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Abstract

We present a mathematical framework for the infection of Neisseria gonorrhea in this article. Compared to
a number of earlier models in the literature, the new model is more comprehensive and covers a wide range
of concepts. The local and global stability, sensitivity analysis, of the model are examined. The results are
illustrated with algorithmic experiments. A computational analysis of the model is examined. highlighting
the impact of different values of parameters on the model’s dynamics and offering potential avenues for
further research.

In this article, we present a robust mathematical framework for modeling the infection dynamics of
Neisseria Gonorrhoea. Unlike earlier models in the literature, our approach is more comprehensive, integrating
a wide array of concepts related to the infection process. We conduct an in-depth analysis of both local
and global stability, along with a sensitivity analysis of the model parameters. The results are supported
by algorithmic experiments that illustrate the model’s behavior under varying conditions. Additionally,
we perform a thorough computational analysis, emphasizing how different parameter values influence the
model’s dynamics. This work not only enhances our understanding of gonorrhea transmission but also
identifies potential avenues for further research in this critical area of public health.
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1. Introduction

A type of bacteria known as Neisseria gonorrhoeae is the source of the sexually transmitted infection
gonorrhea. It is transferred from one individual to another through oral, anal, and vaginal sex. It is present
in the urethra, anus, vagina, and throat. Infections in newborns can result in eye infections. After ten days of
exposure to the germ, the symptoms manifest and then go away [1]. Although women frequently show no
symptoms at all, men and women who have lost their symptoms are nonetheless infected and contagious. If
one has an oral sex infection, they may have symptoms such as sore throat. The risk of gonorrhea spreading
to the throat during penis-mouth sex is higher than during mouth-vagina sex, which is rare [2].

Neisseria gonorrhoea, the bacteria that causes gonorrhea, is one of the most prevalent STIs in the
world and poses serious health risks to the general public. Despite advances in diagnostic tools, treatment,
and prevention strategies, the persistence and resurgence of gonorrhea highlight the need for innovative
approaches to control its spread (Centers for Disease Control and Prevention, 2021; World Health Organization,
2018) [3]]. In males, gonorrhea can result in epididymitis, a painful testicular infection that, if ignored, can
occasionally result in infertility. If left untreated, gonorrhea can cause scarring inside the urethra, which
can make it difficult to urinate. It can also affect the prostate. An estimated 78 million new cases of
gonorrhea are detected annually; in the United States alone, there are an estimated 820,000 new cases each
year, and in 9963, the World Health Organization determined that Logos, Nigeria, had the highest rate of
gonorrhea worldwide (Ogunbanjo BO 1989 and Lorismith 2018). In the past, gonorrhea was identified in
Edinburg in 1792 by surgeon Benjamin Bell, who distinguished it from the contagious syphilis sickness
(Benedek, 200). It can affect the throat, the mucous membranes in the eyes, the mouth, the anus, and
the throat in addition to the reproductive track (Lorismith 2018).[4]. If the treated people had sexual
contact with an infected person, they could become reinfected. (CDC, 2016) [5]. Human gonorrhea
infections that are left untreated raise the risk of contracting or spreading HIV, which can result in AIDS
(Flaming et al., 1999). [6]. The risk of blindness, joint infections, and potentially fatal blood infections
in children who contract gonorrhea from an infected mother during birthing can be decreased by treating
gonorrhea infections in pregnant women as soon as they are identified. The emergence of antibiotic-resistant
strains of Neisseria gonorrhoeae further complicates control efforts, necessitating a deeper understanding of
transmission dynamics and the effectiveness of various interventions (Unemo et al., 2019) [7]. Mathematical
modeling has proven to be a valuable tool in epidemiology, offering insights into the dynamics of infectious

diseases and informing public health interventions (Keeling & Rohani, 2008),[8]. Models of gonorrhea

82



transmission can help elucidate the potential impact of different control strategies, including the role of self-
protection behaviors, such as condom use, regular STI testing, and partner notification (Eames & Keeling,
2002; Garnett, 2002)[9]]. Self-protection behaviors are critical in reducing the transmission of gonorrhea,
yet their effectiveness is influenced by a range of factors, including individual adherence, public health
policies, and the characteristics of the sexual network (Alirol et al., 2017)[10]. For instance, condom use
has been shown to reduce the risk of transmission significantly, but inconsistent use and behavioral factors
can diminish its overall impact (Holmes et al., 2004) [11]]. According to (Semchenko EA, et al, 2018) [12]],
the ameningococcal B vaccine Bersero, which has been authorized in the US since 2015, causes humans to
develop antibodies that fight Neisseria gonorrhoeae. Frequent STI testing and prompt treatment of infected
persons are also essential, but they rely on healthcare availability and the willingness of the individual
to seek testing (Katz et al., 2019)[13]. An investigation conducted by (Kermack & McKendrick, 1927).
examining the effects of self-defense practices in a mathematical model to investigate the dynamics of
gonorrhea transmission [14]]. By incorporating various self-protection strategies into the model, we aim
to quantify their effects on the transmission of gonorrhea and identify the conditions under which these
strategies can effectively reduce the prevalence of the disease . This research contributes to ongoing efforts
to combat STIs by providing a theoretical framework that can inform public health policies and individual
decision-making understanding the interplay between self-protection behaviors and gonorrhea transmission
is essential for designing targeted interventions that can adapt to changing epidemiological patterns and
societal behaviors. The insights gained from this study have the potential to inform future public health

strategies aimed at curbing the spread of gonorrhea .

2. Model construction

Neisseria gonorrhoea can spread between individuals. To account for this, the S PEITR model was
developed, dividing the population into six epidemiological compartments. P(f) is the class of people who
continue to take care of themselves and protect themselves from the sickness, while S (¢) represents those
who have not yet contracted the disease but have the potential to do so. E(f) denotes the class of exposed
individuals, and /(¢) displays the infected class that was ever infected by the Neisseria gonorrhoea bacterium.
t, In the model, the class of recovered individuals is represented by R(f), whereas the treatment class is

denoted by T'(¢). The following epidemic model is what we suggested:
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Figure 1: The Model’s flow chart

4g = A—(u+Bl+m)S + YR+ YoE + TP
4p=pS —(u+1)P,
GE =PBIS = (u+p +)E,

4] =pE - (u+6+9¢),

ey

4T = ¢l - (u+ )T,

4R =yT — (u+y1)R

With initial conditions: S (0) > 0, P(0) > 0, E(0) > 0, I1(0) > 0, 1(0) > (0), R(0) > (0)). The parameters

are described in Table 1.
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Table 1: Description of Parameters and definition of State Variables

Parameters/Variables

Descriptions/Definitions

S(1)
P(r)
E@)
1(r)
T@®
R(1)
A
B

At time ¢, the number of susceptible persons

Class of individuals who keep self protection at time ¢

Total number of people exposed to Neisseria gonorrhoea at time ¢
Number of people with Neisseria gonorrhoea infection at time ¢
Number of patients receiving treatment at time ¢

Number of people that have recovered at that moment ¢

Recruitment rate to susceptible population

The contact rate of those who are infected

The rate of people transfer from S to P

The number of Gonorrhea patients who recovered

Rate of recovered people moving back to susceptible

Transfer rate of Gonorrhea exposed individuals into infected individuals
Rate of exposed individuals moving back to susceptible

Natural death rate

Transmission rate from E into /

Disease death rate

The transfer rate from infected class into treatment class

Individuals’ migration rate from susceptible class S (¢) to protection class P

Rate of recovered individuals
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3. The Positive Invariant Region

N@®) =S@+P@t)+ E(@)+ 1(t)+ T(t) + R(?)
. Differentiate with respect ¢t we have;

dN dS dP dE dI dT
— =+ —+— + —+ —.
dt dt dt dt dt R
By adding system () we get
dN

— =A-uN-6I 2
7 Jz ()

By applying the following theorem, the positive invariant region can be found (Adedayo et al., 2023).

Theorem 3.1. The system of equations is feasible if, for all t > (0), the solutions to (1)) lie inside the invariant

region Q.

Proof. Suppose that Q = (S,P,E,I,T,R) € ‘R?r. With non-negative initial conditions, be any solution to the

system of equations (I)). Next, we obtain from equation (2.

dN
~— <A-uN
i uN(1)

by using the integrating factor to multiply via

dN

H(— + uN) < Aet
e ( o TH ) < Ae

After applying the product rule in reverse and integrating the two sides, we have;

d

—(Née'y < Aet

dt( ) e

d A
d—(Ne’”) <—eé"+C 3)
: u

Applying the initial conditions t = 0, N = Ny we obtain;

A A
No<—+C=>Ng——<C “)
Iz p
equation (3]) implies that
dN A
—(Ne'y— —el" < C %)
dt u
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When we compare (@) with (5), we have;

N < 2 b v = Dyern ©)
u u

The maximum number of people that the human population can support N(¢) approaches € = %(i.e., €— %)
att — 0 in equation (6)).

Consequently, the region contains every feasible solution for the Model’s human population.

A
Q={(S,PEILT,ReRS:S>0,P>0,E>0,1>0,T>0,R>0,N<—) (7
M

Consequently, in the domain Q, system (I) is both mathematically and epidemiologically significant, and

the region Q is positively-invariant. O

4. Positivity of the Solutions

Theorem 4.1. Let the initial solutions be {(S(0), P(0), E(0),1(0), T(0), R(0)) > 0} € Q then the solutions
{S(0), P(t), E(1), I(2), T(), R(t)} of the system (1)) is positive Yt > 0.

Proof. From the first equation of (I)), we have:

d
d_tS =A-@W+BI+n)S + YR+ YrE+TP > —(u+1n)S

d
ES(I) > —(u+n)S

f%z—f(y+n)dt

By solving both the left and right hand sides we have :

Separate variables and integrate we have:

InS +Cy > —ut—nt+ C,

whereC; and C; are the constants of integration.
Subtract C; from both sides and combining the constants C; and C; into a single constant C gives i.e
(G, -C1 =0

InS >—ut—nt+C

InS>—-(u+nt+C
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Take exponential to both sides:

elnS > e—(#+n)t+C
§ > e~ o€
Since ¢ is just another constant, we can denote it as B:
S(t) > Be™ W+t
Applying initial conditions # = O we have
S(0) > Be~wtm©)

$(0) > B

This implies that
SO)=B

Thus we conclude that

S(t) > S(0)e”# 5

From the second equation of (I)), we have:

iP:nS—(u+T)P2—(/J+T)P

dt
d
—P>—-(u+1)P
dt (u+7)
separate variables and integrate
dp
? > —(u+7)dt

fd?Pz—f(,HT)dt

InP+Ci=2—-(u+nt+C;
InP>—-(u+1)t+C,—C

where C; — C1 = C,
InP>-(u+1t+C

Exponentiating both sides we have:

eln P > e—(,u+‘r)t+C
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P> ¢ WDl oC

C

eC is constant we can useD = e“,

P 2 De—(}l+‘l’)l‘
Applying initial conditions ¢ = O we have

P(0) > D = p(0) > D

P(t) > P(0)e” ™" > 0

From the third equation of (I)), we have:

d

EEZﬁIS —(Ht+p+yY)E 2 —(u+p+y)E

d
—E>—-(u+p+yn)E
dt_(/up;bz)

separate variables and integrate we have:
dFE 2—(/1+p+¢2)dt:>fde z—f(y+p+¢2)dt
dE
ff > —f(/1+p+w2)dt:lnE2 —(u+p+yt+C
ME 5 o~(tpry)i+C
E > e~ WPyt ,C
E > e~ WPty o
By substituting initial conditions 7 = 0 and equate ¢© by M we have:
E>M,

Therefore E(t) > P(0)e“*¥2) > (, By using the similar procedure we can prove the remaining equations

of system (] are also positive ,that as: 1(r) > (0), T(r) > (0), R(t) > (0). O
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5. Disease Free Equilibrium State

To find the model (I))’s disease free equilibrium, set

ds _dp _dE_di_dT _dR _
dt dt dr dr dr dr

As E =1 =T = 0, there is no sickness in this instance. Thus, the DFE of the model we have suggested is

provided by:
Equation first and second implies that;
A-uw+mS +7P=0

nS —(u+7P=0

®)

To solve the system of equations by equating terms, multiply first equation of (8] by(u + 7) and second by 7

we get:

Apu+t)—w+t)u+n)S +w+n)tP=0
™msS —1tu+7)P=0
Adding equations, (9) and (T0) and calculate S° we have;

0 _ u+T R A(u+ 1)
H+mu+1)—Tm  pE+T+N)

Also for P second equation of (§)) implies that:

nS°

_ — 0o _ P
nS-u+7)P=0="P _(/J-‘r‘l')

Putting values of S from equation (TT) in equation (T2)) and simply further for P° we have:

A
p0= 2T
pup+7+m)

Hence the disease free equilibrium E° points are:

Eo:( Alp+17) An

, ,0,0,0,0].
pp+T+n) pu+7+1m) )
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6. Basic Reproduction Number (R)

The average number of secondary infections that infected people cause during the course of their
infectiousness is called Rg. When Ry > 1, the disease will spread throughout the community, meaning
that an infectious person will not perpetuate the disease and will not produce more than one secondary
infection.When dealing with a more complex epidemic, the next generation operator approach (van den
Driessche & Watmough, 2002)

can be used to calculate the Ry. We can compute F and V using the system ().

1S E
F:ﬁ v (H+p+y2) (15)

0 pE+u+5+ @)

taking jacobian of matrices F" and V we obtain the followings:

0 BS +p+ 0
o B ’V*:,U p+in ’ (16)

0 O -0 Uu+o+a¢
inverse of V* is calculated as:

_1 0
V*—l — ,u+;;+1//2 1 , (17)
(H+p+y2)(u+é+¢  p+é+¢

From this point on, we will utilize the Next Generation matrix G = F*V*~!.

pBs° Bs°
G = (ll+P+l//2())(ll+5+¢) ll+g+¢ , (18)

Using |G — 41| = 0 as the characteristic equation of G, we can find the eigenvalues:

oBS° _ BS°
|G _ /11' — | o) (u+o+¢) 7 urp+g | _ 0, (19)
0 0-41

it is clear that 4 = O and 4; = is maximum eigenvalue, by putting the value of S° from (TT)

PBS
WP+ to+d
we set A1 = Ry is the basic reproduction number as:

_ ApB(u + 1)
up+p+Y)u+5+Pu+T+1n)

Theorem 6.1. The disease-free equilibrium is locally asymptotically stable if Ry < 1 and unstable otherwise

Ry (20)

that is Ry > 1.
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Proof. To do the local stability analysis of the disease-free equilibrium, we will employ the Jacobean

stability technique. The system of equations at disease-free equilibrium has the following Jacobean matrix:

—(u+pBl+n) T 1) —BS 0 ¥
n —(u+1) 0 0 0 0
Jo BI 0 —(p+p+y2) BS 0 0
0 0 P —(u+d6+9) 0 0
0 0 0 ) —-(u+v) 0
0 0 0 0 v —(u+ Y1)
At DFE E( the above metrics becomes:
—(u+1m) T ) -BS° 0 i
n —(u+71) 0 0 0 0
I 0 0 —(u+p+y) BS° 0 0
0 0 P -u+o+9¢) 0 0
0 0 0 o —(u+v) 0
0 0 0 0 v —(u+y1)
Utilise row operation .—(u + )R, + nR; we have
—(u+n) T W —BS° 0 ¥
0 m-(+D+ny vy ~pnS° 0 Yin
e 0 0 —(U+p+ ) BS° 0 0
0 0 P —-(u+o+¢) 0 0
0 0 0 0] —-(u+v) 0
0 0 0 0 v —(u+ 1)
From first column, we get A; = 0 the remaining matrix will be:
m—=(u+0)(u+n Yon ~pns? 0 Yn
0 —(U+p+Un) BS° 0 0
J= 0 o —(U+6+¢) 0 0
0 0 ¢ —(u+v) 0
0 0 0 v —(u+ 1)
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Expand above by first column to obtain Ay = i — (1 + 7)(u + 7 then:

—(u+p+y2) BS? 0 0
- 0 0 0
/o P H+o+9¢) 25)
0 0] —(u+v) 0
0 0 v —(u+ 1)

By column fourth we have A3 = —(u + ¢ ):

—(u+p+y2) Bs° 0
J= o —(U+5+0) 0 (26)
0 ) —(u+v)

again by third column we get A4 = —(u + Y1),

_ —(u+p+¢2) BS?
p ~(H+6+9)

The determinant must be larger than zero and the trace of matrix J; must be smaller than zero in order

Ji 27)

for the DFE to be regarded locally stable. This is the maximum number of individuals that can exist.

TraceJi = —(u+p+yYr)—(u+d+¢)<0
TraceJi =—((u+p+yY)+U+5+¢) <0

And determinant.

Det(J1) = (u+p+y2)u+8+¢)—pBS° >0

(+p+Y2)u+6+9) > ppS°
pBS” < (u+p+ Y2+ +9¢)
Divide both sides by (1 + p + ¥2)(u + § + ¢), and substitute value of S° (TT)) we conclude:
PBA( +T)
Det(Jy) = =Ro < 1.
Ut p et s

Hence by the Routh-Hurwitz criteria of stability the disease-free equilibrium point Ey is locally asymptotically
stable if Ry < 1 otherwise unstable. Thus, DFE is Locally Asymptotically Stable (LAS) if and only if Ry < 1.
The theorem’s epidemiological implication states that, if the initial size of the sub-populations falls under

the DFE’s basin of attraction, gonorrhea can be eradicated (control) from the population when Ry < 1.
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7. Global stability of disease free equilibrium points

The method of Castillo-Chavez et al. [15] is used to examine the global stability of DFE. Afterward, the
model system (I]) can be expressed as follows:

48 = F(B, Q)
(28)

4 = G(B,0),G(B,0) =0

The number of uninfected compartments is denoted by B € R™, the number of infected compartments
is denoted by Q € R", and the disease-free equilibrium point is represented by E® = (B°, 0). The following
conditions (H{) and (H,) must be met in order to ensure the global asymptotic stability of DFE.
(Hy) For 2 = F(B,0), B is globally asymptotically stable (GAS),
(H2) G(B, Q) = X0 — G(B, Q), G(B, Q) > 0 For (B, Q) € Q.
Since X’s off-diagonal elements are non-negative, X = A(B,0) is the Metzler Matrix, and Q denotes the
region where the Gonorrhea model system (I)) provides epidemiological significant information. Accordingly,

the following theorem holds if and only if the system satisfies H; and (H>).

Theorem 7.1. For a system of equations with Ry < 1, the disease-free equilibrium is globally asymptotically

stable; for a system with Ry > 1, it is unstable.

Proof. One way to express the Gonorrhea model system (I)) is as follows: B = (S,P,T,R) € R* and

0 _ (_Awt+ Ay .
EY = (;1(u+r+n)’ et 0,0,0,0) Now, we have:

A—Ww+pl+n)S +Y1R+yYrE+ 1P
S — P
dB _ nS —(u+71) ’ 29)
dt oI — (u + )T

vT = (u+ YR
We arrive at the disease-free equilibrium point at;

A= @u+mS°+7pP°

B SO — (u+1)PY
d_:F(BO,()): g () , (30)
dt

0

0
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implies that:

A= () )

Hp+n+T) u(u+n+7)
Ap+n) An
d_B = F(BO, 0) = rlﬂ(ﬂ"'ﬂ‘”) (e + T)ll(ll"'T‘H]) , 31)
dt 0
0
O
A(u+7) An

F(B°,0) has a distinct point of equilibrium. B® = ( ) ., which has asymptotically global

Mu+T+n)” pu+tHn)”
stability. Thus, H; holds.

For the second condition, (H>).

. ) BS°I
G(B,Q):[ (H+p+yo)+ ] 32)
E6—I(u+96+¢)
Then we get,
_ B 0
X:Al(BO,O)={ W+p+iyn S ] 33)
P ~(H+6+9)

The matrix X is clearly an M-marix now that its off diagonal components are non-negative. Thus, G(B, Q) =

XA — G(B, Q) implies

. - S0 S -
G(B’Q):[ W+p+vn) B ]{E]_[/ﬂ (ﬂ+p+wz)E] o
P —-w+o+))\ 1 PE —(u+0+ @)l
- 0 —
G(B.O) = H+p+y2)E+BS7I . BIS +(u+p+yn)E 35)
OE—(u+o+¢) —oE+(u+d+ @)l
SO— 0_
_ BS”-pS _ B(S”—-S) (36)
0 0

Since S° > S5, BY = (,1/(:1(5:3;)’ u(uﬁ +n)) > 1, and G(B, Q) > 0 are globally asymptotically stable.
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8. Endemic Equilibrium Points

The endemic equilibrium points of our proposed model can be derive by putting all equations of system

(1) equal to zero, we have

§* = A+y R +yn E* +TP*
- Bl 47
w — 1S”
P = u+T
E - HAp+Y2 (37)
I = PE*
TR )
.o
"= u+v
« _ vT*
R = MY

9. Global stability of endemic equilibrium points

The investigation of the endemic equilibrium point E* was made possible by computing its global
stability using the Lyapunov function that Vargas-De-Leén [16] devised. If ‘2—‘: < 0, At the given point,

the Lyapunov function V(x) is considered to be globally asymptotically stable .

Theorem 9.1. For Model System (), there exists a unique endemic equilibrium point E* for the gonorrhea

disease, which, in the case where Ry > 1, is globally asymptotically stable; otherwise, it is unstable.

Proof. Consider the Lyapunov function that is quadratic.

n

1
VO1ayn) = ) 5l =3P

i=1
For the model system (T]), a positive definite function looks like this: in this example, the population of the

ith compartment is denoted by y;, and the endemic equilibrium point is y;.

=
N =

F(S,P,E,I,LR) = i — ¥/

i=1

The gonorrhea model system’s Lyapunov function is thus expressed as follows:

1
V() = SIS =SSP = PYE - ENU - I')NT = TR - RYP (38)
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It is evident that V : Rﬁ’r — R is a differentiable and continuous function. Next, the function V(x) can be

differentiated with respect to time to obtain:

d
—VC(;) =[S -SHYNP-PYE-EYI-I)NT -T")R —R*)]d—t[S +P+E+1+T+R]
V(X) * £3 * * * % d
7:[5 +P+E+I+T+R|-(S"+P +E +I"+T +R)E[S +P+E+1+T+R)] 39
But,
S+P+E+I+T+R)=A-uN -94l. 40)
And
A—uN -6I" = 0.
A-ulS*+P +E"+I"+T"+R")-6I"=0.
A= 6I
° (1)

S*+P +E"+I"+T"+R") =

Substitute (39) and (40) in (38) we have:

d—Vz[(s +P+E+I+T+R)—(A_Iu—51*)][1\—,UN—51]

dt
d_V:[N_(A_—(SI*)][A_ﬂN_(SI]
dt u
d_Vz[N_MH_#(N+§_ﬂ)]
dt H [T
A I* A 1
‘;—V=[N<r>——+5 [—u(N(t)——+6—)
t uoop poou
dv A * A ol
d—=—/~l[N(f)——+ [(N(f)——+—)
t uoop T

av A A
< [N(r) - —] [(N(r) - —)]
2 Jz

That is )
dv A

— < —u|N@) - — 0

dr — #[ ® u] )

As a result, it is evident that ‘fj—‘t/ < 0, indicating the asymptotic global stability of the Endemic Equilibrium

Point E*.
O
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10. Sensitivity Analysis

The basic reproductive number Ry sensitivity analysis to the model parameters is very important for the
current study. It enables us to determine the most crucial factors that affect the spread and management of
disease. This section examines the sensitivity of many important parameters of our suggested Gonnerrhea
model ().

This method’s goal is to investigate the model contained parameters’ significance in relation to Ry. One
can use the formula devised by Chitnis et al. Here, we examine each parameter’s sensitivity for the system

(1. To do this, we must assess

p)
/\/go = ;}0 X Ro’ where, £ € (B, A, 1,0,¥2,p,7,¢,1)

1. For S, wehave:)( = a(fé’ X 150 :>Xﬁ =1,
2. For A, we have: X = (?RO X & :XRO =1,
R s -
3. For p, we have: Xpo - 6p0 % Ro = )(p _ +¢)(;;l+(::gl(gz;rﬂ¢z Pl
4. For 6, we have: XéRO = a(;go X o= :>X<5 —i&ig:g)),
RO _ OR v _ Yo (u+T+1)
5. for W5, we have: yy) = 75 X 22 ﬁX‘Pz = R TV
. R _ Ry (ApBm)
6. For 7, we have: x7" = 7> X &~ :>/\/‘r RS vy E—
. HRo _ IR _ +5+¢)
7. Forn, we have: v, = 50 X g- =y = —Z((’;”H‘f;),
Ro _ OR +T+
8. For ¢, we have: y,* = Z X 1?0 :)(¢ = Z’&r;g.

Hp+T)(S+u+ ) (u+p+Y)

u((6+u+¢)(n+ﬂ+r)+(n+ﬂ+f)(ﬂ+p+¢z)+(6+ﬂ+¢)(ﬂ+p+¢z)— = )+(U+#+T)(5+#+¢)(H+P+l//2)

9. For i, we havey,” (CEwTEES Gy )

This analysis is summarized in the following Table 2.
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Table 2: Parametric sensitivity analysis of the model (2)

Parameter Description Sensitivity Indices

A Recruitment rate +1

B Transmission rate to Gonorrhea +1

Jol Transfer rate of Gonorrhea exposed individuals into infected individuals 0.6

U Natural death rate -0.3

T People’s moving rate from the protection class P to susceptible class S (¢) -0.046

/) Rate of exposed individuals moving back to susceptible -0.03

0 Disease death rate -0.5

1) The transfer rate from infected class into treatment class -0.4

n The rate of people transfer from S to P -0.78

Sensitivity Indices

Parametric Sensitivity Analysis of the Model

0.8

0.6

0.4

o
pa

i
=
-8

o
(s3]

i
=
o

T
1

i
-

Parameters

Figure 2: A graph is provided regarding the parameters and the sensitivity indices of the Gonorrhea model Basic Reproduction

number (Ry).

The numerical values of the sensitivity indices for the model are listed in Table 2. The gonorrhea

transmission model’s sensitivity analysis reveals that the most important parameters are the rate of new

infections A and the transmission rate per contact 8. This suggests that focusing interventions on these
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areas will have a major effect on disease control. On the other hand, a high negative relationship is seen
for parameters like 17, which may be associated with partner change rates or antibiotic efficaciousness. This
suggests that lowering these rates can significantly reduce transmission. By comparison, ¢, and 7 have
negligible effects, suggesting that the most important parameters should get the majority of resources in
order to effectively restrict the spread of gonorrhea. The sensitivity analysis of the model was displayed in

Figure (2)).

11. Simulations

Numerical simulations were performed in this section with the settings listed in Table 3. Importantly, the
parameter values displayed in Table 2 were derived from previously published works. On the other hand,
the remaining figures were calculated using information from the World Health Organization and other
scholars. Utilized in numerical simulations, the predictor-corrector technique is MATLAB-based. There are

four differential equation order values considered in this study.

Table 3: Parameters Values and References

Parameter Value Reference

A 0.008 [17]

B 2.0,2.2,2.4 | Assumed
U 0.000125 (L8]

v 0.5,0.7,0.9 [19]

T 0.02 Assumed
Y1 0.005 [20]
1) 0.006 [21]

P 0.004 Assumed
1) 0.4,0.5,0.7 | Assumed
n 0.5,0.7,0.9 [22]

) 0.044 [23]
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Figure 4: Variations in population dynamics for different values of parameters
Discussion

The population that is susceptible S is greatly impacted by increasing the transmission rate 5. The rate at
which susceptible people are exposed to the infection increases as £ rises, which causes S to drop more
quickly. This highlights the critical role of controlling transmission rates to prevent rapid depletion of the
susceptible pool, which could otherwise accelerate the spread of the infection and overwhelm the healthcare
system. Adjusting the protection rate 7 shows that increasing 77 enhances the number of protected individuals
P, as a higher n reduces the rate at which susceptible individuals are lost to other states and increases the
conversion rate from susceptible to protected. Effective protection strategies are therefore crucial in reducing
the overall vulnerability of the population and mitigating the impact of an outbreak. The number of exposed
individuals E rises with higher 8 values, as more susceptible individuals are exposed to the infection due to
increased transmission. This increase in E eventually leads to a higher number of infected cases if exposed
individuals transition to the infected state at a similar rate. This emphasizes the importance of reducing
transmission rates to control the initial exposure rate and subsequent infection spread. Higher values of ¢
lead to an increase in the number of infected individuals / by accelerating the progression from exposed
to infected states. This accelerated transition can lead to a surge in infected cases, highlighting the need
for timely interventions to prevent a rapid increase in the disease burden. Effective management of this
transition is essential to avoid overwhelming healthcare systems and reducing the overall impact of the
disease. As ¢ increases, the number of treated individuals 7 also rises because a higher ¢ speeds up the

transition from infected to treated states. This highlights the significance of effective treatment approaches
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in the management and control of the illness. Treating sick people as soon as possible is essential to limiting
the illness’s contagious period and containing its spread. A greater v decreases the amount of time spent in
the infected and treated states just before recovery, which has a significant effect on the number of recovered
persons R. This leads to a quicker reduction in the number of infectious cases and contributes to a higher
recovery rate. Effective treatment and recovery strategies are thus vital in minimizing the duration and

impact of the disease, promoting overall population health and resilience.

Susceptible Individuals: With and Without Protection
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—— With Pratection| |

0 5 10 15 20 25 30 35 40 45 50
Time
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o Number of Susceptible Individuals
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o

o
o
o

=]
(=]
o
=

15 20 25 30 35 40 45 50
Time

MNumber of Infected Individuals (1)
o

Figure 5: Dynamics of Gonorrhea transmission with and without Protection

Discussion: The comparison between scenarios with and without protection reveals distinct differences
in the dynamics of the infection. Without protection, the number of susceptible individuals (S') decreases
more rapidly, while the number of infected individuals (/) rises quickly due to higher transmission rates.
In contrast, with protection, the decline in susceptible individuals is slower, and the infection spreads more
gradually, resulting in a lower peak and overall number of infected individuals. This demonstrates that
protection significantly mitigates the spread of the disease, reducing both the speed and extent of infection

compared to the scenario without protection.

12. Conclusion

Examining the dynamics of gonorrhea infection is the aim of this effort. We carry out independent
analyses of the Gonorrhea reproduction. We discover that the model’s disease-free equilibrium point is
locally asymptotically stable for values of Ry < 1. But when the system shows signs of external reinfection,
the number of reproductions Ry is less than unity, which is insufficient to eradicate the disease. We suggest
that gonorrhea may be eradicated if Ry is smaller, based on our findings. Furthermore, we show

mathematically
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that Gonorrhea dynamics has an equilibrium point when Ry is larger than unity. Sensitivity analyses are

examined after the model’s stability study. Numerical simulations are performed in the end.

References

[1]

[9]

[10]

CDC, “Guidelines for treatment of sexually transmitted diseases”. Morbidity and Mortality Weekly
Report, 47 (RR-1).(1998).

Anon. http://www.raiseinitiative.org. 2010a  Anon . http://www.cdc.gov/nchstp/dstd/Fact-
Sheets/FactsGonorrhea.htm. (2010b).

Centers for Disease Control and Prevention (CDC). “Gonorrhea — CDC Fact Sheet; 2015”. (Detailed
Version). Available at: http://www.cdc.gov/std/gonorrhea/STDFactgonorrhea-detailed.htm (Accessed
December 17, 2015).

Castillo-Chaves C., Z.Feng, and W.Huang,“On the Computation of Basic Reproduction Number Ry
and its Role on Mathematical Approaches for Emerging and Re- Emerging Infectious Disease, An

Introduction” ,1, 229, (2002).
Centres for Disease Control and Prevention (CDC) “Gonorrhoea detailed fact sheet” (2016)

Flaming D, Wassorheit J. “From epidemiological synergy to public health policy and practices: the
contribution of other sexuall transmitted disease to sexual transmission of HIV infection”. Sex transm

DIS, 75(1), 3-17(1999).

Unemo, M., Ross, J., & Serwin, A. B. “WHO global gonococcal antimicrobial surveillance program

(GASP) report”. Sexually Transmitted Infections, 95(5), 343-348.(2019).

Keeling, M. J., & Rohani, P. “ Modeling infectious diseases in humans and animals”. Princeton

University Press.(2008).

Garnett, G. P. “The geographical and temporal evolution of sexually transmitted disease epidemics.

Sexually Transmitted Infections”, 78(Suppl 1), 114-119.(2002).

Alirol, E-Wi, T. E, Bala, M, Bazzo, M. L., Panda, S., & Deal, C. Gonorrhea , “Antimicrobial resistance

in Neisseria gonorrhoeae and public health implications”. Microbiology Spectrum, 5(4), (2017).

104



Ullah et al., Mathematical Modeling and analysis

[11] Holmes, K. K., Levine, R., & Weaver, M. “Effectiveness of condoms in preventing sexually transmitted

infections”. Bulletin of the World Health Organization, 82(6), 454-461.(2004).
[12] Semchenko EA, et al, “clinic infectious Disease’: doi: 10.1093/cid/ciy106/(2018).

[13] Katz, D. A., Dombrowski, J. C., Bell, T. R., Kerani, R. P., Golden, M. R., & Harrington, R. D. “HIV
incidence among men who have sex with men after diagnosis with sexually transmitted infections”.

Sexually Transmitted Diseases, 46(12), 793-797.(2019).

[14] Kermack, W. O., & McKendrick, A. G. “ A contribution to the mathematical theory of epidemics”.
Proceedings of the Royal Society of London. Series A, 115(772), 700-721.(1927).

[15] C. Castillo-Chavez, “Mathematical Approaches for Emerging and Reemerging Infectious Diseases™:
An Introduction, Vol. 1, Springer-Verlang, 2002, p. 229. in turkey. Comput. Biol. Med. 141, 105044
(2022).

[16] C. Vargas-De-Le6n, “Constructions of Lyapunov functions for classics SIS, SIR and SIRS
epidemic model with variable population size”, Foro-Red-Mat Rev. electronica Conten. matematico

https://www.academia.edu/ download/30259499/Article-SIS-vu.pdf, 26 (5)1 (2009).

[17] Blower, S. M., & McLean, A. R. “Prognosis of gonorrhea and chlamydia infections in the absence
of treatment: The case for more aggressive intervention.” Journal of Infectious Diseases, 170(2), 234-

242.(1994).
[18] Murray, C. J. L., & Lopez, A. D. “The Global Burden of Disease”. Harvard University Press.(1996).

[19] Lipsitch, M., & Moxon, E. R. “The definition of epidemic: Perspectives on the impact of gonorrhea.”
American Journal of Public Health, 87(7), 1047-1050.(1997).

[20] Kretzschmar, M., & Mollema, L. “Cost-effectiveness of gonorrhea interventions: A model-based

approach.” Epidemiology and Infection, 135(6), 909-918.(2007).

[21] Schellenberg, J. R., & Kamali, A. “Control of gonorrhea in the population: Modelling the impact of
interventions.” Journal of Epidemiology and Community Health, 50(3), 336-341.(1996).

[22] Welch, D., & Canavan, C. “Assessment of secondary prevention strategies for gonorrhea: A modeling

study.” Sexually Transmitted Infections, 76(2), 147-151.(2000).

105



Ullah et al., Mathematical Modeling and analysis

(23]

[25]

[27]

(28]

(30]

(31]

[33]

Paltiel, A. D., & Zheng, A. “Vaccination strategies for gonorrhea: Modeling and analysis.” The Lancet

Infectious Diseases, 7(6), 435-443. (2007).

Hook, E. W.,, & Handsfield, H. H. “Control of gonorrhea and chlamydia: Immune responses

and therapeutic strategies.” Sexually Transmitted Diseases, 24(4), 212-219.(1997).

L. Sadek, O. Sadek, H. T. Alaoui, M. S. Abdo, K. Shah, T. Abdeljawad, “Fractional order modeling
of predicting covid-19 with isolation and vaccination strategies in Morocco”. CMES-Comput. Model.

Eng. Sci 136, 1931-1950 (2023).

K. Shah, T. Abdeljawad, “Study of a mathematical model of covid-19 outbreak using some advanced

analysis” .Waves in Random and Complex Mediap. p 1-18, (2022).

K. Shah, M. Sinan, T. Abdeljawad, M. El-Shorbagy, B. Abdalla, M. S. Abualrub, et al., “A detailed
study of a fractal-fractional transmission dynamical model of viral infectious disease with

vaccination” . Complexity, (2022).

S. Pak, “Solitary wave solutions for the RLW equation by he’s semi inverse method”. Int. J. Nonlinear

Sci. Numer. Simul. 10(4), 505-508 (2009).

E. Mtisi, H. Rwezara, J. M. Tchuenche, “A mathematical analysis ofmalaria and tuberculosis

codynamics” Discrete Contin. Dyn.Syst, Ser. B12 4 (2009).

M. Y. Li, H. L. Smith, L. Wang “Global dynamics of an SEIR epidemic model with vertical
transmission” . SIAM J. Appl. Mathe. 62(1), 58-69 (2001).

R. Mahardika, Y. Winowati, D. Sumanato, “Routh-Hurwitz criterion and bifurcation method

for stability analysis of tuberculosis transmission model” . J. Phys. Conf.70,1272-1296.(2019).

N. Ali, G. Zaman, A.S. Alshomrani “Optimal control strategy of HIV-1 epidemic model for
recombinant virus” Cogent. Math. 4(1), 1293468-1293478 (2017).

Fleming, D. T., & Wasserheit, J. N. "Challenges in controlling gonorrhea: Insights from modeling.”

Journal of Infectious Diseases, 179(Suppl 2), S135-S141. Transmitted Diseases,(1999).

106



	 Introduction
	Model construction
	The Positive Invariant Region
	 Positivity of the Solutions
	Disease Free Equilibrium State
	Basic Reproduction Number (R0)
	Global stability of disease free equilibrium points
	Endemic Equilibrium Points
	Global stability of endemic equilibrium points
	Sensitivity Analysis
	Simulations
	Conclusion



