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ABSTRACT. Silent transmission by asymptomatic carriers and the
persistence of pathogens in environmental reservoirs pose major
challenges for controlling infectious diseases. These hidden trans-
mission routes can sustain outbreaks even when symptomatic cases
are effectively detected and managed. Motivated by these chal-
lenges, this study develops a deterministic compartmental model
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that incorporates asymptomatic carriers and environmental con-
tamination into an extended SEIR-type framework. The model
includes compartments for susceptible, exposed, asymptomatic in-
fectious, symptomatic infectious, recovered individuals, and envi-
ronmental pathogen concentration. Using qualitative analysis, we
determine the disease-free and endemic equilibria and derive the
basic reproduction number Ry using the next-generation matrix
method. Importantly, the reproduction number is decomposed into
three epidemiologically meaningful components: Rc, Ry, and Rw,
representing transmission driven by asymptomatic carriers, sympto-
matic individuals, and environmental reservoirs, respectively. This
decomposition enables a clearer assessment of the relative contri-
butions of distinct transmission pathways. Stability analysis shows
that the disease-free equilibrium is locally asymptotically stable
when Rop < 1. Sensitivity analysis using Partial Rank Correlation
Coefficients (PRCC) identifies key parameters influencing disease
spread, highlighting the significant roles of asymptomatic trans-
mission and environmental contamination. Numerical simulations
further demonstrate how these hidden pathways can sustain out-
breaks and increase disease burden. Overall, the results underscore
the importance of integrated public health strategies that simulta-
neously address asymptomatic detection and environmental hygiene
to effectively mitigate infectious disease transmission.

Keywords: Infectious disease, basicreproduction number, stabil-
ity analysis, sensitivity analysis.
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1. INTRODUCTION

The continued quest for knowledge regarding the determinants of in-
fectious disease transmission is still a major focus of epidemiological
studies. The traditional approaches to disease surveillance and control
have mainly centered on detecting and containing infected individuals,
as they are easily identified and are considered the primary cause of
disease transmission during an epidemic [l]. However, recent findings
have revealed that two less obvious routes of disease transmission are
of primary importance in disease transmission and persistence. These
routes are the asymptomatic disease transmission and disease transmis-
sion through the environment. The asymptomatic disease transmission
occurs when people are infected with disease-causing organisms and still
continue with their daily activities without displaying any signs of illness.
This type of transmission is silent and often results in disease transmis-
sion within human populations without being detected. The disease
transmission through the environment occurs through water, soil, air,
and surfaces contaminated with disease-causing organisms. This type
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of disease transmission is also silent and often acts as a reservoir for
disease-causing organisms. The combination of these two routes of dis-
ease transmission results in a synergistic effect as human silent disease
carriers are constantly replenishing disease transmission in the environ-
ment, and vice versa, even when human transmission is reduced or con-
tained. These often-overlooked contributions provide significant prob-
lems for containment, especially in resource-limited or highly mobile
populations [2, 3.

Outbreaks can be subtly caused by asymptomatic illnesses, in which
people carry and spread diseases without showing any symptoms. These
carriers might make up a sizable fraction of the infectious population for
illnesses including hepatitis A, typhoid, and COVID-19 [2]. Studies us-
ing mathematical modeling have shown how asymptomatic people might
not only prolong outbreaks but also compromise the efficacy of measures
that only target symptomatic isolation and detection [3]. More inclu-
sive modeling frameworks that accurately reflect their epidemiological
impact are required because they are invisible to conventional public
health systems.

In addition to silent carriers, environmental media such as water, soil,
air, and fomites act as reservoirs and transmission vehicles for numerous
diseases. Environmental transmission is especially important for enteric
viruses, respiratory infections, and zoonotic diseases, as indirect expo-
sure routes considerably contribute to disease burden [4, §]. Persistent
contamination in shared surroundings can prolong epidemics even after
direct transmission pathways are closed.

The synergistic combination between asymptomatic carriers and envi-
ronmental persistence can result in complicated and long-lasting trans-
mission dynamics. For example, in zoonotic and livestock illnesses like
foot-and-mouth disease virus (FMDV), models that incorporated car-
rier animals and nomadic herds indicated how such factors perpetuate
endemicity despite management attempts [§], these findings emphasize
the importance of including individual- and environmental-level factors
into illness models.

Recent mathematical modeling studies show that outbreaks can per-
sist in a quasi-endemic condition even with substantial symptom-based
therapies [[7, 8]. Pathogens in environmental substrates, such as soil,
water, or fomites, can regenerate infection cycles without direct human
contact [9, [10]. [[7] found that asymptomatic infectious periods, which
vary by pathogen, can account for up to 96% of transmission in some
systems but are not well characterized in control efforts [[7]. Harris et
al. (2023) found that intermediate levels of asymptomatic transmission
can increase epidemic deaths by sustaining long-duration outbreaks and
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preventing quick exhaustion [8]. Global meta-analyses of SARS-CoV-2
suggest that household settings are hotspots for silent transmission, with
asymptomatic rates lower than symptomatic but nonetheless significant
in maintaining community spread [11, 12].

It is becoming more widely acknowledged that environmental reser-
voirs, in addition to human hosts, play a significant role in endemicity.
Environmental contamination alone can sustain disease around persis-
tence thresholds, according to a 2025 compartmental model for soil-
transmitted helminths that included animal-human-environment inter-
action [0]. Similarly, sanitation that targeted environmental V. cholerae
reservoirs significantly reduced outbreak length and overall Ry, surpass-
ing measures that only addressed symptomatic human cases, according
to a recent cholera transmission analysis [L0].

Inspired by the above findings, we propose a deterministic compart-
mental model that explicitly accounts for both asymptomatic carriers
and environmental transmission. The model builds on traditional SIR-
type frameworks by including compartments for asymptomatic patients
and an environmental reservoir. We use qualitative analysis and nu-
merical simulations to evaluate how these parameters affect outbreak
magnitude, basic reproduction number, and intervention strategy suc-
cess. Our goal is to provide more detailed insights into the control of
illnesses with silent transmission and chronic environmental pollution,
which is an important step toward more effective public health policy
and preparedness.

2. MODEL FORMULATION

We present an extended compartmental mathematical model to describe
an infectious disease’s transmission patterns within a human population,
taking into consideration both direct and environmental transmission
routes. The human population is classified into six mutually exclusive
compartments: susceptible individuals S(t), exposed individuals E(t)
who are infected but not yet infectious, asymptomatic infectious carri-
ers C(t), symptomatic infectious individuals I(t), recovered individuals
R(t) who have developed immunity, and W (t), which represents the
concentration of pathogens in the environment. The entire human pop-
ulation at time ¢ is calculated as

N(t)=8(t)+ E(t)+C(t) + 1(t) + R(1). (2.1)

Individuals join the population at a constant recruitment rate A,
which can include births or immigration. All individuals have a nat-
ural mortality rate u, but infected individuals may die owing to disease
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at additional rates puc and py for asymptomatic and symptomatic in-
dividuals, respectively. Infection spreads through direct contact with
infected individuals as well as exposure to contaminated environments.
The force of infection, represented by A(t), comprises contributions from
asymptomatic carriers, symptomatic individuals, and the environmental
reservoir, and is given by

At) = aclC + arl +awW, (2.2)
where a., ay, and ayp are the respective transmission rates.
The model is governed by the following system of ordinary differential
equations. The susceptible population S(t) decreases due to infection
and natural death, and increases through recruitment:

dsS
i A —(a.C+ ol + awW)S — uS. (2.3)
The exposed class E(t) increases by infection and decreases by pro-

gression to the infectious stage at rate ¢ and natural death:

dE
A proportion p of exposed individuals progress to become asymp-
tomatic carriers C(t), while the remaining fraction 1 — p become symp-
tomatic. Carriers progress to symptomatic infected at a rate v¢ or die

due to disease at rate uc:

dC
o pdE — (ve + pe)C. (2.5)
The symptomatic infected individuals I(t) increase by the remain-
ing exposed individuals and by progression from the carrier class, and

decrease due to recovery at rate y; or disease-induced death at rate uy:

dl
o = L= P)9E +9cC = (v + ur)l. (2.6)
Recovered individuals R(t) gain immunity through recovery from the
symptomatic class and leave the class via natural death:

dR
— =1l — uR. 2.7
et (2.7)
Finally, the pathogen concentration in the environment W (t) increases
through shedding by carriers and symptomatic individuals at rates e,

and e, respectively, and decays at a rate ¢:

aw

E = €CC + 5[.[ — o0W. (28)
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The model is therefore represented by the following system:

d

d—f =A— (a.C+arl +ayW)S — uS,
dE

e (a.C + arl + awW)S — ¢F — uE,
dC

e poE — (v¢ + pe)C, 29

dl
= (1 —=p)oE +vcC — (1 + pur)l,

dt

dR

— =11 — uR

dw
WZQC’—FE[I—(WV.

3. MODEL ANALYSIS

This section presents the analytical investigation of the proposed in-
fectious disease model. We focus on determining the feasible region for
the model variables, the disease-free equilibrium (DFE), and the endemic
equilibrium (EE). These equilibria provide important insights into the
long-term behavior of the disease dynamics and conditions for disease
eradication or persistence.

3.1. Feasible Region and Positivity of Solutions. The model de-
scribes population compartments that represent biological quantities
and therefore must remain non-negative for all time. We define the
feasible region

A
Q:{(S,E,CJ,R,W)6Ri:N:S+E+C+I+R§M}, (3.1)

where RS = {z € RS : z; > 0, Vi}.

It can be shown that € is positively invariant and attracting under the
model flow, ensuring that solutions with non-negative initial conditions
remain biologically meaningful and bounded.

3.2. Disease-Free Equilibrium (DFE). The disease-free equilibrium
corresponds to the state where no infection exists in the population, i.e.,

Er=C"=I"=W*"=0.
At DFE, the population is at steady state with
A

S*=—, R"=0.
1
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This equilibrium represents the scenario of a completely susceptible
population with no pathogen present.

3.3. Endemic Equilibrium (EE). The endemic equilibrium repre-
sents a steady state where the disease persists in the population with
nonzero levels of exposed, infectious, and environmental pathogen com-
partments. At EE, all compartments satisfy

(S*, E*,C*, I*,R*, W*) € Q,
with
E*>0, C*>0, I">0, W">0.
The explicit expressions for the endemic equilibrium are given by

¢+ p
S*f = —
K )
A *
pron
Q
C*: qu Ev>)<7
e+ pe (3.2)
o0 <l—p+ vep )E
VI QI YC + pe
R*:ﬂ]‘*7
"
eC* +erI*
W=
)

where

1
K=o, po +ar ¢ (1 —-p+ e >+aw (ac pe +er ¢ <1 —-p+ _Jer >> ;
Yo + po VI g Yo + po 0\ o+ uc VI + pr Yo + pe

and
Q=142 , ¢ <1—p+w>+”’¢ <1—p+w>.
Yo+ pe VIt P Slelnnl e/ Rel i U1 e + ke
These expressions characterize the endemic state where infection and
environmental contamination persist over time.

3.4. Basic Reproduction Number R(. The basic reproduction num-
ber, Ry, is a key epidemiological metric representing the expected num-
ber of secondary human infections generated by a typical infected indi-
vidual introduced into a completely susceptible population. It serves as
a threshold parameter for assessing the potential invasion of infection:
if Rg < 1, the disease-free equilibrium is locally asymptotically stable,
whereas if Ry > 1, the disease-free equilibrium is unstable and infection
can invade the population.
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In this model, transmission occurs through three pathways: direct
transmission from asymptomatic carriers, direct transmission from symp-
tomatic infectious individuals, and environmental transmission. Accord-
ingly, the basic reproduction number can be decomposed as

Ro=Rc+Rr+ Rw,

where

e R represents the contribution from direct transmission by asymp-
tomatic carriers;

e R represents the contribution from direct transmission by symp-
tomatic infectious individuals; and

e Ry represents the contribution from environmental transmis-
sion.

Using the next-generation matrix approach [[13], we consider the in-
fected subsystem (F, C, I, W), where W denotes the environmental pathogen
concentration. Define

a=¢+u, b=c+ nc, c=r1+pr,
and let the disease-free equilibrium be

A
Ey = (50,0,0,0,0,0), So = —.
1
1. Asymptomatic Carriers. A fraction p of exposed individuals enters
the asymptomatic carrier class C' at rate p¢. Individuals leave this class
through progression to the symptomatic class at rate yo or disease-
induced mortality at rate pc. The contribution of direct transmission
from asymptomatic carriers is therefore
Re = Soaepe _ acppA
(¢ +u)e+pc)  (0+wheo+poln
2. Symptomatic Infectious Individuals. Symptomatic infectious individ-
uals arise both directly from the exposed class, with fraction 1 — p,
and through progression from the asymptomatic carrier class at rate
vc. Their removal rate is vy + py. Thus, the contribution of direct
transmission from symptomatic infectious individuals is

Soaur (1 _ 4 P >
(¢ + 1) (v + pr) Yo + pe
Equivalently, in terms of the recruitment and natural mortality rates,

arpA < jLale, >
Ry = 1—pyr ¢ ),
"7 o+ w(r + pnn P e T e

Rr=
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3. Environmental Reservoir. The environmental pathogen concentra-
tion W increases through shedding by asymptomatic carriers and symp-
tomatic infectious individuals at rates €. and ey, respectively, and de-
creases through environmental pathogen decay at rate 6. Environmental
transmission occurs at rate aypy. Accounting for shedding from both in-
fectious classes, including progression from C' to I, gives

Soaw ¢ Ecp €1 jzate;
+ l—-p+—7—1].
(@+w)d (ve+pc i+ pr Yo + pe

Summary. The basic reproduction number is obtained by summing the
contributions from the three transmission pathways:

Rw =

|Ro=Rc+Rr+Rw |

The decomposition identifies the contributions of direct transmission
from asymptomatic carriers, direct transmission from symptomatic in-
fectious individuals, and transmission through the environmental reser-
voir.

Next-Generation Matrix Representation. The next-generation matrix method

separates the production of new human infections from transfers be-
tween infected states and other losses. With the infected-state ordering
(E,C,I,W), the matrix F', representing the production of new human
infections, and the matrix V', representing transfers between infected
states and losses, are

0 OtCS() Od]So Oéws(] (ﬁ + u 0 0
o0 0 0 0 V= —po Yo + pe 0

0 0 0 0 |’ ~(I=p¢ —vc¢ vtwm

0 0 0 0 0 —E¢ —€r

Here, new human infections enter the exposed class F, and hence only
the first row of F' is nonzero. The environmental pathogen concentra-
tion W is included in the infected subsystem because it contributes to
the force of infection. The shedding terms are incorporated into V' as
transfers of pathogens from the infectious human compartments to the
environmental reservoir, rather than as new human infections.

The next-generation matrix is V!, and the basic reproduction num-
ber is its spectral radius:

Ro = p<FV71>7

where p(-) denotes the spectral radius. For the model considered here,
this expression yields the sum of the three pathway-specific contributions
derived above.

0
0
0
)
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3.5. Stability Analysis of the Disease-Free Equilibrium. The lo-
cal stability of the disease-free equilibrium is determined by evaluating
the Jacobian matrix of the system at the DFE. Using the state ordering
(S,E,C,1,R,W), the Jacobian matrix at the disease-free equilibrium is

— K 0 —OécSO —OqS() 0 —Ost()
0 —(qb + M) oS0 a1 Sy 0 aw Sp
0 po —(vc + ne) 0 0 0
J E — )
E=10o a-po e  —tutm) 0 0
0 0 0 Yr —u 0
0 0 €e €l 0 -
(3.3)
where
A
So=—.
I

The eigenvalues associated with the susceptible and recovered direc-
tions are both —u. The remaining four eigenvalues are determined by
the subsystem involving the exposed class F, the asymptomatic car-
rier class C, the symptomatic infectious class I, and the environmental
pathogen concentration W.

Assume that the model parameters are non-negative, that

p >0, 6 >0, ¢+ p>0, Yo + e > 0, vr + pr > 0.

Under these assumptions, the transition matrix V' is nonsingular, and
the next-generation matrix criterion can be applied to the infected sub-
system.

Consequently, the disease-free equilibrium is locally asymptotically
stable if

Ro < 1. (3.4)

Conversely, if Ry > 1, the disease-free equilibrium is unstable, indicating
that infection can invade the susceptible population. The threshold case
Ro = 1 requires separate analysis and is not classified by these strict
inequalities alone. “*

4. SENSITIVITY ANALYSIS

Sensitivity analysis is an important tool in mathematical epidemiology
to identify the most influential parameters affecting the basic reproduc-
tion number Ry. In this study, we employ the Partial Rank Correlation
Coefficient (PRCC) method because it is well suited for nonlinear epi-
demiological models and can account for interactions among multiple
parameters simultaneously. Unlike simple sensitivity indices that eval-
uate parameters independently, PRCC allows for the assessment of the
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monotonic relationship between each parameter and the model output
while controlling for the influence of other parameters.

By determining which parameters have the greatest impact, effective
control strategies can be prioritized and optimized Ry [14, 15, 116, 17, 18].
By determining which parameters have the greatest impact, effective
control strategies can be prioritized and optimized. To understand the
relative influence of model parameters on the key epidemiological quanti-
ties, we performed a Partial Rank Correlation Coefficient (PRCC) anal-
ysis for the reproduction numbers associated with asymptomatic carriers
(R¢), symptomatic infectious individuals (Ry), environmental transmis-
sion (Ry ), and the overall basic reproduction number (Rp).

The PRCC method assesses the monotonic relationship between each
input parameter and the output reproduction number while controlling
for the effects of all other parameters. This approach is particularly suit-
able for complex nonlinear models where parameters may interact and
influence the outputs jointly. The parameters included in the sensitivity
analysis were the proportion of exposed individuals who become asymp-
tomatic carriers (p), the transmission rates from asymptomatic carriers
(a¢) and symptomatic individuals («y), the environmental transmis-
sion rate (ayy), the decay rate of pathogens in the environment (J), the
shedding rates of pathogens by asymptomatic and symptomatic indi-
viduals (e, and e, respectively), as well as other natural and disease
progression rates. The analysis revealed that R¢ exhibits a strong posi-
tive correlation with the asymptomatic carrier transmission rate cc and
the fraction p of exposed individuals progressing to this class. The high
sensitivity to p (the asymptomatic fraction) suggests that even a small
increase in “hidden” cases significantly expands the asymptomatic trans-
mission pathway. This highlights the critical role asymptomatic carriers
play in sustaining transmission, suggesting that interventions targeting
asymptomatic spread could significantly reduce disease propagation. For
Ry, the symptomatic transmission rate oy showed the highest positive
influence, with a moderate positive correlation with the fraction of in-
dividuals progressing to the symptomatic infectious class (1 — p). This
indicates that controlling transmission from symptomatic individuals,
through isolation or treatment, remains a vital strategy. Regarding the
environmental transmission component Ry, it was strongly sensitive
to the pathogen shedding rates . and ej, the environmental transmis-
sion rate ayy, and inversely related to the pathogen decay rate §. This
underscores the importance of environmental hygiene and disinfection
in controlling disease spread. Finally, since Ry is the sum of all three
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components, it showed sensitivity to all the aforementioned parame-
ters, emphasizing that effective disease control requires addressing mul-
tiple transmission pathways simultaneously. These findings provide a
quantitative basis for prioritizing public health interventions. Reducing
transmission from asymptomatic carriers (e.g., through widespread test-
ing and mask use), isolating and treating symptomatic individuals, and
enhancing environmental sanitation (e.g., surface disinfection, ventila-
tion) are all critical measures to effectively reduce the basic reproduction
number and curb the spread of the infectious disease.

TABLE 1. Description of model parameters

Parametddefinition Value Source

A Recruitment rate into the population 90,000 [20]

U Natural death rate 0.0125 2]

(i.e.,
1/80)

Qe Transmission rate from asymptomatic 1.5 [20]
carriers

ar Transmission rate from symptomatic 1.0 2]
individuals

awy Transmission rate from environmental 1 x 107%  Estimated
reservoir

10) Rate at which exposed individuals be- 0.071-0.2 Estimated
come infectious

D Proportion of exposed individuals who 0.3 [20]
become asymptomatic

Ve Progression rate from asymptomatic 0.1-0.5 [20]
class to symptomatic class

v1 Recovery rate of symptomatic individ- 0.75 [20]
uals

Lhe Disease-induced death rate for asymp- 0.005 Estimated
tomatic carriers

7% Disease-induced death rate for sympto- 0.05 Estimated
matic individuals

¢ Shedding rate of pathogen from asymp- 0.5 Estimated
tomatic carriers to environment

Er Shedding rate of pathogen from symp- 0.5 Estimated

tomatic individuals to environment
) Decay rate of pathogen in environment 0.7 [20]
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5. NUMERICAL SIMULATION AND DISCUSSION

Numerical simulations are conducted to illustrate the dynamics of the
model and to validate the analytical results. The simulations focus on
the effects of the key model parameters on disease transmission and the
relative contributions of the asymptomatic, symptomatic, and environ-
mental transmission pathways. The dynamics of a disease are depen-
dent on various factors, including the biological characteristics of the
pathogen, the infectiousness period, and the human immune response
ability. Infection is one of the most vulnerable things that has contin-
ually posed harm to the human population. This harm is increased by
the potential dynamics of the symptomatic and asymptomatic nature of
disease. Some diseases are known to be asymptomatic in nature, with
the possibility of infectiousness, meaning that an individual can be in-
fected with a disease without showing any symptoms but is capable of
transmitting the disease to susceptible individuals in the population [[7].
In addition, for diseases that are symptomatic in nature, there is a pos-
sibility that an individual may exhibit mild symptoms associated with
the disease due to their immunity and, as a result, neglect the potential
impact of disease transmission in the community.

Since asymptomatic carriers of infection are capable of transmitting dis-
ease, this presents a threat for a potential increase in the spread of
diseases. In other words, when people are not aware that they are car-
riers of a disease and are capable of transmitting the infection, they
will interact with other humans in the population without_any precau-
tions of disease transmission. For example, as reported in [[7, 22, in the
early period of the COVID-19 outbreak, the health practitioners and
policymakers focused on the symptomatic people to define cases and
strategies. In addition, testing and treatment priorities were provided
for symptomatic people, which led to a missed opportunity for an earlier,
better understanding of the transmission of the pathogen. However, it
was believed that over half of the infections were either asymptomatic or
pre-symptomatic, and during this period, over half of the transmission
occurred.

Based on the potential influence of asymptomatic carrier in the abun-
dance of disease in a given population, we perform a numerical simu-
lation in this section to examine the role of environmental factor and
asymptomatic carriers in infectious disease transmission. The developed
model (R.9) is used with the parameter values provided in Table [l for
the simulations, and the baseline value used in each simulation is as
presented in Table m For readers clarity, the parameter values are as
provided in the work of [20]. Also, the selected initial population used
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for the simulation is based on a hypothetical population size. As a re-
sult, the purpose of the simulation performed in this work is to examine
the dynamics of the disease under different level of the progression rate
of asymptomatic individuals to symptomatic, the transmission rate of
asymptomatic carriers, and the transmission rate from environmental
Teservoirs.

In Figure m, we perform a simulation to examine the impact of different
levels of the progression rate of asymptomatic individuals to sympto-
matic individuals on the infectious population. The progression from
asymptomatic status to symptomatic status is attributable to the pro-
gression rate from asymptomatic to symptomatic infection is high due
to the impact of diagnosis. Aggressive diagnostic screening, represented
by a high 4. = 0.5, effectively depletes the ‘silent’ infectious pool by
transitioning individuals into the symptomatic class where they can be
monitored (see Figure [la. On the contrary, a reduction in the pro-
gression rate from asymptomatic to symptomatic infection is high (i.e.
a low value of detection rate y¢c=0.30) will upsurge the population of
asymptomatic infectious individuals. The impact of different levels of
detection rate on the symptomatic infectious population is depicted in
Figure p. The result shows that when there is a lower progression rate
from asymptomatic to symptomatic infection is high.” (v = 0.30), the
size of the symptomatic infectious population increases in the first 25th
time interval, and then declines for the rest of the 25 time intervals. This
dynamic can be explained by the fact that when there is an increase in
the asymptomatic individuals due to low detection rate if infection, this
will lead to an increase in the transmission rate of the disease, as the
asymptomatic individuals would be unaware of their status and will not
take any precautions about disease transmission. Furthermore, the later
decline in the size of the symptomatic infectious population is attributed
to the fact that efforts are placed on the treatment of symptomatic in-
dividuals to reduce disease burden in the population. This dynamic is
also evident when there is a high progression rate from asymptomatic
to symptomatic infection is high (i.e., 7. = 0.5). The size of the symp-
tomatic infectious population is reduced compared to when there is a
low detection rate, because with a high detection rate, individuals are
aware of their infection status and thus are more likely to take precau-
tions. This awareness will reduce the transmission rate of the disease,
thus resulting in a lower number of infected individuals in the populace.

In Figure [l, we perform a simulation to examine the impact of differ-
ent levels of the progression rate of asymptomatic individuals to symp-
tomatic individuals on the infectious population. The progression from
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asymptomatic status to symptomatic status is attributable to the pro-
gression rate from asymptomatic to symptomatic infection is high due to
the impact of diagnosis. A higher progression rate, represented by a high
Yo = 0.50, effectively depletes the ‘silent’ infectious pool by transition-
ing individuals into the symptomatic class where they can be monitored
(see Figure ff). On the contrary, a reduction in the progression rate
from asymptomatic to symptomatic infection is high (i.e. a low value
of detection rate yo=0.30) will upsurge the population of asymptomatic
infectious individuals. The impact of different levels of detection rate
on the symptomatic infectious population is depicted in Figure §. The
result shows that when there is a lower progression rate from asymp-
tomatic to symptomatic infection (yo = 0.30), the size of the sympto-
matic infectious population increases in the first 25th time interval, and
then declines for the rest of the 25 time intervals. This dynamic can
be explained by the fact that when there is an increase in the asymp-
tomatic individuals due to low detection rate if infection, this will lead to
an increase in the transmission rate of the disease, as the asymptomatic
individuals would be unaware of their status and will not take any pre-
cautions about disease transmission. Furthermore, the later decline in
the size of the symptomatic infectious population is attributed to the
fact that efforts are placed on the treatment of symptomatic individuals
to reduce disease burden in the population. This dynamic is also evident
when progression rate from asymptomatic to symptomatic infection is
high. (i.e., 7. = 0.50). The size of the symptomatic infectious popula-
tion is reduced compared to when there is a low detection rate, because
with a high detection rate, individuals are aware of their infection status
and thus are more likely to take precautions. This awareness will reduce
the transmission rate of the disease, thus resulting in a lower number of
infected individuals in the populace.

In Figure E, we perform a simulation to examine the impact of different
levels of the transmission rate from asymptomatic individuals on the
infectious population. The transmission of infection from asymptomatic
individuals is primarily due to their unawareness of disease status, lead-
ing to a lack of precaution in the spread of disease. The impact of
different levels of the transmission rate from asymptomatic individuals
on the asymptomatic and symptomatic infectious population is depicted
in Figure f and Figure p|, respectively. The overall result shows that an
increase in the transmission rate of infection from asymptomatic indi-
viduals will increase the burden of the disease in a given population over
time. A higher transmission rate from asymptomatic carriers (a¢) ef-
fectively acts as a multiplier for the hidden infectious pool, increasing
the rate at which undetected carriers transmit infection to susceptible
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FiGURE 1. Simulation of model showing the impact
of the progression rate of asymptomatic individuals
to symptomatic at different levels (Low=v, = 0.30,
High=~. = 0.50) on (a) asymptomatic infectious pop-
ulation; (b) symptomatic infectious population.

individuals. When this rate is high (a. = 0.50), the asymptomatic
class rapidly generates new infections, leading to a surge in both asymp-
tomatic and symptomatic infectious populations, as illustrated in Fig-
ure f and Figure f.

The subsequent decline in the infectious populations is driven by the
transition and recovery processes embedded in the model. In particular,
the diagnostic detection rate (y¢) gradually transfers individuals from
the asymptomatic class to the symptomatic class, where they can be
monitored and treated, while the symptomatic recovery rate () re-
moves infected individuals from the transmission cycle. Together, these
mechanisms reduce the effective infectious pool over time, resulting in
the decline observed in the simulations. This includes the detection of
disease status due to the diagnosis and treatment of individuals. The
overall output of these controls is to reduce the burden of disease in
the community, resulting to a lower number of infected people in the
population. In Figure ag, it is also observed that when there is a low
rate of disease transmission (i.e., ac = 0.30), the size of the infectious
population is in the neighborhood of the initial population of the infec-
tious people. This implies that there is a small increase in the number of
infectious individuals over time. This result suggests that efforts should
be made towards the reduction of disease transmission in the population
to keep the size of infectious individuals low.

In Figure E, we perform a simulation to examine the impact of differ-
ent levels of the transmission rate from the environmental reservoir on
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the transmission rate from asymptomatic individuals at
different levels (Low=a, = 0.30, High=a, = 1.5) on (a)
asymptomatic infectious population; (b) symptomatic in-
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the infectious population. The impact of different levels of the trans-
mission rate from the environmental reservoir on the asymptomatic and
symptomatic infectious population is depicted in Figure f and Figure f,
respectively. The overall result shows that an increase in the transmis-
sion rate from the environmental reservoir will increase the burden of
the disease over time. A similar dynamic in Figure P is observed here
in Figure §. As seen in Figure f| and Figure f, there is a reduction
in the size of the asymptomatic and symptomatic infectious popula-
tions after a period of time. In Figure B, it is also observed that even
when there is a lower rate of disease transmission from environmental
reservoir (i.e., ay = 1 x 1078). These results suggest that although
complete elimination of environmental transmission is not strictly re-
quired to mitigate disease burden, aggressive sanitation measures are
still necessary to substantially reduce the peak size of the infectious pop-
ulation. The simulations indicate the presence of a practical saturation
point, beyond which further reductions in environmental transmission
yield diminishing returns in terms of lowering infection levels. In other
words, once environmental contamination has been reduced to a suffi-
ciently low level, additional investments in sanitation may produce only
marginal improvements. At this stage, the model suggests that shifting
resources toward enhanced detection and monitoring of asymptomatic
carriers may provide a more effective strategy for further reducing dis-
ease transmission. However, a reduction in the transmission rate from
the environmental reservoir would lead to a reduction in the size of the
infectious individuals in the population.
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6. CONCLUSION

In this study, we developed a deterministic compartmental model to
investigate the combined effects of asymptomatic carriers and environ-
mental transmission on infectious disease dynamics. The model incor-
porated both direct and indirect transmission pathways and allowed
us to quantify the relative contributions of asymptomatic individuals,
symptomatic individuals, and environmental reservoirs to overall disease
transmission.

The basic reproduction number was derived using the next-generation
matrix approach and decomposed into three components corresponding
to the three major transmission pathways. This decomposition provides
a clearer understanding of how each pathway contributes to disease per-
sistence. The stability analysis showed that the disease-free equilibrium
is locally asymptotically stable when the basic reproduction number is
less than unity, indicating that effective control measures can lead to
disease elimination when transmission is sufficiently reduced.

Sensitivity analysis using the Partial Rank Correlation Coefficient
method revealed that parameters associated with asymptomatic trans-
mission and environmental contamination can have substantial effects
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on the reproduction number. In particular, the transmission rate from
asymptomatic carriers, the proportion of exposed individuals becom-
ing asymptomatic, environmental transmission, and pathogen shedding
rates were identified as important drivers of disease transmission. These
findings highlight the importance of addressing transmission pathways
that may remain hidden from conventional surveillance systems.

Numerical simulations further demonstrated that increases in the
transmission rates associated with asymptomatic carriers and environ-
mental reservoirs can increase the infectious population. Conversely,
increasing the detection of asymptomatic individuals and reducing en-
vironmental transmission can substantially reduce disease burden. The
results therefore suggest that relying solely on the identification and
treatment of symptomatic individuals may not be sufficient for effective
disease control.

Overall, the findings emphasize the need for integrated intervention
strategies that combine early identification of asymptomatic carriers,
appropriate management of symptomatic individuals, and effective envi-
ronmental sanitation. Such combined strategies can reduce transmission
through multiple pathways and improve the effectiveness of infectious
disease control programs.
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