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Abstract:

Chlamydia trachomatis remains the most prevalent bacterial sexually transmitted
infection worldwide, with over 128 million new cases reported annually. Despite the
availability of effective treatment, its largely asymptomatic nature and high reinfection
rates continue to sustain transmission, posing a major public health concern. In this study,
a seven-compartment deterministic model is developed to investigate the transmission
dynamics of Chlamydia trachomatis. The model incorporates key epidemiological
features, including screening detection with reduced infectiousness, partial waning
immunity, and realistic treatment pathways. Using the next-generation matrix method,
the basic reproduction number is derived, confirming the potential for endemic
persistence under baseline parameter values. Stability analysis shows that the disease-
free equilibrium is locally asymptotically stable when the reproduction number is less
than one and unstable otherwise. Furthermore, the endemic equilibrium is proven to be
globally asymptotically stable under certain conditions using Lyapunov methods, with the
possibility of backward bifurcation indicating that reducing the reproduction number
below unity may not be sufficient for disease elimination. Normalized sensitivity analysis
identifies condom efficacy as the most influential parameter in reducing transmission,
followed by treatment success rate, duration of immunity, and symptomatic care-seeking
behavior. In contrast, transmission probability and infectiousness during screening exert
strong positive effects on disease spread, while disease-induced mortality parameters
have minimal impact on overall dynamics. The model highlights the critical role of the
large asymptomatic population in sustaining transmission and demonstrates that rapid
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waning of immunity, approximately 180 days, contributes significantly to high reinfection
rates. The findings emphasize that effective control of Chlamydia trachomatis requires
integrated intervention strategies. These include sustained condom promotion,
expansion of targeted screening programs, minimization of diagnostic delays, and
efficient partner notification systems. Additionally, repeat testing protocols are essential
to address reinfection driven by short-lived immunity.
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Introduction

Chlamydia is one of the most prevalent sexually transmitted infections (STIs) globally and
continues to pose a major challenge to public health systems. It is caused by the bacterium
Chlamydia trachomatis and primarily affects the urogenital tract, although infections can
also occur in the rectum, throat, and eyes. The infection is particularly concerning because
it is frequently asymptomatic, allowing it to spread silently within populations and
remain undetected for long periods [1][2]. This asymptomatic nature contributes
significantly to its high transmission rate and persistent global burden. Globally,
chlamydia remains highly widespread, with millions of new infections reported annually.
According to recent estimates, approximately 128.5 million new cases occurred
worldwide among individuals aged 15-49 years in 2020, making it one of the most
common bacterial STIs [1][3]. In addition, surveillance data from developed regions such
as Europe indicate a steady increase in reported cases, with over 230,000 confirmed
infections recorded in 2023 alone [4]. Similarly, in the United States, more than 1.6 million
cases were reported in 2023, further confirming its status as the most frequently reported
STI [5]. These statistics highlight the continued global spread of chlamydia, particularly
among young people and high-risk populations [3][5].

Transmission of chlamydia occurs mainly through unprotected vaginal, anal, or oral
sexual contact with an infected individual. It can also be transmitted from an infected
mother to her newborn during childbirth, potentially causing serious neonatal
complications such as conjunctivitis and pneumonia [1][6]. Although many individuals do
not exhibit symptoms, untreated infections can lead to severe health outcomes, including
pelvic inflammatory disease, infertility, ectopic pregnancy in women, and epididymitis in
men [1][7]. Furthermore, chlamydia infection has been associated with an increased risk
of acquiring and transmitting other infections, including HIV [1][8]. These complications
underscore the importance of early detection and treatment. The burden of chlamydia is
influenced by several social and healthcare-related factors, including limited access to
screening services, stigma associated with STIs, and variations in public health
infrastructure. In many low- and middle-income countries, underdiagnosis and
underreporting remain significant challenges due to inadequate diagnostic facilities and
lack of awareness [3][9]. Even in high-income regions, differences in testing strategies
and surveillance systems contribute to variations in reported prevalence rates [4][10].
These disparities make it difficult to accurately assess the true global burden of the
disease and emphasize the need for improved surveillance and equitable access to
healthcare services.

Efforts to control and prevent chlamydia focus on a combination of strategies, including
routine screening, early diagnosis, effective antibiotic treatment, and public health
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education. The use of nucleic acid amplification tests (NAATSs) has significantly improved
diagnostic accuracy, enabling timely identification of infections [1][11]. Additionally,
consistent condom use and partner notification are key preventive measures that help
reduce transmission [1][12]. Mathematical modeling and epidemiological studies have
also become essential tools in understanding transmission patterns and evaluating the
impact of intervention strategies, thereby supporting informed decision-making in public
health policy [13]. Strengthening these approaches is critical to reducing the global
burden of chlamydia and improving reproductive health outcomes.

Recent studies have increasingly applied mathematical modeling techniques to better
understand the transmission dynamics and control of chlamydia. These models have
incorporated advanced analytical methods, including fractional calculus, compartmental
modeling, and numerical simulations, to provide insights into disease behavior and
intervention strategies. Algahtani et al. [14] developed a fractional-order mathematical
model to describe the spread of chlamydia using Caputo derivatives. The study
established key mathematical properties such as positivity, boundedness, and existence
of solutions, confirming the model’s biological feasibility. The authors demonstrated that
the disease-free equilibrium was locally asymptotically stable when the basic
reproduction number was less than one, while a unique endemic equilibrium existed
when it exceeded one. Sensitivity analysis further identified the most influential
parameters affecting disease transmission, highlighting the importance of targeted
control strategies. Nisar et al [15] proposed a fractional-order model incorporating
vaccination dynamics and chaotic behavior analysis. Their work utilized a generalized
fractal-fractional operator to explore the qualitative behavior of the system. The study
showed that vaccination plays a crucial role in reducing infection levels and stabilizing
the system. The results emphasized that incorporating vaccination into modeling
frameworks significantly improves predictions of disease control outcomes.

Farrell et al [16] examined the impact of screening strategies on the health burden of
chlamydia using a compartmental modeling approach. Their model introduced the
concept of “person-days of infection” to evaluate disease burden more effectively. The
findings indicated that increased screening frequency substantially reduced infection
duration and overall disease burden. The study highlighted screening as a critical
intervention for controlling asymptomatic infections, which are common in chlamydia
cases. Nyerere and Liana [17] investigated the effects of combined control strategies,
including treatment, vaccination, and public health education, on chlamydia transmission
dynamics. Using a deterministic compartmental model, the authors derived the basic
reproduction number and conducted sensitivity analysis. Their results showed that a
combination of interventions was more effective than single strategies, with education
and treatment significantly reducing disease prevalence. Odeh et al [18] developed a
compartmental model focusing on treatment strategies for controlling chlamydia
transmission. The population was divided into multiple classes, including susceptible,
exposed, infected, treated, and recovered individuals. The study demonstrated that
effective treatment and timely intervention could significantly reduce infection levels.
Numerical simulations supported the conclusion that strengthening treatment programs
is essential for disease control.

The aim of this research is to formulate and analyse a deterministic mathematical model
of Chlamydia trachomatis transmission dynamics that incorporates screening detection
pathways, differential infectiousness during screening and treatment, partial immunity,
and long-term sequelae-induced mortality, in order to evaluate the effectiveness of
existing and improved control strategies. To achieve this aim, the objectives are to: (i)
develop a compartmental mathematical model for Chiamydia trachomatis transmission
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and compute the basic reproduction number using the next-generation matrix approach;
(ii) establish the existence and examine the local and global stability of both disease-free
and endemic equilibrium states; (iii) conduct sensitivity analysis in order to identify key
parameters that significantly influence transmission dynamics and disease prevalence;
(iv) perform numerical simulations assessing the impact of screening coverage,
treatment delays, partner notification effectiveness, and post-testing behavioural risk
reduction on long-term infection prevalence and complication incidence; and (v) provide
evidence-based recommendations for improving and optimizing chlamydia control
programmes across diverse epidemiological settings.

The novelty of this study lies in the development of a detailed and realistic compartmental
framework that captures key epidemiological and behavioural processes involved in the
transmission dynamics of Chlamydia trachomatis. Unlike many existing models, this
study explicitly incorporates a screening compartment that reflects routine and
opportunistic detection pathways, thereby distinguishing between individuals who are
identified early through screening and those who remain undetected. This inclusion
allows for a more accurate representation of real-world public health interventions and
their impact on disease dynamics. A further innovative aspect of the model is the
differentiation between asymptomatic and symptomatic infectious individuals, with
distinct transition pathways and detection mechanisms. The model captures the
progression from exposure to asymptomatic infection, followed by possible symptom
development or detection through partner notification and re-screening. This dual
pathway structure provides a more comprehensive understanding of hidden
transmission, which is a major challenge in chlamydia control due to the high proportion
of asymptomatic cases. Additionally, the model uniquely integrates multiple entry points
into treatment, including screening-positive individuals, detected asymptomatic cases,
and symptomatic individuals seeking care. By doing so, it reflects the diverse routes
through which infected individuals access treatment services. The incorporation of
treatment outcomes leading to recovery, alongside the inclusion of waning immunity that
returns individuals to the susceptible class, further enhances the biological realism of the
model. The study advances existing modeling approaches by combining screening
dynamics, differential infectious stages, varied detection pathways, and temporary
immunity within a single unified framework. This integrated structure provides deeper
insights into the role of early detection, treatment strategies, and reinfection in sustaining
transmission, thereby offering a more robust tool for evaluating and optimizing
chlamydia control interventions.

Model formulation

The recruitment rate of sexually active humans into the susceptible population is given as
A . Susceptible individuals ( S ) acquire Chlamydia trachomatis infection through
effective contact with infectious individuals at the force of infection A and move to the

exposed (latent) compartment ( £). From the exposed compartment ( E), individuals
progress in two possible directions: a fraction is identified through routine or

opportunistic screening programmes and moves to the screening class (S,) atrate o,
while the remaining fraction progresses to the asymptomatic infectious compartment (
1 ,) atrate «,,. Individuals in the screening class (S, ) who test negative return to the
susceptible class () atrate £. Those who test positive are initiated on treatment at rate

@, and move to the treatment compartment (7).
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Asymptomatic infectious individuals (/,) may develop symptoms and progress to the
symptomatic infectious compartment (/) at rate 7, or be detected (e.g., via partner
notification or re-screening) and enter treatment at rate @,, moving to the treatment
compartment ( 7). Symptomatic infectious individuals ( /; ) seek care because of
symptoms and are placed on treatment at rate @, thereby entering the treatment
compartment (7). All individuals receiving treatment in compartment 7' (from S,, 1,
or /) clear the infection and recover at rate {, moving to the recovered compartment (

R). Recovered individuals ( R) gradually lose protective immunity and return to the
susceptible class (S) atrate 6.

Natural mortality occurs in every compartment at constant rate 4 . Disease-induced
mortality arising from long-term complications of chlamydia occurs in the screening class

atrate Jg,, in the asymptomatic infectious class at rate ¢ ,, in the symptomatic infectious

class atrate Jg, and in the treatment class at rate J, .

The formulation of the Chlamydia trachomatis transmission model is based on the
following assumptions:

(i) The sexually active human population is assumed to mix homogeneously, meaning that
each individual has an equal probability of coming into contact with any other individual.
The force of infection follows a standard incidence form and depends on the proportion
of infectious individuals in the population, including asymptomatic, symptomatic, and
individuals undergoing treatment who may still transmit the infection during the early
stages of therapy [19,20, 21].

(ii) The natural death rate is assumed to be constant across all compartments. However,
disease-induced mortality occurs only among infected individuals, including those in the
asymptomatic, symptomatic, and treatment classes, due to long-term complications
associated with untreated or poorly managed chlamydia, such as pelvic inflammatory
disease, ectopic pregnancy, infertility, and increased susceptibility to HIV infection
[22,23,24].

(iii) Individuals in the exposed (latent) class progress through two possible pathways. A
proportion is detected through routine or opportunistic screening programs and moves
into the screening class, while the remaining proportion progresses to the asymptomatic
infectious class. This assumption reflects the largely asymptomatic nature of chlamydia
infections, particularly among women and men, where a significant percentage of cases
remain undiagnosed without active screening [25,26,27].

(iv) Recovery from infection does not confer permanent immunity. Individuals who
recover from chlamydia gradually lose any temporary protection and return to the
susceptible class, making them vulnerable to reinfection. This assumption aligns with
epidemiological evidence indicating frequent reinfections and only partial or short-lived
natural immunity [28,29].
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1+ dg

Figure 1: Schematic Diagram of the chlamydia model

The system of ordinary differential equations governing the model is:

%=A+5SR+6’R—(A+,U)S
d—EziS—(aE+a,A+y)E
dt
dj;R =0, E—(0g +&+ p+64)S,
%:a,AE—(r+a)A+y+6A)IA
%ZTIA—(a)S+,u+§S)IS
dt
dT
E:a)SRSR+a)AIA+a)SIS—(1//+,u+§T)T
dR
—=yT—-(0+u)R
o =vT=(0+u)

The total population is

N=S+E+S,+1,+I;+T+R
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The force of infection is given by standard incidence:

¢Sy +1,+1,+T
N

A=p(1-y)

Let ky =(ay +a, +p), ky =(0g +e+pu+8y), ky =(t+w,+u+5,),

ky = (@5 +pu+6g), ks =(w+pu+6,), kg =(0+p)

Table 1: Model variables and their descriptions

Variable Description

S Susceptible individuals

E Exposed (latent) individuals

S, Individuals detected by screening
(awaiting treatment)

I, Asymptomatically infected individuals

I Symptomatically infected individuals

T Individuals under treatment

R Recovered individuals (temporary
immunity)

Model parameters and their descriptions

Parameter Description

A Recruitment rate into susceptible class

y/j Transmission coefficient

A Force of infection

H Natural death rate

o Progression rate from E to S, (screen-
detected)

a,y Progression rate from E to [,

g Rate of return to S after negative

screening

contact rate of susceptible humans and
infectious classes

Rate of compliance to safe sex practice

modification parameter accounting for
reduced disease transmission in the test
screening class

Treatment rate of screen-detected
individuals

Treatment/detection rate of
asymptomatic carriers
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R Treatment rate of symptomatic
individuals

Rate of symptom development

RECOVEI'y rate from treatment

T

4

0 Rate of loss of immunity
O4z+0,4,05,0; Disease-induced death rates
¢

g

Relative infectiousness of symptomatic
individuals

Relative infectiousness during treatment .

Model Analysis

Positivity and Boundedness of Solutions

To ensure that the model is mathematically well-posed and epidemiologically meaningful,
we prove that all state variables remain non-negative and bounded for all time t > 0
whenever the initial conditions are non-negative.

Theorem 1 (Positivity of Solutions)
Let the initial conditions be
S(0) >0,E(0) >0,S_R(0) >0,I_A(0) >0,1.S(0) >0, T(0) >0,R(0) > 0.

Then the solutions (S(¢), £(¢), Sz (¢),1 ,(t),15(¢),T(¢), R(¢)) of the Chlamydia trachomatis

model are non-negative for all t > 0.

Proof

We use the standard contradiction argument. Define
t,=supt>0:5(r)>0,E(r)=0,5,(r)=0,1,(r)=0,1,(r)=0,T(7) =0,
R(z)=0, 7[0,¢].

Clearly £, > 0 since the initial data satisfy the conditions.

%:/ugSR +OR—AS - uS = ~(A()+ 1)S

Integrating from O to t gives
S@)=S(0) exp(—J.Ot (A(s)+ ,u)ds) >0 V=0,

because the exponential is always positive. Thus S(t) > 0 for all t = 0.
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E
cji_t =AS—(ap+a,+WE=2—(a; +a, +n)E.

Hence
E(t)> E(0)exp(—(a, +a,, + 1)t) = 0.

For S,,1,,1,T ,and R, the differential equations have the general form

dXx . .
) = (sum of non-negative inflow terms) — (progression/treatment rate) X — (u+9, )X,

where 0, =0(0,0,,9,,0,)ando, =0.
When X (¢)?0°, the inflow terms are non-negative, so

dX . .
— 22—k, X with £k, =progression/treatment rate + x+0, > 0.

dt

This implies
X(t)> X(0) exp(— [ Ky (s)ds) >0,

Suppose, for contradiction, that there exists a first time 7 <# where one of these

variables (say X(t) = 0) while it was positive before. Then at 1, the non-negative inflow
would force dX/dt = 0, contradicting X becoming negative or crossing zero downwards.
Hence all compartments remain non-negative up to t;. Since t; was chosen maximally,

t, =+,
Therefore, all state variables are non-negative for all t > 0, and S(t) is strictly positive.
Invariant Region and Boundedness

Theorem 2

Given that

Q:{(S,E,SR,IA,IS,T,R) el :N{t)=S+E+S,+1,+I,+T+R g%}

is positively invariant and globally attracting for the model trajectories with non-negative
initial conditions.

Proof
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Differentiating the total population N(?):

Z—]j:ﬂ+gSR+9R—AS—y(S+E+R)

—(u+05)Sy —(u+8 )1, —(u+0)1 s —(uu+6,)T
=A—uN-64S,-0,1,-6,1¢—0,T
<A—uN.

Thus,

dN
—+ uN < A.
a v

Multiplying by the integrating factor e* and integrating yields
A o
N@)SN@O)e ™ +—1-e*).
7
Hence,

A
N(t) £ max {N(O), —}.
y7j
A . . . .
As t — o0, N(t) £ —, and the upper bound A/p is attained only in the disease-free case.
Y7,

A A
Moreover, if N(¢)=— and N(¢)>— is attempted, then dN/dt < 0, so trajectories
H H

cannotleave . On the boundary faces where any compartment is zero, the corresponding
inflows are non-negative, preventing solutions from exiting R,”. Therefore, Q is positively
invariant and attracts all solutions in R,”.

Disease-Free Equilibrium (DFE)

The disease-free equilibrium is obtained by setting all infected-related compartments to
Zero:

E=S8,=1,=1,=T=R=0.
The only non-trivial equation remaining is

ﬁ=/1—y5=o = 5=t
dt y7,
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The total population at DFEis N’ = S° = i

y7,

Thus, the unique disease-free equilibrium of the model is

Eﬂz(i,o,o,o, 0,0, 0).
Y7,

Basic reproduction number of the chlamydia model

The basic reproduction number of the chlamydia model is the threshold parameter that
determines the number of secondary cases of chlamydia infection that will occur due to
the introduction of an infectious chlamydia individual into a wholly susceptible
population.

The basic reproduction number is obtained using the next generation operator matrix as
postulated by [30]. Which is given by p(FV1).

Where F is the matrix of new infection and V is the matrix of the transient term.

0 p(l-r)¢ B(1-7) B(l-7) B(l-7)
0 0 0 0 0
F=|0 0 0 0 0 :
0 0 0 0 0
0 0 0 0 0 |
k, 0 0 0 O]
—a, k, 0 0 0
V=|-a, 0 k 0 0
0 0 - k 0
0 oy o, oy k]

(((ks +0, )k (ks + o ))amkz +agkk, ( pks+ oy ))ﬂ(_l+7) B(-1+7

—

( phs +og) ﬂ((ks+(04)k4+7(k5’ws))(’1+7) ﬂ(’H}/)(ks’wx) ﬂ(l’;/)

Kok ke g Kok, Kk ks Kk, ks
Fro 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

The dominant eigenvalue of FV ™" is given below which is the basic reproduction number
of the chlamydia model

B(1=7) (ks + @, ) oy + (ks = 05) ety e, + ey (s + )

R, =
ke k, ke, ke, k.
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Local Asymptotic Stability of the disease free equilibrium point of the chlamydia model

Theorem 3
The chlamydia model R, is locally asymptotically stable if R, <1 and unstable if R, > 1.

Proof

To prove the local asymptotic stability of the disease free equilibrium of the chlamydia
model, we take the jacobian matrix of the system (1).

The jacobian matrix of the system is given as J(&,)

—u 0 0-B(1-y)p -B(1-y) -B(1-y) B(-y) 6]
0 ~k pl-r)¢ Bl-7) BQ-r) B(l-y) 0
0 a, —k, 0 0 0 0
J(&)=| 0 «a, 0 —k, 0 0 0
0 0 0 T —k, 0 0
0 0 Oy o, @y —k, 0
00 0 0 0 v k|

The first and seventh columns of the jacobian matrix J(&,) consists of only — and k,

which consists of the first two eigenvalues of the system, the remaining eigenvalues of the

system are obtained from the reduced system which yields the new matrix J,(&,) given

below as:
k. B(1-y)¢ B(1-7) B(1-7) B(-7)]
a, —k, 0 0 0
J (&)= a, 0 —k, 0 0
0 0 T —k, 0
i 0 Wgp ®, o8 —k |

The characteristics polynomial of the reduced J,(&,) is given as

A’ —(—k5 —k,—k,—k, —kl)

+A° —(—ﬂyq‘ﬁaE -Pra, o, pé+a, Bk k—kk —kk —kk —kk, —kk,—kk,—kk,—kk,—kk,
2= (-pripa, - Brk,pa, - Briga, - Bri,a, - Brk,a, - Brka, — Brra, - Bya, oy
-Bra, o+ pkgo, + pk,da, + Bk.da, + Bk, a, + Bk,a, + pka, +Ta, [

‘tog o, froaB-kkk—kkk, —kk ki —kkk,—kkki—kkki—kkk,—kkiks—kk ks—kk,k
2 = (-Brkk,pa, - Brkkpa, - Brkkpa, - Byk ka, — Brkka,

-Brk,ta,, - Prk,a,0,-PBrka,oq - Brkka,,—Prk,a,oqn—Prk,a,o,
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—Brkra,, —Prra, o, + Pk k,pa, + Bk k.po. + Pk k.o, + Pk ko, + Bk ks,
+Bk,ta, + ko, 0, + Bkyo, o

+pk,ksa,, + ko, 04 + Pk, 0+ Pkta, + Pfra,, o -k k, k k,

—k ky ke kg —k ke ke ks — ko kyk ks —k2k3k4k5)

A+ Prkk, ko, + Prik, ko, + By k,o,0,+ Brk ko, + Brk,ta, o+ Brk ko, o
—phskkspa (1-R,)

Applying the Routh-Hurwitz criterion which states that to ensure that the characteristics

polynomial of the jacobian matrix J,(&,) have negative real parts, it is necessary that the

co-efficients of the 4 s exceed zero.
This implies that (l —RO) >0.
Hence, R, <1.

Which shows that the disease-free equilibrium point of the chlamydia model is locally
asymptotically stable.

Endemic Equilibrium Analysis of the Chlamydia Model

The endemic equilibrium point represents a state where chlamydia persists at constant
levels within the population.

Theorem4
The endemic equilibrium point of the chlamydia model is stable when R, >1 and

unstable when R <1.

Proof
At the endemic equilibrium, all derivatives are set to zero:

s _ dE_ o S, dI,

dt dr dt dt

%:0, gzo’ d_R=0
dt dt dt

0,

Let the endemic equilibrium point be:
E=(SES [ I,T'R)

By setting the right-hand side of the chlamydia model equations to zero and solving for
each compartment, we obtain:

. A+eS,+OR

A) :
A +u
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1
¢ = o E
R
kZ
2 a,E
A
k3
1; = ﬂ
k,
T S, +o,l, +o,d
kS
R - wT
k6
where:

PSy+ 1, +1+T

A= pA-y) =~ /;v

Screening and Contact Tracing for Chlamydia Control

N =S +E +S, +1[,+I;+T +R

Substituting the endemic equilibrium point E into the force of infection:

)
A= N7(¢S+1+1+T)

Let P=

(24 a a,T
E¢+ IA+ 14

Qplgp A0,  OT0O

k, kK,

parameter), then:

pSy+ 1, +I;+T =P -E

4 BU=pPE
N

But E' = 5 , SO:
kl

(infectiousness-weighted

ok, kg kikk,
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o _BU=pPLS

kN
From S = /Hj}gi and substituting the expressions for S;, R*,and T~ in terms
+H

of E™:

A+ele E +0 iz
§ = k, kg

A +u
where T" — 0 Sy + o, + o,
kS
LetQ = i +9—l// OorPe | Pa%i | Os%u? (recovery feedback parameter).
k, kg Kk ks  kk kg

Then:
§ A+QE k,

A+ u s + 1
Solving for S”:
S*(/i*+y):A+Qﬂ“TS
1

S {(ﬂ* +”)_Q/j* } =A

1

g Ak,
(A +1m)-QA
From the endemic condition:

pA-y)PS

kN

This leads to a polynomial equation in A

i (le*6+ CA"5+CA" 4+ CA 34 CA 2+ C A +C, ) =0

At the endemic equilibrium ( A0 ), hence:
CA 6+C,A"5+CA"4+CA"3+C A 2+C A +C, =0
where:

C, = kk,kyk sk, >0

C, =~k sk sk [ B(1-7)P +Q +64]

C, = ke feskes [ 15042+ 5uB(1— )P +51Q — B(1—y)PQ |

C, = —kk,k.k,kk, [20 1 3+104 28(1—y)P +10u2Q +4uB(1—y)P Q]
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C; = ke feskes [ 1507 4+104°3 (1= )P +10473Q +6,4°23(1-7)PQ |
Cy = —hhokhhsky [ 64675 +51 41— )P +51°4Q +44°35(1-»)PQ |
C, = N 2k k,k.k,k.k (R, —1) The components of the endemic equilibrium point (EEP)

are determined by solving for A" from the polynomial equation and substituting its

positive values into the expressions. The coefficients C, show that C, >0, while C, >0

when R >1 and C, <0 when R, <1.From this, we derive the following results:

Theorem5
The chlamydia model has:

(i) one or two endemic equilibria if C, <0, C; >0,and R <1,
(ii) one or two endemic equilibria if C, <0, C, <0,and R <1,

(iii) no endemic equilibrium otherwise, if R, <1.

Items (i)-(iii) of the above theorem suggest the possibility of backward bifurcation in the
chlamydia model when R <1. The occurrence of backward bifurcation indicates that

maintaining the basic reproduction number R, below one, while necessary, is

insufficient to guarantee disease elimination from the population.
Global Stability of the Endemic Equilibrium of the Chlamydia Model

In this section, we prove the global asymptotic stability of the endemic equilibrium of the
chlamydia model.

Theorem 6
If R, >1, the endemic equilibrium E of the chlamydia model is globally asymptotically

stable; otherwise, it is unstable.
Proof
Define the Lyapunov function:

L(S"E", S I, 15T R ) =

ool

+| S-S, —S, log(&jJ+[1A—IZ—IZ log

R
* * ; * T*
+| Iy —1Ig—1Iglog| = T-T —T log a
+ R—R*—R*log[ D
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with its derivative:
d_L— S_S* d_S+ E-E d_E+ —SR_S; di
dt S dt E dt Sy dt
[ L ~1,\dl, s —1 dl | T-T \dT
I, dt I dt T dt
R-R"\dR
+ —.
R dt
Substituting the model equations:

a_(s-s
dt S

j(A+gSR+t9R—ﬂS—,uS)

—+

E-E ] AS—kE)
E

SR SR

JaE kS

j(a,AE ki)

; féj

T

H

ﬂ

Ja)SRS +,0, +ogdg —kT)

+

jy/T kR
where:
ﬂzﬂ(l—y)¢SR+1;V+]S+T.

Expanding and simplifying:
ar _ AS" BA=P)PSy + 1, + I +T)S =S )V (PSy + ¢S + 1, + 1, +--)

dt S SN
S-S5y LESS | £8,S"  &S,S" &S,S
S S S S S
LORS OR'S" ORS" OR'S
S S S S
L BA=) @Sy +1,+15+T)SE+ S'E"+SE" +SE)
EN
_PU=y)gSy+1,+1+T)SE +S'E+SE+S'E’) k(E-E')
EN E
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L ESy a,E'Sy a,ESy o E'S, k(Sy—Sy)

Sk Sk Sk Sk Sk
+ aIAEIA + alAE*I: . aIAEIjl . aIAE*IA . kS(IA _1:)2
IA IA IA [A IA
LTLEs ol Iy ol dg I k(I —1g)
[S [S ]S IS IS
L OuS T O3S T 0gS T 0gS,T
T T T T
Lo LT oI oll olT
T T T T
Lol T o ;T od T ol k(T-T)
T T T T T
LYIR yI'R yTR yT R k(R-R')
R R R R R '
Define:
LA+ £8,S , 5,5 ORS OR'S
S S S
. BA=y)PS, +1,+I,+TYSE+S E +SE +S'E)
EN
L ES, a,E'S, L uEl, a,E'T,
SR SR ]A ]A
LTLI ol I L OaSel | 0 ST
I I T T
Lo LT o, ,T L osLT | o d T
T T T T
N wTR N wT R ,
R R
- AS’ LBA=Y)@Se + 1+ +T)S =SV (PSe +PSe + 1+ 1+
s SN
* 2 * * * *®
L MS-ST) | £S,S” | £S,S | ORS” OR'S
S S S S S
L BA=D)@Sp+ 1+ 1+ TYSE +S'E+SE+S'E") k(E —E"Y
EN E
. o, ES, . a,E'S, G S,)
S, S, S,
+ O‘]AE]Z + alAE*IA + kB(IA _12)2
]A ]A ]A
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. ol I . ol A ~Iy)
I I I

N N N
. 0 ST . 0 SxT N T . o, 1,T
T T T T
. o d T . o T k(T -7y
T T T
* * * 2
LWIR yT'R  k(R-R')"
R R R

Thus, d—L =1 —1,.1f [, <[,, then d—L < 0. Substituting deviations from the equilibrium,
dt dt

we find /, =/, implies Z—L =0.
t

: . dL . . e
The largest compact invariant set where 7 =0 is the endemic equilibrium
t

E=(S",E,Sy,I,,I5,T",R")
in the feasible region €2 . Since L(0)=0 and L >0 at E, L is a positive definite

Lyapunov function.
Thus, the chlamydia model is globally asymptotically stable in {2 when R, >1 and

[ <.
This stability implies that when R, >1, chlamydia persists at a steady endemic level,

indicating a need for intensified interventions to reduce R, below one for elimination.

Table 2: Parameter Table for the Chlamydia Model

Parameter | Value Source
A 100 per day Estimated from population
recruitment

H 1/(70 x 365) ~ 0.000039 day™* (general [30]
mortality)

/] 0.129 per partnership [30]

4 0.6 (condom efficacy) [30]

@ 0.5 (relative infectiousness of [31]
screened /recovering)

a; 1/10 = 0.1 day™* (progression from [32]
exposed to screening)

a, 1/10 = 0.1 day™* (progression to [32]
asymptomatic infection)

T 0.10 (proportion developing symptoms) [32]
1/365 =~ 0.00274 day™* (loss of screening | [33]
immunity)

O 0.0016 day™* (screening-detected [33]
treatment rate)
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o, 0.22 day™* (spontaneous clearance of [33,34]
asymptomatic)

R 0.50 day™* (symptomatic treatment- [35]
seeking rate)

4 0.98 day™* (treatment success rate) [36]

6 1/(180) ~ 0.0056 day™* (waning of [33]
recovered immunity)

Ogr 0.0001 day™* (screening-related disease [33]
mortality)

d, 0.0001 day™* (asymptomatic infection [34]
mortality)

o 0.0005 day™* (symptomatic infection [36]
mortality)

5, 0.0002 day™* (treatment-related [37]
mortality)

Sensitivity Analysis of the Chlamydia Model
We conduct a sensitivity analysis to identify the parameters that most significantly

influence the basic reproduction number (R ) of the chlamydia model, which quantifies
the average number of secondary infections caused by a single infected individual in a
fully susceptible population. Understanding the sensitivity of R, to model parameters
helps prioritize intervention strategies for chlamydia control. The sensitivity index of R,
with respect to a parameter p is defined as:
JRo = & X i

! d R,
Given the basic reproduction number for the chlamydia model:
(((ks Tay, )k4 - T(—k5 + W ))alAkZ +agkk, (¢k5 T Ogp ))ﬂ(l ~7)

k ke ks ke ke

R, =

where:

ki =a,+a,+u, k=0gp+e+u+ig

k=t+o,+u+o,, k,=wg+pu+o;

ks=y+u+o,, ki=0+u

We define the following terms to simplify the analysis:

N == (ks + @, ) bk, (ks + @5 ) ), e, + ke, (phs + g, ) |

D=kkkkk, R,= \/g

The sensitivity index for R, with respect to a parameter p is:

1
~Ro _ “ (N _ =D
Jp —2(\51] \Sp).

We compute the sensitivity indices for the key parameters
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By Py s 0y T, 6, Dy, @4, O, W/ 10,055, 6 4, 0,01, 1)
symbolically:

P’RO _

Analytical Sensitivity Indices: 3,

1 gk ks
3,0 ==
2 ((ks + @, ) by =7 (ks + @) )k, + ks, (s + wog, )

Ro = l(a5k3k4 (¢k5 + a)SR) _ ﬁj
2

NTB(1=y) ki

< zlL((ks r o, )k, —7 (ks + ) ok, _%]
2

N/ pA=y) ki

(—ks + 5 ) o, k, T

SRo:l. i
"2 NIpa-n K,
S]:(J:_l.i

2k,
~r, _ L[ apkk,0q o
@2 N/p-y) k
~r, _ L[ okao,k, o,
T2\ NIpa-pn K
~R, _ l toa,k, oy
%2 N/ pl=y) k,
SRoz_l.ﬂ
v 2 kg
Sgﬂ__l.ﬁ

2 kg
”Roz_l.@
Ssr 2 k2
Sgoz_l.i
8 2 k,
Sgoz_l.é
s 2 k,
S?o__l.ﬁ
! 2 kg

SRO :_l ﬁ+ﬁ+ﬁ+ﬁ+ﬁ+ﬁ
“ T o\k Kk, kK, kK,

Numerical Sensitivity Indices (using parameter values from Table 2):
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First, calculate intermediate terms:

k, =0.1+0.1+0.000039 ~ 0.200039

k, =0.0016+0.00274+0.000039 +0.0001 = 0.004579
k, =0.104+0.22+0.000039 +0.0001 = 0.320139

k, =0.50+0.000039+0.0005 ~ 0.500539

ky =0.98+0.000039 +0.0002 = 0.980239

ky =0.0056+0.000039 = 0.005639

N =0.129x0.4x[((0.980239+0.22) x 0.500539—0.10x (-0.980239 + 0.50)) x 0.1x 0.004579+ 0.1x 0.320139x 0.500539
x(0.5%x0.980239+0.0016)]

N ~0.0516x[(1.200239x0.500539+0.10x0.480239)
x0.1x0.004579+0.1x0.320139x0.500539 % 0.4917]

N = 0.0516x[(0.6008+0.04802) % 0.0004579 + 0.01602x0.4917]
~ 0.0516x[0.000297 + 0.00788] ~ 0.000423

D =0.200039x0.004579x0.320139x 0.500539x 0.980239 ~ 0.000144

R, = 0.000423 ~+/2.937 ~1.714

0.000144
Numerical Sensitivity Index Values: 3 ‘”RO =0.500
gh= L0014 750
g 2 04

3, = 0.467, 330 ~0.456, T, ~0.044, I ~—0.106

3 ~—0299, 3,0 ~—0.088, J;» ~—0.294, T} ~—0.450
3,0 ~=0.499, I ~—0.497, J;° ~—0.011, T;* 0016
Sj;; ~—0.050, J;° ~—0.010, Sﬁo ~—0.052
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Figure 2: Sensitivity bar chart of the chlamydia model

Interpretation of the Chlamydia Sensitivity Analysis
The sensitivity analysis of the chlamydia model provides critical insights into the

parameters driving the basic reproduction number (R ), which is a key indicator of the
disease's transmission potential and the effectiveness of control measures. The analysis
reveals a spectrum of parameter influences, with positive sensitivity indices indicating

parameters that amplify R, thereby increasing chlamydia transmission, and negative

sensitivity indices highlighting parameters that suppress R, offering opportunities for
effective intervention. This dual perspective informs a robust public health strategy to
mitigate the spread of chlamydia [33].

Parameters with positive sensitivity indices significantly contribute to the persistence
and spread of chlamydia. The transmission probability ( f, 3=0.500) has strong
influence on disease spread, demonstrating that behavioral interventions targeting
unsafe sexual practices are crucial. The infectiousness of screened /recovering individuals
(¢, 3~0.467) indicates that incomplete treatment or continued transmission during

screening contributes substantially to R, . The progression rate from exposed to
screening (&, , I~0.456 ) shows that rapid progression to detectable infection

maintains transmission. The progression to asymptomatic infection (,,, 3 = 0.044) has

modest positive influence, sustaining the asymptomatic reservoir [32,33]. These findings
highlight the critical need for comprehensive screening programs, effective partner
notification, and complete treatment adherence.

Conversely, parameters with negative sensitivity indices offer leverage points for

reducing R, and controlling chlamydia. Condom efficacy (7, 3~ —0.750) is the most
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impactful controllable parameter, emphasizing the importance of consistent condom use
promotion. Treatment success rate (i, 3 = —0.499) and waning of recovered immunity
(8, 3=—-0.497) are highly influential, underscoring the need for effective antibiotics
and consideration of reinfection prevention. Symptomatic treatment-seeking rate (s,
3~ —0.450) demonstrates the value of encouraging individuals with symptoms to seek
prompt medical care. Loss of screening immunity (&, 3~-0.299) and spontaneous

clearance of asymptomatic infection (@,, I = —0.294) show moderate negative effects.

Progression to symptomatic infection ( 7 , 3~-0.106 ) and screening-detected

treatmentrate (@, , I = —0.088) have smaller but meaningful impacts. Disease-induced
mortality parameters (Og,0,,0;,0;) have minimal influence (I~ —-0.011 to —-0.050),
reflecting the low fatality of chlamydia. Natural mortality (4, 3 ~—0.052) has limited

impact and is not actionable. These findings underscore the importance of condom
promotion, effective treatment, screening programs, and prompt symptomatic care-
seeking [31].

The bar chart (Figure 2) visually emphasizes the dominance of ¥ (condom efficacy) in

preventing chlamydia transmission and the substantial mitigating effects of
(treatment success), € (immunity duration), and @y (symptomatic treatment-seeking).

The analysis suggests a multifaceted control strategy: prioritizing consistent condom use,
expanded screening and treatment, partner notification, and health education to
encourage symptomatic individuals to seek care. The high sensitivity to £ and ¢
underscores the need to reduce transmission opportunities and ensure complete cure.
Overall, reducing R, below 1 requires integrated interventions that target both sexual

behavior and healthcare access, with particular emphasis on barrier methods and
treatment effectiveness.
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Figure 3: Effect of vary (a) € on the susceptible humans and Effect of varying S on (b)

the exposed humans (c) the test screening class (d) the asymptomatically infected
humans
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Figure 4: Effect of varying f# on (a) the symptomatically infected humans (b) the

treatment class (c) the recovered class (d) the cumulative new cases of the disease.

The graph in Figure 3a displays the dynamics of susceptible individuals over time for
different values of the screening rate parameter €. The curves exhibit a monotonic
decreasing pattern, starting from an initial susceptible population of approximately
1.00x10° individuals and declining steadily over the 200-day simulation period. All five
curves (corresponding to & =0.002,0.004,0.006,0.008,0.01) follow similar trajectories
with minimal separation, indicating that variations in the screening rate have relatively
modest effects on the depletion of the susceptible pool. The curves converge toward lower
susceptible populations as time progresses, with higher screening rates (6 =0.01)
resulting in slightly faster reduction in susceptible numbers compared to lower screening
rates ( @=0.002). Biologically, this pattern reflects the natural progression of the
epidemic as susceptible individuals become exposed to chlamydia infection through
contact with infectious individuals. The screening parameter € represents the rate at
which susceptible individuals enter screening programs or adopt preventive measures,
thereby reducing their risk of infection. The relatively small differences between curves
suggest that while screening programs do contribute to protecting susceptible
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individuals, their impact on the overall susceptible population dynamics is gradual rather
than dramatic. This implies that screening alone, without complementary interventions
such as behavior change or enhanced treatment, may be insufficient to substantially slow
the depletion of the susceptible class. The continued decline in S(¢#) underscores the

persistent transmission pressure in the population, highlighting the need for
comprehensive control strategies.

In Figure 3b, the exposed compartment E(z) demonstrates characteristic bell-shaped
curves that vary significantly with the transmission probability parameter S. For lower
transmission rates ( f#=0.08 and f#=0.1), the exposed population exhibits modest

peaks around 800-1000 individuals occurring approximately 10-20 days into the
simulation, followed by gradual decline toward equilibrium levels below 1000
individuals. As f increases to 0.129, 0.15, and 0.18, both the magnitude and timing of the

peaks change dramatically. The highest transmission rate ( #=0.18 , cyan curve)

produces an explosive early peak exceeding 5000 exposed individuals within the first 10
days, followed by sustained growth throughout the 150-day period, reaching
approximately 5200 individuals. The intermediate values show progressively higher
peaks and steeper growth rates, with clear separation between curves demonstrating the
strong sensitivity of exposure dynamics to transmission probability. Biologically, the
exposed compartment £ represents individuals who have been infected with Chlamydia

trachomatis but have not yet progressed to either the screened/recovering state (.S, ) or

the asymptomatic infectious state ( /, ). The bell-shaped pattern for lower S values

reflects the typical epidemic curve where initial transmission creates a surge of new
exposures, which then declines as the susceptible pool depletes and control measures
take effect. However, for higher transmission rates, the sustained exponential growth

indicates that the force of infection A=pB(1-y)@S,+1,+I;+T)/ N remains
sufficiently strong to continuously generate new exposures faster than individuals
transition out of this compartment through progression (rates &, and ¢,, ). This finding

emphasizes the critical importance of reducing transmission probability through
interventions such as condom promotion (increasing 7 ), as even modest increases in f

can dramatically amplify the exposed population and fuel epidemic growth.

Figure 3c illustrates the dynamics of the screened/recovering class S,(¢) under varying

transmission probabilities. All curves begin from a low initial value (approximately 500
individuals) and initially rise rapidly before transitioning into sustained exponential
growth patterns that strongly depend on /. For the lowest transmission rate ( 5 =0.08

, red curve), the S, population grows relatively slowly, reaching approximately 7000
individuals by day 150. As f increases progressively to 0.1, 0.129, and 0.15, the curves

show increasingly steep growth trajectories with clear fanning out, indicating
accelerating accumulation of screened/recovering individuals. The highest transmission

rate ( #=0.18, cyan curve) produces explosive growth, with the §, population

exceeding 30,000 individuals by day 150, representing more than fourfold increase
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compared to the lowest f scenario. The curves maintain their hierarchical ordering
throughout the simulation period, demonstrating consistent positive correlation between
transmission intensity and the size of the screened/recovering population. Biologically,
individuals enter the S, compartment from the exposed class E at rate «; ,
representing those who are detected through screening programs before progressing to
symptomatic infection. This compartment experiences outflow through three pathways:

treatment (rate @, ), loss of screening-induced immunity (rate ¢ ), and disease-induced

mortality (rate g, ). The dramatic growth in S, athigher transmission rates reflects the

epidemiological reality that increased transmission generates larger exposed
populations, which in turn feed more individuals into the screening pathway. However,
this also reveals a concerning dynamic: as f increases, screening systems must handle
exponentially growing caseloads, potentially overwhelming capacity and reducing

effectiveness. The sustained accumulation in §, suggests that the outflow rates (

Wg, +&+ 1+, =k, =0.00458 per day) are insulfficient to clear individuals as rapidly

as they enter, creating a bottleneck that could delay definitive treatment and maintain

transmission potential through the ¢S, term in the force of infection.

The graph in Figure 3d depicts the temporal evolution of asymptomatic infections / ,(¢)

for different transmission probabilities, revealing patterns remarkably similar to those
observed for the exposed compartment. Starting from an initial value of approximately
1000-1200 individuals, all curves exhibit initial bell-shaped dynamics during the first 20-
30 days, with the magnitude and subsequent trajectory strongly determined by /. For
lower transmission rates ( £ =0.08 and 0.1), the asymptomatic population peaks early
at 400-500 individuals before declining toward equilibrium levels around 300-400
individuals by day 150. The baseline scenario (\beta = 0.129, green curve) shows a more
pronounced initial peak followed by sustained growth reaching approximately 800
individuals. Higher transmission rates ( #=0.15 and 0.18) produce dramatically

different dynamics: after brief initial peaks around day 10, these curves transition into
sustained exponential growth, with the highest transmission rate (cyan curve) driving the
asymptomatic population beyond 1600 individuals by day 150, representing a more than
fivefold increase from equilibrium levels observed at low £. The clear separation and

fanning pattern among curves demonstrates the extreme sensitivity of asymptomatic

infection burden to transmission probability. Biologically, the /, compartment

represents a critical epidemiological reservoir: individuals who are infected and
infectious but lack overt symptoms, making them less likely to seek treatment while

continuing to transmit infection at full rate (contributing the term /, to the force of

infection without reduction factors). Entry into this compartment occurs from the

exposed class at rate o, E , while exit pathways include progression to symptomatic
infection (rate 7 ), spontaneous clearance (rate @, = 0.22 per day), and disease-induced
mortality (rate J,). The sustained growth at high B values indicates that the influx

a,,E overwhelms the outflow rate k; =7+ @, + 11+, = 0.320 per day. The substantial
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size of the asymptomatic population, particularly at higher transmission rates,
underscores one of chlamydia's most challenging control features: the majority of
infections are asymptomatic, creating a hidden transmission pool that perpetuates spread
even when symptomatic cases are treated. This finding emphasizes the critical
importance of expanded screening programs that can detect and treat asymptomatic
infections, as these individuals represent the primary drivers of ongoing transmission in
the population.

In Figure 4a, the symptomatic infection compartment /() displays distinctive bell-
shaped epidemic curves whose characteristics vary systematically with the transmission
probability £.All curves originate from an initial value of approximately 300 individuals
and initially spike upward within the first 5-10 days, reaching peak values that strongly
depend on £ . For the lowest transmission rate ( f =0.08, red curve), the symptomatic
population peaks at approximately 50-60 individuals around day 5 and then gradually
declines, stabilizing near 50 individuals by day 150. As £ increases through 0.1, 0.129,

and 0.15 (blue, green, and magenta curves), the peaks become progressively higher
(reaching approximately 100, 150, and 200 individuals respectively) and occur slightly
earlier, followed by more gradual post-peak declines that settle at higher equilibrium
levels. The highest transmission rate ( f=0.18, cyan curve) exhibits the most dramatic

pattern: an explosive peak exceeding 300 individuals within the first week, followed by a
rapid decline to approximately 100 individuals by day 20, after which the curve
transitions into sustained exponential growth, surpassing 300 individuals again by day
150. The clear temporal separation and amplitude differences among curves demonstrate
strong dependence of symptomatic disease burden on transmission intensity.

Biologically, symptomatic chlamydia cases in the /g compartment represent individuals

who have progressed from asymptomatic infection (at rate 7/ ,) and now exhibit clinical

manifestations such as urethral discharge, dysuria, pelvic pain, or other symptoms that
typically prompt healthcare-seeking behavior. These individuals exit the compartment

through treatment (rate @, =0.50 per day, representing the high treatment-seeking
behavior of symptomatic patients), disease-induced mortality (rate ), and natural
mortality (rate g ). The initial peaks reflect the rapid conversion of the initial
asymptomatic pool into symptomatic cases, which are then quickly depleted by the
relatively high treatment rate @, . However, at higher transmission rates, the continuous
influx from the growing asymptomatic reservoir ( 7/, ) eventually overwhelms treatment
capacity, leading to renewed growth in symptomatic cases. The relatively modest size of
the /; compartment compared to [/, (typically 5-10 times smaller) reflects the
epidemiological reality that only a fraction 7 = 0.10 of asymptomatic infections progress
to symptomatic disease, with the majority remaining asymptomatic throughout their
natural history. This pattern highlights a key challenge in chlamydia control: symptomatic

cases, while more likely to seek treatment, represent only the visible tip of a much larger
asymptomatic iceberg that continues driving transmission silently in the population.
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Figure 4b illustrates the dynamics of the treatment compartment 7°(¢), which exhibits a

characteristic pattern of rapid initial decline followed by stabilization or gradual growth
depending on transmission intensity. All curves begin at approximately 200 individuals
and show similar early dynamics: a sharp drop during the first 5-10 days, reaching
minimum values around 100-120 individuals, after which the trajectories diverge
significantly based on /. For lower transmission rates ( # =0.08 and 0.1, red and blue
curves), the treatment population continues declining gradually after the initial drop,
stabilizing near 80-100 individuals by day 20. The baseline scenario ( £ =0.129, green
curve) shows similar early decline followed by stabilization around 100-110 individuals
with minimal subsequent change. However, for higher transmission rates ( f=0.15 and

0.18, magenta and cyan curves), after the initial decline, the treatment population begins
recovering and shows sustained growth, with the highest £ driving the treatment class to

approximately 200 individuals by day 20, representing a doubling from the minimum
value. All curves eventually converge toward similar equilibrium levels between 80-120
individuals after the initial transient period of 20 days. Biologically, the treatment
compartment 7' aggregates individuals receiving antimicrobial therapy from three

different source compartments: screened/recovering individuals (influx @gS; ),
asymptomatic infections detected through screening or partner notification (influx w,/ ,
), and symptomatic cases seeking care (influx g/ ). The total influx rate is therefore

WSy + w1, + o, while outflow occurs through treatment success (rate iy = 0.98 per
day, representing highly effective antibiotic therapy), treatment failure with continued
disease (rate 1—y ), treatment-related complications (rate J, ), and natural mortality

(rate\mu). The initial rapid decline from the elevated starting value reflects the depletion
of the initial treatment pool by the very high success rate i, which clears individuals into

the recovered class R at approximately one per day. The subsequent stabilization or
growth at higher S values indicates establishment of a dynamic equilibrium where
treatment inflows from the growing infected compartments balance the high clearance
rate. The relatively small size and rapid turnover of the 7" compartment (mean residence
time approximately 1/ k, #1.02 days) reflects the short duration of standard chlamydia

treatment regimens (typically single-dose azithromycin or 7-day doxycycline courses)
and high cure rates, which quickly convert treated individuals to recovered status.

The graph in Figure 4c presents the temporal dynamics of recovered individuals R(¥)

under varying transmission probabilities, revealing sustained monotonic growth patterns
throughout the 100-day observation period. All curves originate near zero (reflecting
minimal initial recovered population) and exhibit characteristic logistic-like growth with
rates strongly determined by £ . For the lowest transmission rate ( f =0.08, red curve),
the recovered population grows relatively slowly, reaching approximately 4500
individuals by day 100. As S increases sequentially to 0.1, 0.129, 0.15, and 0.18, the

curves show progressively steeper growth trajectories with clear hierarchical separation,
demonstrating strong positive correlation between transmission intensity and
cumulative recovery. The baseline scenario ( f=0.129 , green curve) achieves
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approximately 7000 recovered individuals by day 100, while higher transmission rates
drive this number to 10,000 ( #=0.15) and nearly 14,000 ( £ =0.18) individuals. The

curves maintain concave-up curvature throughout most of the simulation, indicating
accelerating growth rather than approaching saturation equilibrium. The fanning pattern
among curves becomes increasingly pronounced after day 40, reflecting the compounding
effects of higher transmission rates over time. Biologically, the recovered compartment
R represents individuals who have completed successful treatment (entering at rate
wT , where v = 0.98 represents the high efficacy of antibiotic therapy for chlamydia)

and now possess some degree of temporary immunity or reduced susceptibility to
reinfection. However, this immunity is imperfect and wanes over time at rate € = 0.0056
per day (corresponding to mean immunity duration of approximately 179 days or 6
months), causing recovered individuals to return to the fully susceptible class S . The
recovered class experiences no disease-induced mortality but is subject to natural
mortality at rate . The sustained growth in R(?) reflects the cumulative effect of the

continuous treatment pipeline: as infections occur and progress through the various
disease stages, an increasing fraction eventually receives treatment and enters recovery.
The strong dependence on S demonstrates that higher transmission rates, while

generating more infections, also paradoxically drive more individuals through the
treatment pathway into recovered status, assuming treatment access remains adequate.
However, this apparent positive outcome must be interpreted cautiously: the large
recovered populations at high /£ indicate that many individuals have experienced

infection and required treatment, representing substantial disease burden, healthcare
costs, and potential complications (such as pelvic inflammatory disease, ectopic
pregnancy, or infertility) that may have occurred before treatment. Furthermore, the
waning immunity means recovered individuals will eventually rejoin the susceptible pool,
creating opportunities for reinfection in the presence of ongoing transmission, which
could sustain endemic circulation even with high treatment coverage.

In Figure 4d, the cumulative incidence of new chlamydia infections displays characteristic
exponential growth curves whose trajectories diverge dramatically as transmission
probability increases. All curves begin near zero (approximately 5,000-10,000
cumulative cases at =0 from initial conditions) and show sustained upward trends
throughout the 150-day simulation period, with growth rates strongly dependent on £.
For the lowest transmission rate ( f=0.08, red curve), cumulative incidence grows
relatively slowly in a near-linear fashion, reaching approximately 15,000 cases by day
150, representing an addition of roughly 10,000 new infections over the observation
period. As £ increases to 0.1 (blue curve), the growth becomes more pronounced and
slightly curved, achieving approximately 25,000 cumulative cases by day 150. The
baseline scenario ( f =0.129, green curve) shows clear exponential curvature, reaching

approximately 40,000 cumulative cases, while higher transmission rates ( #=0.15 and
0.18, magenta and cyan curves) produce explosive exponential growth patterns. The
highest transmission rate ( f/=0.18 ) generates the most dramatic trajectory: after

relatively modest growth during the first 50 days (reaching ~30,000 cases), the curve
accelerates sharply, surpassing 60,000 cases by day 100 and exceeding 120,000
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cumulative cases by day 150. The progressive fanning and increasing separation among
curves, particularly after day 75, visually emphasizes the compounding effects of
transmission probability on epidemic magnitude over time. Biologically, cumulative
incidence quantifies the total number of new infections that have occurred from time zero

through time ¢ , calculated as the integral J-Otﬂ(T)S(T)dT , where

At)=BA-y)@S,+1,+1,+T)/ N represents the force of infection at time 7 . This

metric captures all incident infections regardless of their subsequent progression
pathway or clinical outcome, making it the most comprehensive measure of epidemic
burden and transmission intensity. The exponential growth patterns at higher £ values

reflect the self-amplifying nature of infectious disease transmission: as more individuals
become infected, they contribute to a stronger force of infection that generates even more
new cases, creating positive feedback loops that accelerate epidemic growth. The
dramatic differences in cumulative incidence across f values—with the highest

transmission rate generating nearly eightfold more total cases than the lowest rate—
underscore the critical public health importance of interventions that reduce /3, such as

condom promotion (which reduces 1—y ), behavior change programs, and partner

notification. The continued upward trajectory of all curves without approaching
saturation indicates that even at low transmission rates, endemic transmission persists
throughout the observation period, highlighting the challenge of chlamydia elimination
and the need for sustained, intensified control efforts to drive cumulative incidence
toward zero.

Conclusion

This study presents a comprehensive and novel compartmental model for the
transmission dynamics of Chlamydia trachomatis, incorporating key epidemiological
features such as screening detection with reduced infectiousness, partial immunity, and
disease-induced mortality. The analysis of the model demonstrated that the basic
reproduction number serves as a critical threshold parameter for disease persistence.
Specifically, the disease-free equilibrium is locally asymptotically stable when the
reproduction number is less than unity, while the endemic equilibrium becomes globally
stable when it exceeds unity. Importantly, the presence of backward bifurcation suggests
that reducing the reproduction number below one may not be sufficient for complete
disease elimination, highlighting the complexity of chlamydia control. The sensitivity
analysis identified several parameters as highly influential in driving disease
transmission, including condom efficacy, treatment success rate, duration of immunity,
symptomatic treatment-seeking behavior, transmission probability, and the level of
infectiousness during screening. A key finding is the significant role played by the large
asymptomatic population, which accounts for approximately 70% of infections and
contributes substantially to silent transmission within the community. Additionally, the
relatively rapid waning of immunity facilitates frequent reinfections, often occurring
within a short period after recovery, thereby sustaining disease prevalence.

From a public health perspective, the findings underscore the necessity of implementing
integrated and multi-faceted intervention strategies. Condom use remains one of the most
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effective and cost-efficient control measures, with even modest increases leading to
substantial reductions in transmission. Screening programs must be strengthened to
ensure early detection, minimize diagnostic delays, and reduce transmission during the
testing period through appropriate counseling. Targeted screening of high-risk
populations, particularly individuals aged 15-29 and those with multiple sexual partners,
is essential for improving case detection and interrupting transmission chains.
Furthermore, the rapid loss of immunity emphasizes the importance of follow-up
interventions such as repeat testing within 3-6 months, expedited partner therapy, and
sustained behavioral counseling. Treatment strategies should prioritize effective and
simplified regimens to enhance adherence and treatment success. At the same time,
improving access to care and reducing stigma associated with sexually transmitted
infections will encourage timely health-seeking behavior and improve overall outcomes.

Based on these findings, it is recommended that public health authorities intensify
condom promotion campaigns, expand routine screening programs, and implement
point-of-care diagnostic technologies that allow for same-day testing and treatment.
Counseling individuals undergoing testing to abstain from sexual activity or use
protection until treatment completion is also crucial. Additional efforts should focus on
strengthening surveillance systems, monitoring treatment effectiveness, integrating
sexual health education, and ensuring adaptive policy responses to evolving
epidemiological trends.
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