:

oh 0h 9A A

9 ) J 9 0 0
ai; ﬁ i ai;; a1 a4
A Df | 3q o9 9 oy | _ | 41 ax ax ax (12)
o Dx B gﬁ ﬁ ﬁ % o 0 aszp ass 0 !
X1 Ox Jdx dxy
Ofi O O Oh 0 b 0 —c
dx;  dxp 0dxp  Jx3
where B3x7 (t) X3 (t) — dszxs (i’)
a1y = — (B1%4 +4d1), a14 = —P1%1, Ay = q%4, a2 = — (B2X3 +da),
ax = —PoXy, a4 = q¥1, Az = P3X3, Az = P3¥3, a3z = P32 — ds. (13)
O
The eigenvalues of the matrix A can found as the solutions of the following equations
a — A 0 0 a14
apg  ap—A  ap a4
A—Al = =
0 asp aszs — A 0
0 b 0 —(c+A)
ap —A a3 a4
[a11 — A] ax  az — A 0 -
b 0 —(c+A)
0 0 a4
a1 (Z) asy azz— A 0 = (14)
b 0 —(c+A)
(1111 — /\) [ — (C + )\) (ﬂzz — )\) ({133 — A) —
bayy (a3 — A) + azpazs (¢ + A)] + axaiab (az3 — A) = 0.
Let we put
(C + )\) ({7122 — A) (a33 — /\) =0.
i.e. A = —c, Ay = apy and A3 = a3z are the eigenvalues of A. Then other solutions of A can be obtained

by solving the equation

bayy (az3 — A) + asans (c +A)] + aznab (a3 — A) = (15)

(a21a14b + bazzary — azpax3) A = bazzany + azpasc + aszaz agh =0

By solving the equation (15) we get the fourth eigenvalue of the matrix A

As— bazzang + azpazc + azzanaab
ax1a14b + bazzazy — azars

For local stability of the system (1) it is sufficient to show that all eigenvalues of the matrix A are
negative. Indeed, by (10) and (11), we have

M=—c<0,A)=apy=— (,323?3 —l—dz) <0, (16)

d0i:10.20944/preprints202308.1037.v1
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_ bazzang + azpazsc + azzan aab
As = a3 = 3 <0, Ay = 0.
3= a3 = faly —ds <0, A4 a21a14b + bazzaog — azpanz <
By assumption (11), and by (10) we see that,
X 2013?2 ZOIX3 201X4 > 0.
Hence by (16) we get
)tl <0,)\2 < 0,/\3 < 0.
Moreover, it should be
Ay = bﬁgqxlxz_—_cﬁ2ﬁ3x2x_3 - b,81[53qx_1x_2x4 <0 (17)
—bB1q%1 %4 + bB3qx1 Xy + B2 P3XaXs
The estimate (17) satisfies if:
bB3qx1%2 — cPaPf3XaX3 — b1 f3qx1%2%s < 0, (18)
—bﬁqup@; + bﬁgqflfz + ,32,333?29?3 > 0..
or
bﬁ3qf1.‘f2 — Cﬁ2ﬁ3fzf3 — bﬁ1ﬁ3qf1f2f4 >0, (19)

—bPr1gx1%4 + bP3qXi X2 + P2P3Xaxz < O;
Since x; > 0 the second inequality in (18) satisfied for all x € R* , when
bp3qx1Xz — cPofaiais — bp1f3qriXaxy <0,
i.e. by (10) if

bgadsc _ cdzabg + bByqad3b
bds — dic (0ds —dic)

By assumption (11), the above inequality is satisfied when
dsc < cds + ﬁ1d%b,

that it is clear that holds for all x € Ri. Since bB1g%1 %4 + bB3gx1 Xy + B2P3Xa¥3 > 0 forall x € R4,
the inequality (19) is not satisfied in R% . Hence we obtained that all eigenvalues of the matrix are
negative under our assumptions.

In Figure 1 we compare the number of viruses with the number of infected cells. Both the number
of viruses and the number of infected cells decrease over time. The second Figure 2 compares the
number of viruses with the number of uninfected cells. In this case, the rates of change between the
two are in inverse proportion to each other. Finally, Figure 3 shows a comparison between the number
of infected cells and the number of effector immune cells. It is noticeable that both the infected cells
and the immune cells in this figure rapidly decrease over time.
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Figure 1. We compare infected cells (I(t)) and free viruses (V(t)). They are V(0) > 0 and I(0) = 0.
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Figure 2. We compare uninfected cells (T(t)) and free viruses (V(t)). They are T(0) > 0 and V(0) = 0.
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Figure 3. We compare effector immune cells (E(t)) and infected cells (I(t)). They are E(0) > 0 and
1(0) > 0.

4. Lyapunov Stability of Equilibria Points

Let E (%) is a equilibria point, where ¥ = (%1, %3, X3, 1) € R* is defined by (10). In this section,
we show the following results: Let A = A (%) be the linearized matrix with respect to equilibria E (¥)
point defined by (12), i.e.

an 0 0 aiq
A= dp1 dpp 423 A4
- 7
0 axp a; O
0 b 0 -—c

where a;; are defined by (13). We consider the Lyapunov equation

b1 bip biz b
_ by by by by
BA+ATB=—-1,B=B(x) = Jbii =D 20
) b31 bz bz b v 20)
by by by by
Itis clear that
bi1 bip biz b ain 0 0 ap
BA — byt by by by Ay ap A3 Ay | _
bs1 b3y bz bay 0 ax ap O
by by by by 0 b 0 -—c
—ayibi1 +axbiy  axnbip + aznbiz 4+ bbis  axbip +azzbiz  aiabiy + axpbip — chiy

a11bo1 + ax1bn—
a11bz1 + ax bz —
a11bgr + axibgy—

Az by + azpboz + bbyy
absp + aspbsz + bbsy
a2bgy + azpbyz + bbyy

ax3by + azzboz
ax3b3 + azzbsz
ax3by + azzbyz

a14bo1 + axsbry — cbyy
a14b31 + aabzy — cbsy
a14b41 + aabyy — cbay
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—aj; ay 0 0 bi1 by biz b
AT — 0 ap axp b byy bn b by | _

0 a3 —ap 0 bs1 b3y bz b3y

ag ay 0 —c byt by by by
a11b11 + a by a11b1p + ax1bn a11b13 + az1by3 a11b14 + ax1boy

axbyy + aspbsy + bbay  apbay +azbsy + bbay  axboz + azpbsz + bbys  axbys + azpbza + bbyy

ax3by1 + azsbz axby + azzbz ax3bys + azzbzz ax3bys + azzbzy

—a14b11 + aosboy — cbyy  aiabip + asgboy — cbyy  a14b13 + apabrz — cbyz  a1abig + araboy — chyy

(20) reduced to the following equation

811 812 813 814

BA+ ATB = 821 822 823 824 —_J, 1)
831 832 833 834

841 842 843 844

where
811 = 2a11b11 + 2ax1b12 = —1,

812 = (a11 + a22) bia + azbiz + bbiy + as by =0,
813 = axbin + (a11 + as3) biz +axnby =0,

§14 = A1ab11 + azabip + (a11 — ¢) big + az1byy =0,

822 = 2ab2 + 2a33b23 + 2bbyy = —1,
823 = axbxn + (ax + as3) bas + asybsz + bbzg = 0, (22)

§24 = a14b12 + anaboy + (a2 — ¢) bag + axzbzy + bbyy =0,
933 = 2a3by3 + 2a33bzz = —1,

834 = A1ab13 + ap4bos + (a33 — ) bag + a23b24 =0,

Qa4 = 2a14b14 + 2a24bp4 — 2¢byy = —1.

Main and associated determinants of the system (22) in byy, b1o, b13, b14, b2a, bo3, bag, b33, bag, byy is the

following
26111 25121 0 0 0 0 0 0 0 0
0 a1 +axp aiq -+ ass an 0 0 0 0 0 0
0 a3 a1 +ass 0 0 an 0 0 0 0
a4 az4 0 (ﬂu - C) 0 0 a1 0 0 0
A — 0 0 0 0 20122 2ﬂ32 2b 0 0 0
0 0 0 0 az3  ap +asz 0 asp b 0 .
0 a4 0 0 aza 0 ({122 — C) 0 a3 b
0 0 0 0 0 2&123 0 2&133 0 0
0 0 a4 0 0 Aaxq a3 0 (a33 — C) 0
0 0 0 2a14 0 0 2apy 0 0 —2cb
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—1  2ay 0 0 0 0 0 0 0 0
0 aqp+axp ann+ass an 0 0 0 0 0 0
0 as3 a1 +az3 0 0 an 0 0 0 0
-0 aza 0 (all — C) 0 0 a1 0 0 0
A1 _ —1 0 0 0 26122 2&132 2b 0 0 0
0 0 0 0 ar3  ap +as3 0 asp b 0 !
0 a4 0 0 az4 0 ((122 — C) 0 a3 b
-1 0 0 0 0 2&123 0 2&133 0 0
0 0 a4 0 0 arg4 a3 0 (a33 — C) 0
-1 0 0 2{114 0 0 2&24 0 0 —2cb
2a11 —1 0 0 0 0 0 0 0 0
0 0 ay+ass a1 0 0 0 0 0 0
0 0 a1 +ass 0 0 a1 0 0 0 0
a4 0 0 (6111 — C) 0 0 a1 0 0 0
Az _ 0 -1 0 0 2&122 26132 2b 0 0 0
0 0 0 0 a3 dxy + 433 0 asp b 0 !
0 0 0 0 aza 0 (azz — C) 0 a3 b
0 —1 0 0 0 20123 0 21133 0 0
0 0 a4 0 0 ary4 a3 0 (a33 — C) 0
0 -1 0 2a14 0 0 2ay4 0 0 —2¢cb
26111 2&121 0 0 0 0 0 0 0 -1
0 a1l +axy ay +ass an 0 0 0 0 0 0
0 a3 a1 +4asz 0 0 a1 0 0 0 0
a4 aza4 0 (Llll — C) 0 0 an 0 0 0
Al() _ 0 0 0 0 Zazz 2a32 2b 0 0 -1
0 0 0 0 a3 dx +4asz 0 asy b 0
0 ala 0 0 a4 0 ([122 — C) 0 an3 0
0 0 0 0 0 26123 0 2&33 0 -1
0 0 a4 0 0 az4 a3 0 (El33 — C) 0
0 0 0 2a14 0 0 2ap, 0 0 -1

We assume that A # 0. Then by by solving (22) with respect to b,; by Kramer method, we obtain

A Ay A

A 2 =bn =5, b = 5 (23)

b1 = A

Theorem 4. Assume the Condition 2 holds, A # 0. Suppose aj; such that b;; > 0,i=1,2,3,4, b;; > 0 for
i,j =1,2,3,4, when i # j. Then the system (3) is asymptotically stable at the equilibria point E (X) in the

sense of Lyapunov.

Proof. By assumptions the function P4 (x) associated with tha matrix A defined by

4
PB (x) = XTBX = Z bl-]-xl-x]-
ij=1

d0i:10.20944/preprints202308.1037.v1
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is positive defined in R*. Hence, all eigenvalues Ay, Ay, A3, Ay of the the matrix B = B (%) is
positive in R%, i.e. Py (x) is a positive defined Lyapunov function candidate (see e.g. [22,23]). By
[12, Corollary 8.2]. We need now to determine a domain () on which Py (x) is negatively defined. By
assuming xx > 0, k = 1,2, 3,4 we will find the solution set of the following inequality

fi(x) = a— Brxg (t) x1 (t) —dixq (t)

fa (x) = qx1 (£) x4 (t) — Baxs () x2 () — daxz (£)
fa3(x) = Baxa (t) x3(t) —daxz (t), fa (x) = bxa (t) —cxa (t).
4 9Pg

P (x) = Z

f;()

2 (b11x1 + bipxy + bi3x3 + b14X4) (11 — ﬁ1x4x1 — d1X1) +

2 (bo1x1 + booxa + bazxs + baaxs) (9x1X4 — Poxaxy — doxz) +
2 (b31x1 + b3pxa + bazxz + bzaxa) (Baxoxs — dzxsz) + (24)
2 (ba1x1 + bzaxo + byzxz + bagxy) (bxp — cxyq) < 0.
Hence, the system (3) is asymptotically stabile at E () in the Lyapunov sense when,
a — Prxgxy —dixy <0, gx1x4 — Poxaxy —drxy <0,
Baxoxz —dzxz < 0, bxp — cxy,
i.e. the system (3) is asymptotically stabile at E (X) in the Lyapunov sense in the following domain

0O = {x € ]Ri: (Bixg+d1)xq > a, (Baxz+da) xo > gx1xy,

Baxp < d3}, x4 > gxz- (25)

O

Theorem 5. Assume the Condition 2 holds, A # 0. Suppose ajj such that b;; > 0,i=1,2,3,4 and bij <0 for
i,j =1,2,3,4when i # j. Then the system (3) is asymptotically stable at the equilibria point E (X) in the sense

of Lyapunov.
Proof. A
Pp(x) =x"Bx =Y bjxix; =
ij=1
1 4b 2 11 412 b 2
—bn (xl + lzxz) 1722 R b11 (xl + 13x3) +
4 b1 by by
4p2, s \2 |1 4h?
b — B x24p <x +x> 4 | by — 2| K3+
1 b 2 1 9p2 3by O\ 2
~byy | x2 + 3£JC3 + | =bsz — i<} X3 + bzz Xy + 7X4 +
3 bzz 3 bzz b22

1 963,
3 44 Do

1 3b 2
xﬁ + §b33 (X3 + b?&;) +

1 9b§4 2
by — 234 >
3b44 b33 Xy = O,
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when 5 ) ) )
1 4bs, 1 4b 1 4bs, 1 9b
“byy > 12 “hag 13 > 14 ,b 723
322_b 3_b 44_b 33 > Do
1 9%3, 1 9b2,
Fba > ==, Jby > —=

Then by reasoning as in Theorem 4. we obtain the conclusion. [

Remark 2. Assume the Condition 2 holds, A # 0. Suppose a;j such that b;; > 0,i = 1,2,3,4, b;j > 0 for
i,j= 1,2andbij <O0fori,j=3,4wheni ;éjorb,'j <O0fori,j= 1,2andbi]' >0fori,j=3,4wheni# j.

Similar way as in Theorem 4 we get that Then the system (3) is asymptotically stable at the
equilibria point E (X) in the sense of Lyapunov.

5. Discussion

The spread rate of the virus in the population and its interaction with immune system cells were
examined through a SEIR model. Stability analysis was performed by finding the equilibrium points
of the nonlinear model created with four variables. Specifically, these variables T = T(t), I = I(t), E(t),
and V(t) were the concentration of uninfected cells, infected cells, effector immune cells, and free
viruses, respectively. An approximate solution has been pursued since theoretical nonlinear equations
usually have no deterministic solution. Here, the coefficient of the variables is considered equal to
0.1. In addition, global stability analysis was discussed by constructing the Lyapunov function, which
validates the robustness of the dynamic model in disease-free equilibrium or endemic equilibrium.
This analysis provides an understanding of the long-term behavior of the model and its impact on the
progression of viral infections.

In Figure 1 and Figure 2, the interaction of the virus between infected cells and normal uninfected
cells was studied. Figure 1 shows a direct proportionality between cells” dynamics, while Figure 2
shows an inversion of the cells’ dynamics. Finally, Figure 3 shows the interaction between immune and
infected cells. This Figure shows a direct proportionality between immune and infected cell dynamics.

The nonlinear model aimed to capture the interaction among the virus cells in different conditions,
i.e., when virus cells are in contact with infected cells, when the virus is in relation with uninfected
cells, or when there are infected and uninfected cells alone. It is worth noting that these relationships
were obtained within certain mathematical conditions, which can affect the model results. The real-life
condition could be more complex than those represented in this study. However, this model could pose
a remarkably well-structured nonlinear mathematical fashion for analyzing how virus cells interact
with the other cells within a human body. Moreover, it provides interesting information on the process
dynamics over time, i.e., from the past to the future.

Future studies need to focus and validate the results of the model through experimental studies
and physical observations. Although the model provides important views of the interaction dynamics
between virus cells and other cells in the human body, real-life conditions may be more complex than
those represented in this study. Therefore, empirical studies would be crucial to validate the accuracy
and applicability of the model in a more real-life scenario.

6. Conclusion

In this work, the interaction between viruses and immune cells was investigated. Cases of normal
cells infected with the virus were also included in the model. A four-variable dynamic model of normal
cells, infected cells, effector immune cells, and free viruses was constructed. Equilibrium points of this
mathematical model were found, and Lyapunov stability analyses were performed. Relationships
among the virus, the infected and uninfected cells were discussed, as reported in Figures 1-3.

A directly proportional relationship between viruses and infected cells was found in the decrease
and increase of the cells’ dynamics, as shown in Figure 3. In Figure 2, virus and uninfected cells were
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compared. Rates of change are inversely proportional to each other. Infected and immune cells are
proportionally reduced rapidly in Figure 3.

This model, which could be validated by clinical trials, poses itself as a possible aid for
decision-makers to structure their health policies according to evidence-based mathematical models.
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