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the cost-effective optimal control measures for managing COVID-19. The model in-
corporates a novel concept of infectious density-induced additional screening (IDIAS) and
accounts for treatment saturation. Furthermore, the model considers the possibility of
reinfection and the loss of immunity in individuals who have previously recovered. To
validate and calibrate the proposed model, real data from November—December 2022 in

Iégy\}/gﬁ;. Hong Kong are utilized. The estimated parameters obtained from this calibration process
IDIAS are valuable for prediction purposes and facilitate further numerical simulations. An
Estimation analysis of the model reveals that delays in screening, treatment, and quarantine
Prediction contribute to an increase in the basic reproduction number Ry, indicating a tendency to-
Optimal control wards endemicity. In particular, from the elasticity of Ry, we deduce that normalized
Cost-effectiveness analysis sensitivity indices of baseline screening rate (6), quarantine rates (v, «s), and treatment rate

(«) are negative, which shows that delaying any of these may cause huge surge in Ry,
ultimately increases the disease burden. Further, by the contour plots, we note the two-
parameter behavior of the infectives (both symptomatic and asymptomatic). Expanding
upon the model analysis, an optimal control problem (OCP) is formulated, incorporating
three control measures: precautionary interventions, boosted IDIAS, and boosted treat-
ment. The Pontryagin's maximum principle and the forward-backward sweep method are
employed to solve the OCP. The numerical simulations highlight that enhanced screening
and treatment, coupled with preventive interventions, can effectively contribute to sus-
tainable disease control. However, the cost-effectiveness analysis (CEA) conducted in this
study suggests that boosting IDIAS alone is the most economically efficient and cost-
effective approach compared to other strategies. The CEA results provide valuable in-
sights into identifying specific strategies based on their cost-efficacy ranking, which can be
implemented to maximize impact while minimizing costs. Overall, this research offers
significant insights for policymakers and healthcare professionals, providing a framework
to optimize control efforts for COVID-19 or similar epidemics in the future.
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1. Introduction

In epidemiology, many contagious diseases that emerge or re-emerge require quick and targeted repercussions. There is
nothing better than immunizing the afflicted populace with some kind of vaccination or treatment; however, it's not always
the case. For instance, during the early stages of COVID-19's emergence, pharmaceutical interventions like vaccines and
medications were not readily available worldwide. Similarly, when a new disease initially emerges, it's not always possible to
access or develop the necessary medicinal resources. As a result, we rely heavily on non-pharmaceutical control mechanisms,
including social isolation, masking, testing or screening, and so on. When disease prevalence is higher and reliable swift
diagnostic facilities are available, screening as a standalone measure may be effective. Screening for COVID-19 has been
crucial in controlling the spread of the virus by identifying individuals who are infected, either through symptoms or testing,
and isolating them. It also helps to identify asymptomatic individuals who can unknowingly spread the virus, high-risk in-
dividuals for severe illness, and outbreaks. But due to even a minor possibility of false positive test results, screening in low
prevalence scenarios may lead to an unwarranted saturation of healthcare resources and disease burden (Wald et al., 1999).
Therefore, an efficient and effective screening technique is always useful in counteracting any rapid epidemic in a community.

Almost half a century ago, the World Health Organization (WHO) published a comprehensive report on “Principles and
practice of screening for disease” by Wilson and Jungner, popularly known as the Wilson-Jungner criterion of disease detection
(Maxwell Glover Wilson & Jungner, 1968). Listed below are some of the crux points (Andermann et al., 2008) of that criterion,
which became the public health paradigm.

1. There should be a discernible latent/early symptomatic or asymptomatic infectious stage.

2. An apt test should be well-received by the population it is designed for.

3. The project should not be a ‘once and for all.’ It should continue until the condition persists.
4. The process should be cost-effective as a whole.

Several mathematical modelers have tried incorporating the points of this classic criteria by defining some specific
screening rate functions in disease models. For an example, one of the earliest works includes a random screening of the
infectious population; this work by Hsieh (Hsieh, 1991) was based on the initial model of HIV dynamics given by May and
Anderson (Robert Mccredie May and Roy Malcolm Anderson, 1988). Kim and Milner (Kim & Milner, 1995) extended the work
of Hsieh (Hsieh, 1991) by modifying the screening rate function while studying the effect of screening on a disease model with
variable infectiousness; the authors took a(y)/y as screening rate per unit time, with active population y = S + I. The purpose
of taking this kind of screening rate was to partially incorporate the third point (mentioned above) of the W] criterion. Their
argument was that the screening should be directly proportional to the active infectious population (y) and inversely pro-
portional to the non-susceptibility (S/I), which they showed by re-writing the removal term as a(y)/(1 + S/I). If seen from the
other perspective, this rate function also incorporates the saturation caused by the limited availability of resources to finance
the detection drive. Since the 2000s, many authors have used this rate function or modified versions of it in their models.
There have been quite a few epidemic outbursts that required widespread disease-detection drives, for instance, the recent
outbreak of COVID-19. Recent studies by Al-Rifai et al. (Rami et al., 2021), Xue et al. (Xue et al., 2021) have emphasized the
importance of screening in controlling the spread of COVID-19 and reducing its impact on public health. Yuan and Blakemore
(Yuan & Blakemore, 2022a) have presented an observational study to emphasize the effect of testing and tracing on the
COVID-19 outbreak without lockdown in Hong Kong. Nonetheless, the screening of diseases faces a potential challenge due to
immigration and emigration. However, this challenge can be addressed through the application of patch modeling, as
demonstrated in a recent study on COVID-19 by Das et al. (Das et al., 2023). Patch modeling is also employed in a meta-
population environment, where populations are dispersed across numerous interconnected dense patches. This approach
aids in comprehending the local dynamics within these patches. The COVID-19 pandemic has had a significant impact on
Hong Kong, with the city facing several waves of infections since the outbreak began. The city has implemented strict social
distancing measures and widespread testing to curb the spread of the virus, yet the situation remains challenging (Yuan &
Blakemore, 2022b). One of the critical challenges in managing the spread of the virus in Hong Kong is balancing the need
for additional screening and treatment measures to reduce transmission with the costs associated with these interventions.
This observation serves as motivation for our study, in which we propose a model that addresses both the “lower petals” of
the W] screening criterion depicted in Fig. 1. We develop a model that incorporates additional screening based on infectious
density and perform an analysis to determine its cost-effectiveness. Simultaneously, we examine other control intervention
strategies for comparative purposes.

A study by Aleta et al. (Aleta et al., 2020) presents a mathematical model to analyze the potential effectiveness of testing,
contact tracing, and household quarantine in reducing the spread of COVID-19 during the second wave of the pandemic in
Boston city. One of the recent studies by Gao et al. (Gao et al., 2023) presents an SI2A2L2R compartmental model (considering
two compartments — those with testing and those without — for each: symptomatic infectious, asymptomatic infectious, and
isolated classes) to analyze how testing and isolation compliance impact early-stage COVID-19 spread, their results
emphasize the importance of testing and isolation underscoring the need for other control measures. High testing rates and
isolation compliance were found to notably reduce infection prevalence, particularly during daily peaks. In another study,
Meijere et al. (de Meijere et al., 2023) examined the willingness of over 4594 participants across three countries to adhere to
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Fig. 1. Crux of WHO's Wilson-Jungner (W]) screening criterion, developed from (Andermann et al., 2008; Maxwell Glover Wilson & Jungner, 1968). The petal-
diagram highlights four most important crux points of W] screening proposal. The lower two petals are most concerning as one screening strategy must not be
applied once and for all, and that strategy should also be cost-effective in all aspects. Our model mainly tackles both of these issues.

testing and isolation protocols. The majority showed strong willingness for testing ( >91%) and rapid isolation ( > 88%), with
variations in booster vaccination adherence (73% in France, 94% in Belgium, 86% in Italy). Using modeling, they estimated
substantial transmission reductions (17—24%) and decreases in the effective reproduction number (Rp) from 1.6 to 1.3 in
France and Belgium, and to 1.2 in Italy, assuming declared adherence. Notably, they highlighted a potential challenge: a cost
barrier to testing might compromise adherence in France and Belgium, impacting the overall effectiveness of the proposed
protocols in metro cities. Indeed, to better handle the spread of the disease in a densely populated city like Hong Kong, the
modelers need to incorporate and balance the additional screening and treatment measures; we propose a new approach to
modeling such a situation by including additional screening based on infectious density and saturated treatment with relapse
and reinfection. This type of model can help to identify high-risk areas and predict how the disease may spread in the future.
We also establish an optimal control problem for the proposed model by inducting three time-dependent controls. To assess
the efficiency of inducted controls, we consider various strategies with different combinations of implemented controls and
perform an analysis for the cost-effectiveness of those strategies.

Cost-effectiveness analysis (CEA) is a method used to evaluate the relative efficiency of different interventions or strategies
for controlling the disease. The primary aim of CEA is to identify the intervention or strategy that provides the most health
benefit at the lowest cost. CEA is often used to inform decision-making in allocating resources for public health programs and
policies. The ‘gold-standard’ book “Cost-effectiveness in health and medicine” by Weinstein et al. (Gold et al., 1996) provides
an overview of the principles and methods of CEA, including the use of cost-effectiveness ratios and incremental cost-
effectiveness ratios (ICERs). Recently, performing CEA for optimal control strategies has become more popular due to its
ability to evaluate and compare the efficacy and efficiency of control interventions, making it particularly useful in third-
world countries to manage their healthcare systems effectively. We also conduct the CEA to compare the cost-
effectiveness of various strategies and determine the control intervention strategy that offers the highest cost-
effectiveness in mitigating the disease burden.

The paper is primarily structured into five sections: Introduction, Material and methods, Theory and calculations, Results
and discussion, and Conclusions. After giving an introduction and providing an extensive background to the research context
in this section, Section 2 on ‘Material and methods’ presents the foundational materials and methodologies. This includes a
detailed formulation of the mathematical model, as outlined in Sub-section 2.1, introducing a new concept named as in-
fectious density-induced additional screening (IDIAS) and treatment saturation. The explanation of these two primary rate
functions is presented in two separate sub-sections, leading to the subsequent derivation of the model rate equations. The
Sub-section 2.1 is complemented by the validation of the model through parameter estimation and characterization using
real data. Additionally, Sub-section 2.2 provides a brief summary of the methods utilized in the remaining sections of the
paper. Section 3 is primarily focused on theory and calculations, which consist of two subsections: Sub-section 3.1, where we
conduct an analysis of the model and reproductive threshold, including the biological feasibility of the model (3.1.1), the
computation of the basic reproduction number (3.1.2), and the existence and stability of disease-free and endemic equilibria
(3.1.3); while in Sub-section 3.2, we establish the optimal control problem, including the formulation of a cost functional
(3.2.1), the existence and characterization of optimal controls (3.2.2), and the optimality system and solution approach (3.2.3).
In section 4, we discuss the results and present a detailed discussion on numerical simulations, including the elasticity of
reproduction number and effect of screening on disease spread (Sub-section 4.1), the effect of optimal control strategies that
includes a detailed analysis of implementing different combinations of controls as intervention (Sub-section 4.2), cost-
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effectiveness analysis of control interventions (Sub-section 4.3), and a summary of the analysis and results obtained
emphasizing their public health significance (Sub-section 4.4). Finally, in Section 5, the paper is ultimately wrapped up with
conclusive remarks.

2. Material and methods

This section presents all necessary material and methods, which includes a detailed explanation of the formulated model
with its validation and parameter characterization, as well as a synopsis of the methods being used in the subsequent
sections.

2.1. Mathematical model with IDIAS and treatment saturation

We formulate a SI2HR model (I2 denotes two infectious classes) by partitioning the total population N into five com-
partments, viz. susceptible S, asymptomatic infectious I, symptomatic infectious I, infective individuals under care H, and
recovered R. For ease of understanding and simplicity, we have chosen not to include an exposed class of individuals in our
model, as it will not significantly alter the dynamics of the disease. The population flow (see Fig. 2), in terms of the movement
of individuals within a population over time through different compartments under consideration, is as follows.

S(t): Susceptible individuals being recruited at the rate A, getting infected with the transmission rates (s (symptomatic)
and £, (asymptomatic).

I4(t): Asymptomatic infectious individuals (mild to no symptoms), moving to H with saturated screening rate function ¢(I;)
and quarantine rate of v. Moving to I; with the rate of «.

Is(t): Symptomatic infectious individuals (mild to severe symptoms), moving to H with saturated treatment rate function
Y(Is) and quarantine rate of as.

H(t): Infective individuals under care (isolation, quarantine, treatment, hospitalization), moving to R with a recovery rate
of g.

R(t): Recovered individuals, being reinfected at a reduced rate of r by coming in contact with the infective and are moving
to L. They are also moving back to S due to waning immunity with a rate 7.

Incorporating immunity loss and reinfection in this population flow is crucial given the type of disease we are dealing
with. Now, before writing the rate flow equations in mathematical form, we first elaborate the two main rate functions: ¢(Is) —
the screening rate function with infectious density-induced additional screening (IDIAS) and y1(Is) — the saturated treatment
rate function.
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Fig. 2. Compartmental diagram depicting population flow and dynamics of the model.

572



S. Lamba, T. Das and PK. Srivastava Infectious Disease Modelling 9 (2024) 569—600

2.1.1. Screening rate function with IDIAS
An additional screening prompted by the infectious density (we name it as IDIAS - infectious density-induced additional
screening) along with the baseline constant screening is considered in the screening rate function,

_ _ pls
o) =0+ o1 =0+ L5

where, 6 is constant baseline screening and ¢4 (Is) = %{;”5 is the IDIAS, where p is screening rate and m is saturation constant.
Considering this type of screening rate function is crucial, particularly, in cases where the infectious population varies at its
density. To better deal the situation in cities with dense population, an additional screening dependent on the density of

infectious population along with the baseline constant screening is really important.

2.1.2. Saturated treatment rate function

The saturated treatment rate function is a commonly-used form of the treatment rate function that represents the
maximum achievable treatment rate, beyond which additional treatment efforts are no longer effective in reducing the
spread of the disease. The use of a saturated treatment rate function reflects the reality that there are limits to the number of
individuals who can be treated in a given time frame, due to resource constraints or other practical considerations. Therefore,
we incorporate the following saturated treatment rate function,

0(15
1 + VIS7

Y(ls) =
where, « is treatment rate and » is treatment saturation constant.

2.1.3. Compartmental flow diagram and rate equations
The mathematical model with IDIAS and treatment saturation is given by,

ds

a :A+77R_(ﬂsls+ﬁalﬂ)s_usv

di,

= = €(Bls + Bala)S — (v + ¢(I5))la — tala — la,

dlI.

Gt = (1= 9Bsls + ala)S + aala — (asls +Y(Is)) +T(Bls + Bala)R — (5 + ws, (1)
dH

@ = (asls +¥(I5)) + (v + @(Is))la — 0H — uH,

dR

E = UH - r(ﬁsls + 6(11(1)R - "IR - ,U.R,

with an initial condition setting as (S(0),I4(0), I5(0), H(0),R(0))T in positive R5. All the parameters with their values and
biological meaning are given in Table 1, given in the subsection below.

Table 1
Assumed and estimated parameters and their description, unit and values/range; we obtain Ry = 2.129 for these parameters (P stands for ‘person’ and D
stands for ‘day’ in the unit column). The estimated parameters are as per the real data from Hong Kong during the Nov—Dec 2022 time-frame.

Parameters Description Unit Values/Range
A Recruitment rate PD! Varied
v Treatment saturation constant p! 0.2—0.25 (Zhang et al., 2021)
u Natural death rate D! 1
. 1 365 < 60 (Assumed)
T Immunity loss rate D —301>< 3 (Cristiane et al., 2021)
Ba Disease transmission rate by asymptomatic p-'D! 0.00002 (Assumed)
Bs Disease transmission rate by symptomatic p- D! 0.0000001 (Estimated)
€ Proportion constant for transmission (S — I,) - 0.15—0.7 (Srivastav et al., 2021)
y Asymptomatic quarantine/self-isolation rate D! 0.2—0.4 (Lin et al., 2020; Srivastav et al., 2021)
[/ Baseline screening rate D! 0.001 (Assumed)
) Additional screening rate p D! 0.005 (Estimated)
m Screening saturation constant p-! 0.0001 (Assumed)
Qg Conversion rate (I; — I) D! 0.01—-0.08 (Aldila et al., 2020)
as Symptomatic quarantine/self-isolation rate D! 0.07 (Assumed)
a Symptomatic hospitalized rate D! 0.02—0.1 (Li et al., 2020; Srivastav et al., 2021)
7 Recovery rate D!

% (Lamba et al., 2023; Srivastav et al., 2021)
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In infectious disease models, it is common to track the number of newly detected or infectious cases over time. However,
sometimes it is useful to consider an additional rate equation to separate cumulative newly detected/infectious cases from the
infectious cases that are still actively spreading the disease. Therefore, we also separate out cumulative newly detected/
infected cases (denoted by((t)) by the following rate equation,

9 = (asls 1 008)) + (v + 0. @
where, ¢(I;) is the IDIAS rate function and y(I) the treatment rate function. The need for considering an additional rate
equation for C(t) arises when the infectious disease model needs to capture the fact that some individuals who are infected
may not be immediately detected or treated and may continue to spread the disease to others. This is especially true in the
case of diseases with long incubation periods or asymptomatic carriers. By separating out the cumulative newly detected/
infectious cases into a distinct rate equation, the infectious disease model can better account for the dynamics of disease
transmission and the effectiveness of detection and treatment measures. This can lead to more accurate predictions of the
disease spread and help in studying the impact of control measures in a better way.

2.14. Model validation with parameter estimation and characterization

In this subsection, we validate our model using data fitting and parameter estimation. We consider the COVID-19 cases in
Hong Kong as a case study (URL) and perform data fitting in order to estimate the model parameters. We use the least square
technique of data fitting. The data fitting is based on the cumulative new infective cases in Hong Kong from November 1, 2022,
to December 29, 2022 (URL). Fig. 3a—a bar plot, depicts the data day-wise. So, the rate equation of ((t) (i.e., equation (2)) is
fitted with the real data (see Fig. 3b).

2.14.1. Characterization of model parameters. Here, we discuss the rationale behind the values and biological essence of the
literature-sourced and estimated parameters being utilized in our model formulation.

The recruitment rate A for susceptibles is varied around the value taken in (Saha et al., 2023), as population in the sus-
ceptible compartment can be recruited by birth, by immigration or by other means, so it can't be fixed to one value. The
natural death rate yu is assumed, while the immunity loss rates r and 7, representing the propensity of the recovered pop-
ulation to re-contract the disease and become susceptible again, respectively, are adopted from (Cristiane et al., 2021). The
authors in (Cristiane et al., 2021) assume the immunity loss rate in a model formulated for Sao Paulo (one of the most
populous cities in Brazil), which resembles our case of Hong Kong. The assumption is made that immunity is not permanent,
and a reinfection rate of r or n = 0.01 is adopted, meaning that a recovered individual becomes susceptible again or is
reinfected every 90 days by coming into contact with asymptomatic or symptomatic individuals.

The disease transmission rate by symptomatic individuals §s and the rate of additional screening p are estimated using the
data fitting, and to ensure the reliability of the estimates, we assumed and set the remaining parameters based on the
available literature, as shown in Table 1. Since the transmission rate by the asymptomatic population is not readily accessible,
we have assumed it to be higher than the transmission rate by symptomatic individuals, taking into account their higher
contact rate. The proportionality constant, denoted as ¢, signifies that e fraction (8l + B4l4)S susceptible individuals transition

(%] wn
) ‘ ‘ ‘ : : ‘ ‘ O : ‘
© @ o Real data point >
© o © o |—Fitting curve ;
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(a)

Fig. 3. (a) Depicting day-wise cumulative infective cases as per the real data of Hong Kong taken from November 1, 2022 to December 29, 2022 (b) The solution to
the rate equation for C(t) (representing cumulative newly detected/infectious cases), i.e., solution to equation (2) is fitted with the real data.
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to the I, class, while the remaining portion, (1 — ¢) fraction, moves to the I class. Asymptomatic quarantine/self-isolation rate
v is sourced from (Lin et al., 2020; Srivastav et al., 2021), on the other hand, symptomatic quarantine/self-isolation rate as is
assumed to be higher than y. The baseline screening rate § is assumed to be lesser than that of previous COVID waves, as our
data is from the end of 2022. The screening saturation constant m and treatment saturation constant » represents the
maximum effectiveness or limit of the additional screening and treatment process as the number of symptomatic individuals
(I;) becomes very large, respectively. As I; becomes very large, the additional screening and treatment effectiveness ap-
proaches their maximum levels £ and £, determined by the screening saturation constant m and treatment saturation
constant », respectively. This implies that even with a substantial increase in the number of symptomatic individuals being
screened traditionally or treated, these processes may reach a saturation point where additional screening and treatment
efforts have limited impact on the overall effectiveness. ¢, represents the rate at which asymptomatic infectious individuals
transition to the I class upon experiencing symptoms. On the other hand, o denotes the hospitalization rate for symptomatic
individuals and contributes to the formulation of the saturated treatment rate function y(I;). The recovery rate, denoted as o
and sourced from (Lamba et al., 2023; Srivastav et al., 2021), reflects the rate at which individuals in the H class either achieve
full recovery or acquire temporary or complete immunity.

2.2. Synopsis on methodologies

As mentioned in the model formulation, we have used a deterministic compartmental modeling approach, which is an
evolution of the pioneer Kermack—McKendrick SIR model. For the purpose of data fitting, we employ the least square
technique. We calculate the basic reproduction number using the next-generation matrix method and determine its elasticity
through normalized forward sensitivity indices. The existence and stability of disease-free and endemic equilibrium points
are being established using standard methods. We apply Pontryagin's maximum principle to deduce the characterization of
the optimal control, and the forward-backward sweep method is employed to solve the corresponding optimality system,
with detailed information provided in Sub-section 3.2.3. The cost-effectiveness analysis of various intervention strategies is
primarily conducted using incremental cost-effectiveness ratios. References for all these methods are appropriately cited at
their respective locations of use in the manuscript.

3. Theory and calculation

This section focuses on theory and calculations related to model analysis and the optimal control problem. In the first sub-
section below we majorly establish theory related to the model, including its biological feasibility, calculation of the repro-
duction number, and stability of the equilibria. While the Sub-section 3.2 presents the formulation of the optimal control
problem with its objective cost functional and theory/calculation pertaining to the existence and characterization of the
optimal controls.

3.1. Model analysis and reproductive threshold

This subsection deals with a basic analysis of the model, including a discussion on biological feasibility, i.e., positivity and
boundedness of the solutions; we deduce a positively invariant set that guarantees non-negativity of the solutions. We also
compute the basic reproduction number using the next generation matrix (NGM) approach.

3.1.1. Biological feasibility of the model

Here, the main focus is to demonstrate the positive invariability and boundedness of the proposed model system. By
showing that the model remains within biologically meaningful ranges, we can ensure that it is a viable tool for studying the
behavior of the biological system of interest. This analysis is essential for assessing the model's ability to accurately reflect the
real-world phenomena it aims to represent. Following (SrivastavaSonu et al., 2022; Sun et al., 2011), we state and prove the
positive invariability and boundedness of the model system as.

Theorem 3.1. The model system (1) is positively invariant in R° and bounded in the region

D= {(SJG,IS,H,R)ERS :§>0,1,>0,i>0,H>0,R>0,S+1s+1Is +H+R§%}.

proof. The proof is given in Appendix A.1.

3.1.2. The basic reproduction number
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System (1) has one infection-free equilibrium (IFE), denoted and given by E; = (S4,0,0,0,0) = (%, 0,0,0, 0). Using the next

generation matrix approach (Van den Driessche & James, 2002), the basic reproduction number is obtained by (details are
provided in Appendix A.2),

R _ elas +adtps+ w)BaSo + (1 = (v + 0 + aa + #)BsSo + etabsSo
0 (Y + 0+ ag + ) (s + o+ g + ) '
_ E{ B4S0 n g BsSo }+( —9 BSo
(Y+0+ag+p) (y+0+aq+up) (0s+ o+ pg+ p) (o5 + 00+ pg + )’

3)

where, 7 represents the infection caused by an individual which was initially asymptomatic

BaSo + 0 BsSo
(Y+H0+ag+u) " (v+0+aa+p) (astatpdug

and mﬁf}% represents the infection caused by an individual during its symptomatic infectious period. So, the number of

new infectious cases generated by a single infectious individual over the course of its life is denoted by R,.

Theorem 3.2. [FE E; is locally stable for Ry <1 and unstable for Rq > 1.
proof. The proof is given in Appendix A.3.

Theorem 3.3. At Ry = 1, the backward bifurcation occurs for v > v and forward (transcritical) bifurcation occurs for
V < Verit, Where vt is defined in the proof.
proof. The proof is given in Appendix A.4.

It is important to highlight that a larger value for » indicates the presence of a backward bifurcation, resulting in the
persistence of the disease. This underscores the crucial role played by the treatment saturation constant » in the eradication of
the disease when R < 1. This correlation makes sense, as a higher v is associated with a lengthier waiting time for treatment,
thereby amplifying the chances of infection spread and contributing to the sustained presence of the disease.

3.1.3. Existence and stability of endemic equilibria
System (1) has endemic equilibrium E5 = (S*, I, I;, H",R") where,

Y (S B v (4) oH’ o AR o
g+ ' r(Bls + Baly) + 1+ 1 Bsls + Balg + 1
We express R* and S* of (4) in terms of I, and I} as follows,

R — a(asly +Y(I) + (v + o (I5))o) =g (1) (5a)

= * * '_ a s/’

(0 + ©)(r(Bsks + Bala) + 1+ w)

R S, L.l .

K20 + 18> (o, I;) =g(lg, 1) (5b)

S = ¥ ¥ * *
Bsls + Balg + 1 Bls + Balg +

Substitute H*, R* and S* from (5) in differential equations %

- dly
at |y =0and G

. . = 0 we have,
2 E2
23l I5) = €(Bsl + Bala)gs g, I5) — (v + o) + aa + p); = 0,
84l 15)i= (1 — €)(Bsls + Bale)gs Uy, I5) + aaly — (asly +W(I5)) + T(Bsls + Bala)ga (I, I5) — (s + w)I; = 0.

So,all S*, I, I;, H*,R" are positive if g3(I},I;) = 0 and g4(I;, I;) = O give positive real root. Therefore, either unique endemic
equilibrium or multiple endemic equilibria may exist, respectively, if g3 (I, I;) = 0 and g4(I;,I;) = 0 have one positive root or
many positive roots. Although we cannot prove the existence of endemic equilibrium for Ry > 1, the numerical result for
specific parameter values (given in Sub-section 2.1.4) indicates the existence of an endemic equilibrium for Rq > 1.
Theorem 3.4. The endemic equilibrium E; is locally stable if bg > 0, bg > 0, bgbs — by > 0, by(bsbs — by) — bg(bgb1 — bg) > 0, and
(by(bgbs — by) — ba(bsby — bg))(baby — bg) — bg(bsbs — by)? >0, where by, by, by, bs, and baare given in (14).

proof. The proof is given in Appendix A.5.
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3.2. Establishment of optimal control problem
In this subsection, we formulate an optimal control problem for the model system (1) by introducing three time-varying

controls. After inducting the control variables u(t), ux(t), and us(t), we get the following corresponding dynamical system
with controls,

ds

a :AJF"]R*(] 7U](t))(ﬁsls+ﬁa1a)sf,u5,

di, t)l

d721 = (1 —uy(£))(Bsls + Bala)S — ('Y +0+ quj(n‘)l[z) Ig — aglq — plg,

dl. t)l

CTts =1 -1 —u(t)Bsls + Bala)S + aaly — (01515 + Ofluj-(y)lss) +1(Bsls + Bala)R — (1 + ug)ls, (6)
dH _ aus (t)ls puy ()l

dat ‘(“S'”Hvls +<7+0+1+m15 fa = oH = pH,

dR

& — gH — r(Bals + Balo)R — 1R — kR,

with initial populations (S(O),Ia(O),IS(O),H(O),R(O))TeRi. Given the financial constraints on the healthcare system, inter-
vention policies must also be limited (Gaff & Schaefer, 2009; Kumar et al., 2017a, 2017b). Therefore, we take all three controls
as bounded in [0, 1], where attaining the upper bound represents the maximum efforts required.

1. Precautionary measures u1(t) applied to susceptibles, which includes disease prevention efforts by sanitation, masking,
and social distancing. The term (1 — u4(t)) signifies the ultimate reduction in the transmission rate as an increase in u(t)
implies a decrease in (1 — uq(t)).

2. Boosted screening u;(t) for asymptomatic infectives. The multiplication of uy(t) with the additional screening (IDIAS) rate
function ¢1(Is) represents a boost in the infectious density-induced additional screening for the infectives. The assignment
ux(t) = 1 denotes screening efforts at full potential, while uy(t) = 0 represents only a baseline constant screening is being
carried out, i.e., no additional screening.

3. Boosted treatment us(t) for symptomatic infectives. The multiplication of us(t) with the treatment rate function y(Is)
denotes treatment boost. The value us3(t) = O quantify that treatment is not available.

3.2.1. Designing objective cost functional

Before establishing the existence and characterization of optimal controls, we first design the cost functional with various
cost components that are to be optimized (minimization of disease prevalence and cost incurred). The following is the
objective cost functional corresponding to system (6),

f
T (uy(8), (), us(t)) = /Of [Cﬂa(t) + Gols(t) + G3H(t) +% (Card(t) + Cud () + Coud (1)) ] dt. 7)

J(uq(t),uy(t),us(t)) represents the total cost incurred due to intervention policies, which is a weighted sum of different
components: the cost due to prevalence,

/ch (Cila(t) + GoIs(t) + GH(D))dt,

we consider this as directly proportionate to the number of individuals who are infectious (including asymptomatic and
symptomatic individuals as well as those under medical care), which reflects the social and economic impact of the disease
prevalence. The cost incurred due to precautionary measures,

'ty
Cqud (t)dt,
0

the cost of boosting screening,
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.tf
/ Csud(t)dt,
0
and cost of boosting treatment,

ty 5
/ Cou(t)d.
0

The second-order non-linearity in these cost components pertains to a non-linear increase in cost incurred due to
implementing these controls to cover a large population. Now on, we will use u4, t, and u3 instead of uy(t), ux(t), and us(t) for
simplicity and denotation.

Our primary objective is to reduce disease prevalence while minimizing the cost. In other words, we aim to identify an
optimal set of controls (u7,u3,u;) that achieves this objective,

J(uy, Uy, u3) = min{J (U, Uy, u3) : Uy, Uy, U3 € Ay},

where, Ay = {(u1, up, u3): uy, up, u3 are measurable, 0 < uy, up, u3 < 1, t € [0, t7]} is the set of admissible controls. The positive
coefficients in the integrand of (7), Cy, C3, C3, C4, Cs, and Cg are the constants that not only balance the weighted cost-sum but
also signify the importance of a particular component.

3.2.2. Optimal controls: existence and characterization

Here, we present the necessary and sufficient conditions for solving the optimal control problem. Prior to outlining the
characterization, we examine the sufficient condition for optimal controls, as outlined in Theorem 2.1. in (Lenhart &
Workman, 2007), Theorem 4.1 in (Wendell et al., 2012), Theorem 9 in (SrivastavaSonu et al., 2022), and related corollaries.
We utilize Pontryagin's maximum principle (PMP) (Lenhart & Workman, 2007) to deduce the characterization of the optimal
controls, i.e., necessary conditions. Since u; (for i = 1, 2, 3) are bounded, therefore, the state variables s; (fori =1, 2, 3, 4, 5) of
the model system (6) are also bounded in D, as discussed in Sub-section (3.1). We represent the vector s = [s;] as the vector of
state variables s; = S, sy = Iy, 53 =I5, S4 = H, s5 = R and the vector u = [u;] as the vector of control variables uy, uy, us € Ap.

Theorem 3.5. (Sufficient Condition) Consider R(t,s,u) be the right hand side of the equations in system (6) and
Z(t,s,u) = Cilg(t) + Gols(t) + C3H(t) + 3 (Cqu3 (t) + Csu3(t) + Cu3(t)) be the term under integral sign in the objective functional
(7) then a optimal triplet of controls (u], u;,u3) exists if following criteria are met:

. Ris of class C! and there exist positive constants Py, P, P3 such that |R(t,0,0)| < Py, |Rs(t,s,u)| < Py(1 + [u]), [Ry(t,s,u)] < Ps,
. The feasible solution set Dswith controls in Ay is non-empty and bounded,

. R(t,s,u) = F(t,s)+ G(t,s)u,

. The set Ay = [0, 1] x [0, 1] is bounded, closed, and convex,

. Tis convex in Ag.

UGN WN -

Proof. Proof is done as per the approach followed in (SrivastavaSonu et al., 2022) and is omitted here.
Now, in order to make use of the PMP, we formulate the Hamiltonian #(s,u, ), which is a sum of the integrand Z(t, s, u)

and Y27 4 4%, given by,

5(6)
dt

dlq(t)

dig(t) . dH(t) . dR(t)
it A + A

+A’dt+4dt STdt

+ 1

H(s,u, 1) = I(t,s,u) +A1d

where, A = (A1, A, A3, A4, A5) €R® is known as adjoint vector, elements of which satisfies,

din(t) oM dia(0)

LM dis(t) _ on dla(t) oM dhs(t) oM 8)

dt S’ dt 9l dt ol dt ToH dt T OR’

with transversality conditions A1(tf) = 0, Ax(ty) = 0, A3(ty) = 0, A4(ty) = 0, and A5(tf) = 0.

Theorem 3.6. (Necessary Condition) Given the existence of an optimal control triplet (u], u5, uZ) and the corresponding quintet
(S*, I;, I;, H, R*) that optimize the objective cost functional (7), there exist A1, A3, A3, A4, and 2s, satisfying the adjoint system (8) with
transversality conditions, then the triplet of optimal controls can be characterized as (u], u;ug), where,
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i~ max{min %2 =1 0% M)BL5 + Baly)S” thol.

G
u, = max{ min (/127/1—4)17111,171 0, (9)
Cs(1+ml)
uj — max{ min M,l 0%,
Ce(1 +i)

Proof. Proof is done as per the approach followed in (SrivastavaSonu et al., 2022) and is omitted here.

3.2.3. Optimality system and solution approach

The optimality system for our model consists of the state equation (6) with initial conditions, the adjoint system (8) with
transversality conditions, and the optimality conditions (9). This optimality system, as a whole, is termed as the optimal
control problem. The solution approach for optimal control problems typically involves formulating a mathematical model
that describes the behavior of the system being controlled, defining an objective function that specifies the desired behavior
or performance of the system, and then using optimization algorithms to find the control inputs that optimize the objective
function subject to any constraints on the system. There are various techniques and algorithms for solving optimal control
problems, including direct methods (such as the shooting method and the collocation method) and indirect methods (such as
the Pontryagin's maximum principle and the Hamilton-Jacobi-Bellman equation). The choice of method depends on the
specific characteristics of the problem, such as the dimensionality of the system, the nature of the objective function and
constraints, and the desired accuracy and computational efficiency of the solution.

The forward-backward sweep method (FBSM) is a well known numerical optimization technique used for solving optimal
control problems. The method involves breaking the problem into two parts: the forward sweep, which involves simulating
the controlled system (6) forward in time to generate a guess for the control inputs, and the backward sweep, which involves
solving the adjoint system (8) backwards in time to obtain the sensitivities of the objective functional (7) with respect to the
state variables and control inputs. Using these sensitivities, the control inputs are updated in the forward sweep, and the
process is iterated until convergence is achieved. To solve the adjoint system and control system backward and forward in
time, respectively, we employ the fourth-order Runge-Kutta method, a widely-used numerical method for approximating the
solutions to differential equations with high accuracy. The FBSM has the advantage of being relatively simple to implement
and computationally efficient, particularly for problems with a large number of control variables.

4. Results and discussion

In this section, we present and discuss the results of our numerical simulations investigating the effects of various factors
on the reproduction number (Rg) and disease spread. Specifically, we explore the impact of screening and the variation of
other key parameters on Ry and disease spread. We present the results of our numerical simulations by using line and
contour plots to illustrate visually. These plots provide a clear representation of the relationship between different parameters
and the key outcomes of interest. Additionally, we show the effect of using different combination of optimal controls on the
disease spread. We also analyze the cost-effectiveness of various screening and control strategies, with the aim of identifying
the most efficient and effective approaches for managing the disease.

4.1. Elasticity of Rq and effect of screening on disease spread

Variation in transmission rate, screening rate, quarantine rates, and treatment rate can have a significant impact on the
reproduction number (Rg) and the spread of a disease. Elasticity is a measure of how sensitive a variable is to changes in
another variable. In this case, it refers to how sensitive Ry is to changes in factors like transmission rate, screening rate,
quarantine rates, and treatment rate. Knowing the elasticity of Rq allows us to quantify the impact of changes in these factors
on the spread of a disease.

4.1.1. Elasticity of Rg

We see in expression (3) that the symptomatic disease transmission rate (fs), screening rate (), quarantine rates (v, as),
and treatment rate («) all have an effect on the basic reproduction number. With respect to these parameters (fs, 6, 7y, as, and
«), the normalized forward sensitivity index (also known as elasticity) is computed to quantify the change in basic repro-
duction number when the corresponding parameter changed. Following the approach given by Bonyah et al. (Bonyah et al.,
2017) elasticity of Ry with respect to parameter x is given by,

579



S. Lamba, T. Das and PK. Srivastava Infectious Disease Modelling 9 (2024) 569—600

0 5 L 001I : T ! T ] T !
0
a<_) -0.01
©
S 0
>
>
2 05| |
(b]
o)
=1 . : ‘ . .

Bs 0 Y Qg «
Parameter
Fig. 4. Normalized sensitivity index (elasticity) of Ry with respect to symptomatic disease transmission rate f,, baseline screening rate ¢, quarantine/self-

isolation rates y and «, and treatment rate «; among these parameter, v is the most sensitive. The negative sensitivity index of y shows that delaying
quarantine/self-isolation of asymptomatic individual will cause huge surge in the reproduction number. i.e., new infections.

Table 2
Effective Ry range with respect to the ranges of different control measures.
Control parameter range Effective Rq range for 60 days
u; €[0,1,u;=0,u3=0 Ro<€[0.9763,2.1739]
u, € 0,1, u; =0,u3 =0 Ro<[0.5381,2.8993]
uz3 € [0,1], u; =0,u; =0 Ro<[0.8381,1.3138]

ERo — X 9Ro

X 7730 ox

This expression measures the percentage change in Rg resulting from a 1% change in the parameter x, assuming all other
factors remain constant. For instance, in Fig. 4, the positive sensitivity index (+0.015) of parameter (s implies that a 1% rise in
the g value increases the Ry by 0.015%. So the basic reproduction number increases as the disease transmission rate by
symptomatic individuals grows. The negative sensitivity index of parameters v, as, and « indicates that raising the values of
these parameters decreases Rg. This leads to the conclusion that delaying in screening, quarantining, or treating any indi-
vidual will raise the basic reproduction number.

4.1.2. Effective Rq (with respect to controls)

While the parameters appearing in the expression for R exert a significant influence on it (as seen in sensitivity analysis
given above), the control variables used in the model system 6 can also wield considerable impact. Here, we observe changes
in the reproductive threshold with respect to the ranges of different control measures. We used the approach given in (Lamba
etal, 2023) to calculate R in terms of control variables and to obtain the effective Ry ranges. As an example, to determine the
effective range of R with respect 0 < u; <1, we maintained other control variables at their minimum values and varied u4
from its lower to upper bounds over the duration of control implementation, i.e., 60 days, and derived a range for the effective
reproduction number. Similarly, effective ranges for R are determined for the other two control variables, as indicated in
Table 2 below.

Here, the upper limit of control variables signifies the maximum level of implementation efforts, while the lower limit
represents their absence in the model system. We observe that employing only u4, i.e., relying solely on precautionary
measures, leads to a reduction in the R value from 2.1739 to 0.9763; only boosting additional screening, i.e., using only u; as a
control measure, results in a decrease in the R value from 2.8993 to 0.5381; and only boosted treatment efforts, i.e., only u3,
reduces the Rq value from 1.3138 to 0.8381. The average of the upper bounds of effective Ry corresponds to the basic
reproduction number (without controls), which is Rg = 2.129, as indicated in the caption of Table 1.

4.1.3. Effect of screening

To see the effect of screening in slowing the disease spread, we assume that a baseline screening with the rate 6 and an
additional screening with the screening rate p and saturation constant m are both available. To quantify the screening effect
on the infective population, we vary the parameters 6, p, and m.
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Fig. 5. Evolution in total number of infectives when screening saturation m, baseline screening ¢, and additional screening p are varied; (a) shows that stopping

baseline screening (# = 0) causes increase in infectives, while providing linear screening (m = 0) decreases the infectives level (b) shows that disease infection
may surge without additional screening.
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Fig. 6. (a) Evolution in total number of infectives as per variation in additional screening rate p; the graph shows that increasing additional screening rate p can
reduce the infectives, while stopping it (p = 0) may cause a sudden surge in cases, (b) depicts that increasing saturation level in IDIAS term may cause an
increased burden on hospitalization.

Fig. 5a depicts the evolution of total infective individuals (I, + I;) as the above mentioned parameters vary. We investigate
four distinct cases of parameter variation. The red curve in Fig. 5a and b is plotted when both screenings are available. In
comparison to this red curve, we obtained that stopping the additional screening (i.e., p = 0) increases the infective individual
level (green curve in Fig. 5b), stopping the baseline screening (i.e., # = 0) increases the infective individual level (magenta
curve in Fig. 5a), and providing linear additional screening (i.e., m = 0) decreases the infective individual level (blue curve in
Fig. 5a).

The curve in Fig. 5b also suggests that the disease infection is very high without additional screening. This suggests that
disease control without the support of additional screening is not a viable option. Fig. 6a depicts the evolution of the total
number of infective individuals (I; + Is) as screening rate p varied. It shows that increasing the screening rate p of additional
screening reduces the infective individual level. While Fig. 6b shows that increasing saturation level m in the IDIAS term, i.e,
delay in additional screening induced by infectious density may cause an increased burden by surging the number of in-
dividuals under care H.
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Fig. 7. Contour plots depicting evolution in number of infectives when v, 6, p, and « are varied; (a) increasing in baseline screening rate # and quarantine/self-

isolation rate vy, however, increasing baseline screening rate is more impactful in comparison to the increase in quarantine/self-isolation rate (b) Shows increase in
additional screening rate p is quite impactful in decreasing infectives but increasing in hospitalization rate « is not much helpful in reducing number of infectives.
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Fig. 8. Contour plot showing effect of varying additional screening rate p and the saturation level m on number of infectives; taking saturation level m (0,
0.0002) and increasing the additional screening is beneficial in diseasing the number of infectives. Note that increasing the saturation level while keeping the
additional screening rate to the minimum shows intangible impact, on the other hand, increasing the additional screening while keeping the saturation level
below 1 x 10~# has a huge impact on decreasing the disease burden by reducing number of infectives (I, + I).

Fig. 7a, a contour plot with respect to § and quarantine rate of asymptomatic individual v, depicts the total infective in-
dividuals, I + I, obtained for various values of (= (0, 0.001)) and y( < (0.01, 0.05)). Fig. 7a illustrates that as ¢ or v increases,
the number of infective individuals decreases. Fig. 7b—a contour plot with respect to treatment rate « and screening rate in
additional screening p, depicts the total infective individuals, I, + I, obtained for various values of a(< (0, 0.8)) and p(s
(0.0045, 0.005)). Fig. 7b illustrates that as p or « increases, the number of infective individuals decreases.

Fig. 8 shows that increasing additional screening rate only (p only) is helpful in reducing the infectives (similar to Fig. 7b);
however, increasing only saturation level in the IDIAS term causes increase in infectives.

Thus, it is concluded that baseline screening rate, screening rate of additional screening, saturation level of additional
screening, and quarantine rate of the asymptomatic individuals have a major role in slowing the disease spread.

4.2. Effect of optimal control strategies

In order to numerically simulate the optimal control problem, we have chosen a specific set of parameters from Table 1:
A = 30, g = 0.00002, x = 0.0000425, 7 = 0.01,y =04, e = 04, 0 = 1/14, ag = 0.04, o5 = 0.09, us = 0.0052, « = 0.1, » = 0.2,
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Fig. 9. (a) Optimal profile for u;, when only u; is applied, i.e., implementation of only precautionary measures (b) Plot for asymptomatic infectives I,(t) when only
uyq is applied as a control intervention (red curve is when no controls are applied), this suggests that there is a very little variation in the number of asymptomatic
cases when only precautionary measure are applied as intervention.
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Fig. 10. (a) Plot depicting evolution symptomatic infectives Iy(t) when only u; is applied in comparison with the evolution when no control is employed (b) Plot
for evolution of hospitalized or individuals under care H(t), when only u; is applied as a control intervention (red curves are when no control is applied). These
graphs shows that implementation of only precautionary measures as an intervention is more effective in the evolution of symptomatic infectives and individuals
under care than that of asymptomatic infectives.

6 =0.001, p = 0.005, m = 0.0001, s = 0.0000001, r = 0.01 with (2000, 800, 218, 100, 0) as populations at the initial time. These
values have been selected based on a careful consideration of the nature of the system and the goals of the simulation. To
further optimize our simulation, we have also assigned weights to the objective functional. The weights for different com-
ponents of the objective functional are C; =10, C; =10, C3 =15, C4 =10, C5 = 20, and Cg = 10. These weights reflect the varying
importance of the cost-components and efforts required for each of the different control interventions. We consider the
control implementation for a time period of 60 days. Below is a detailed analysis of implementing different combinations of
control interventions, which helped us to draw some interesting conclusions.

4.2.1. The case when u; # 0 and uy = 0 = u3, i.e., application of only u; as control

The implementation of only precautionary measure as a control intervention, although, keeps the green curves (with
application of control) below the red curves (without any control), but is not much effective for asymptomatic infectives (I;)
and individuals under care (H) (see Figs. 9b and 10b). Fig. 9a depicts the optimal path for u;, that physically represents efforts
required for the implementation of uq as control. It roughly requires around 17 days of full efforts before slowly coming down.
While Fig. 10a represents that applying only precautionary measures as a control is helpful in taking the number symptomatic
infectives a little down, which might be reduce the disease burden up to some extent. This shows that implementation of only
uq is very little helpful in reducing the disease burden and cost incurred (see Fig. 11).
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Fig. 11. Cost incurred with application of u; (blue curve) and without control (green cure), graph shows that even application of only precautionary measures as
control can keep the cost incurred below the cost incurred when no control is applied.
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Fig. 12. (a) Optimal profile for u, when only u, is applied, i.e., only boosted screening is considered as an intervention, which in comparison to the previous case
when only precautionary measures are applied requires around five days of full efforts before it slowly comes down (b) Plot for evolution of asymptomatic
infectives I4(t), when only u, is applied as a control intervention (red curve is when no control is applied). It can be observed that this strategy is quite helpful in
tumbling down even the asymptomatic infectives, unlike the previous case.
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Fig. 13. (a) Plot (green curve) for symptomatic infectives Is(t) when only boosted screening is applied (b) Plot for individuals under care H(t) when only u; is
applied as a control intervention (in comparison to the red curves when no control is applied).
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Fig. 14. Cost incurred with application of only u, (magenta curve) and without control (green cure). It shows that implementation of only boosted screening is
quite helpful in keeping the cost incurred below the cost incurred due to disease burden when no control is applied.
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Fig. 15. (a) Optimal profile for u3, when only boosted treatment is considered as an intervention, it requires even more number days with full efforts than that of
previous two cases (b) Plot for asymptomatic infectives I,(t), when only us is applied as a control intervention (red curve is when no control is applied). It is
evident is that this control intervention is not much promising in reducing asymptomatic cases.
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Fig. 16. (a) Plot for symptomatic infectives Iy(t) (b) Plot for individuals under care H(t), when only us is applied as a control intervention (red curves are when no
control is applied). It shows that only boosted treatment as a control strategy has minute impact on symptomatic infective and almost ineffective on individuals
under care, unlike the previous two cases.
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Fig. 17. Cost incurred due to application of only us3 (dotted yellow curve) and without control (green cure). It shows that only boosting treatment cannot be a
viable option as it doesn't lower down the cost incurred due to the disease burden, therefore, it might need inclusion of other intervention or control measures.

4.2.2. The case when uy #+ 0 and u; = 0 = us, i.e.,, application of only uy as control

The application of only boosted screening as a control intervention looks promising by looking at the simulation graphs.
Fig. 12a depicts that for achieving the possible objective goal, it requires full efforts of boosted screening for just 5 initial days
before the requirement slows down to zero after 20 days. Figs. 12b and 13a show that boosting screening is quite helpful in
tumbling down the number of asymptomatic and symptomatic infectives.

On the other hand, Fig. 13b represents a realistic fact that on boosting screening number of individuals under care
(quarantine or hospitalized) will defiantly increases initially before coming down (even below the red cure, i.e., when no
controls are applied) eventually. The cost profile for this case is shown in Fig. 14 above.

4.2.3. The case when uz = 0 and u; = 0 = up, i.e., application of only us as control

Employing only boosted treatment as a control seems to be a redundant intervention because even after putting full efforts
for 37 days (as shown in Fig. 15a) it does not have much impact on any of the infective populations, except a little decrement in
the symptomatic individuals (see Fig. 16b). One more reason why we say it as a redundant strategy is that because it does not
contribute in decreasing the cost incurred due to disease burden and control application (see Fig. 17). However, we will
investigate benefits (if any) of this intervention in comparison with the other strategies in the cost-effectiveness analysis in
the subsequent section.

4.24. The case when u; #+ 0, uy # 0, and uz = 0, i.e., application of both u; and uy as control

The application of both u;, i.e., precautionary measures and uy, i.e., boosted screening seem to be effective to reduce the
disease burden to an extent. Fig. 18a and b show that simultaneous application of both controls extends the number of days
required with full efforts, here precautionary measures are needed to be employed for a longer period than that of
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Fig. 18. Optimal path (a) for u; (b) for u,, when both u; and uy, i.e., simultaneous application of both precautionary measures and boosted screening.
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Fig. 19. (a) Plot for evolution of asymptomatic infectives I,(t) (b) Plot for symptomatic infectives Ii(t), green curves are when both u; and u, are applied (red
curves are when no control is applied). The graphs depicts that combining boosted screening with precautionary measures have even better impact on disease
prevalence in comparison with the case where application of only precautionary measures is considered as a control intervention.
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Fig. 20. (a) Plot for evolution of individuals under care H(t), when both u; and u; are applied as a control intervention (red curve is when no control is applied) (b)
Cost incurred with (dotted green curve) and without control (green cure).

1 — ‘ 1 —
—u; when u, #0, u2=0, u3¢0 —u; when u, *0, u2=0, u3¢0
0.8 1 0.8
0.6 1 0.6
®x T x
> >
0.4F 1 0.4
0.2} 1 0.2¢
0 ‘ ‘ 0 - '
0 20 40 60 0 20 40 60
Time (in days) Time (in days)

(a) (b)

Fig. 21. Optimal control paths for (a) u; and (b) us, when both u; and us are applied, i.e.,, combined implementation of boosted treatment and precautionary
measures.
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Fig. 22. Disease prevalence curves (a) For asymptomatic infectives I, and (b) For symptomatic infectives I, green curves are when both u; and us are applied (red

curves are when no control is applied). These graph shows that inclusion of precautionary measures to the strategy when only boosted treatment was considered
as a control makes it more impactful for symptomatic infectious individuals.

400 ' i 15000

—u, *0, u2=0, u3¢0

............... u, +0, u2=0, u3¢0

7111:0, u2=0, u3=0

300 7u1=0, u2=0, u3=0
10000
= D
I 200 ég
5000
100
0 = 0
0 20 40 60 40 60
Time (in days) Time (in days)

(a) (b)

Fig. 23. (a) Disease prevalence curve for individuals under care H and (b) Cost profile, when both u; and u3 are applied in comparison with the case when no

controls are applied. It shows that there is a positive impact on individuals under care and cost profile when precautionary measures are considered in addition to
the boosted treatment.
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Fig. 24. Optimal control paths for (a) u, and (b) us, when both u; and u3 are applied, i.e., combined implementation of boosted screening and boosted treatment.
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Fig. 25. Disease prevalence curves (a) for asymptomatic infectives I, and (b) For symptomatic infectives I;, green curves are when both u; and us are applied (red
curves are when no control is applied).
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Fig. 26. (a) Disease prevalence curve for individuals under care H, when both u; and us are applied (green), red curve is when no control is applied and (b) Cost
profiles with (blue) and without controls (green). The cost profile shows that boosting both the screening and treatment have even better impact on reducing the
cost incurred due to disease prevalence and the cost of control implementation.

employment of only 1 as control (see Fig. 9a). This because of the availability of same resources, therefore, to achieve the
optimality with application of two controls at time, efforts need to be increased. Fig. 19a, b, and 20a have similar argument to
the case when only u; is applied and show that implementation of both 17 and u; is quite helpful in reducing the number of
infective cases as well as the cost incurred (as shown in Fig. 20b).

4.2.5. The case when u; + 0, uz # 0, and uy = 0, i.e., application of both u; and u3 as control

The graphs show that the combination of implementing precautionary measure and boosted treatment has some positive
impact on number of symptomatic infectives (as shown in Fig. 22b), in comparison with the separate implementation of u4
and us, see Figs. 10a and 16a, respectively (see Fig. 23a for impact of this strategy on infectives under care H(t) and see Fig. 23b
for cost profile). The optimal control paths for this case are shown in Fig. 21.

4.2.6. The case when uy = 0, us # 0, and u; = 0, i.e., application of both u, and us as control

When both u;, and us3 are applied, it can be seen (in Fig. 24a) that the full efforts of boosted treatment (u3) are required for
longer period as compared to the boosted screening u; (see Fig. 24b). This strategy seems to be promising in reducing both
asymptomatic and symptomatic infectives (see Fig. 25a and b). Also, the hospitalized populations goes to a peak initially but
then eventually comes below the curve (red) without control (see Fig. 26a), while keeping the cost mostly below the cost of
disease burden when no control is applied (see Fig. 26b).
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Fig. 27. Optimal control paths for (a) uy, (b) uy, and (c) us, when all controls are applied at the same time.
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Fig. 28. Disease prevalence curves (a) for asymptomatic infectives I, (b) For symptomatic infectives I, with all three controls (green) and without application of
controls (red).
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Fig. 29. (a) Disease prevalence curves for individuals under care H, when all controls are applied simultaneously (red curve is when no control is applied); and (b)
Cost profile with (green) and without application of controls (red).

4.2.7. The case when u; # 0, uy # 0, uz # 0, i.e,, simultaneous application of all controls

One interesting observation is that whenever boosting screening is included as control in any intervention strategy, for
instance, in strategy when u; is applied with 14 or u3 or both (last case), there is a sudden increment in the cost profile for
some initial days and then cost incurred goes down the curve when no controls are applied (as shown in Figs. 20b, 26b and
29b). But those increments come with a justification that whenever boosting screening is combined with any of the other
controls as an intervention, there are positive effects on disease prevalence as well (see Fig. 28 and Fig. 29). More proper
explanation is given in the next subsection. The optimal control paths for this case are shown in Fig. 27.

Through this discussion, we have gained an understanding of how various control interventions can have varying impacts
on both disease prevalence and associated costs. Nevertheless, determining the most effective control intervention strategy
from the range of cases analyzed can be challenging. As a result, we will conduct a cost-effectiveness analysis in the following
subsection.

4.3. Cost-effectiveness analysis of control strategies

The primary aim of cost-effectiveness analysis (CEA) is to identify the intervention or strategy that provides the most
health benefit at the lowest cost. CEA is often used to inform decision-making in allocating resources for public health
programs and policies. There are three primary techniques (Agusto & ELmojtaba, 2017) for this analysis, which are described
below.

4.3.1. Averted infections ratio
The averted infections ratio (AIR) is given by,

Number of averted infections
Number of recovered

AIR =

The number of staved-off (averted) infections is the total infections that would have occurred without the implementation
of control measures, minus the total infections that occur after the implementation of control measures. The most effective
strategy is the one with the highest averted infection rate (AIR). This approach is limited to evaluating individual strategies
and does not allow for the analysis of the combination of strategies. Furthermore, this technique does not take into account
the costs incurred by the implementation of control measures, therefore, other methods may be needed to address this
limitation.

4.3.2. Average cost-effectiveness ratio
The average cost-effectiveness ratio (ACER) is appropriate for the cost analysis of one intervention strategy at a time. The
ACER is given by,

Total cost incurred due to strategy implementation

ACER = Jotal number of cases averted by using that strategy’
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Eradication and control of any disease(s) can be very expensive; therefore, determining the most cost-effective strategy or
combination of strategies is necessary. The lower value of the ACER implies better cost-efficiency of that particular strategy,
but to compare two or more strategies we need study the incremental cost-efficacy. For that purpose, we need the incre-
mental cost-effectiveness ratio.

4.3.3. Incremental cost-effectiveness ratio

The incremental cost-effectiveness ratio (ICER) is a measure of the additional cost per additional unit of health outcome,
and it is used to compare the relative efficiency of different strategies incrementally. When using ICER, an intervention is
compared with the next less efficient alternative, and then the next one, until the most cost-efficient intervention is iden-
tified. ICER helps to evaluate and compare competing strategies, typically two or more, and make trade-offs between costs
and health outcomes.

The ICER is given by,

Difference of costs incurred due to intervention strategy j and k
Difference in total averted cases in intervention strategy j and k'

ICER =

The standard methodology of CEA typically involves four steps: first, defining the problem, the population of interest, and
the strategies under consideration; second, estimating the costs and health outcomes associated with each intervention or
strategy; third, assessing the cost-effectiveness of each intervention or strategy by comparing ICERs; and interpreting the
results and making recommendations.

Defining the problem in cost-effectiveness analysis means identifying the cost of interest in relation to the strategies being
evaluated. This includes determining the strategies by making various combinations of inducted controls. In this case, we
perform the CEA for the following strategies.

Strategy A: All three controls implemented at a time (u; # 0, uz # 0, us #= 0).

Strategy B: Application of only precautionary measures (u; # 0, uy = 0, uz = 0).

Strategy C: Boosting additional (IDIAS) screening only (uq =0, up # 0, uz = 0).

Strategy D: Boosting treatment only (uq =0, u = 0, uz = 0).

Strategy E: Implementing precautionary measures with boosted screening (u; # 0, uy = 0, uz = 0).
Strategy F: Implementing precautionary measures with boosted treatment (u; # 0, uy = 0, uz # 0).
Strategy G: Boosting both screening and treatment (uq =0, upy = 0, us # 0).

Our targeted population of interest includes the individuals who are infectious (with or without symptoms), ie., a
combination of asymptomatic infectious, symptomatic infectious, and infectious individuals under care: I = I, + Is + H. We use
the ‘areal approach’ to evaluate the numerator and denominator of ICERs. For this population, with respect to each strategy,
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.......... Strategy F
o ——Strategy G| |
17}
3
6000 |
12 14 1 h :
2000 7
0 | | | ‘
0 10 20 o N i )

Time (in days)

Fig. 30. Illustrating the comparison of costs associated with various strategies, we observe that the green curve, representing the cost incurred by the disease
burden in the absence of any control measures, lies below the cost profiles of certain strategies during the initial period when controls are implemented.
However, it remains consistently higher than all other cost profiles thereafter. Although the partial overlapping of these cost profiles makes it challenging to
directly infer their effectiveness from the curves alone, so we conduct an ICER analysis to better evaluate their cost-effectiveness.
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we evaluate the cost incurred (area under the cost profile of I*(t)) and the health outcomes (number of total averted cases),
which is nothing but the difference between the area under the curve of I(t) and the curve I*(t), that is, number of infections
without implementation of any control minus the number of infections with a specific strategy of control application. A
simple observation tells us that the less the area under the curve I*(t) more the cases averted; on the other hand, the less the
area under the cost profile of the I*(t), the less cost incurred in averting those much cases. We arrange all the strategies in
increasing order of (their health-outcome efficacy) cases averted.

To evaluate the cost incurred, we use the objective cost functional defined in Sub-section 3.2,

Cost of control implementation

Tn= /Otf Cila(t) + Gols(t) + G3H(t) +% (Qu%(t) +Csus(t) + csug(t)) dt, (10)

Cost due to disease prevalence

as per the different strategies, for example, the above equation (10) represents the cost of implementing strategy A, while the
cost incurred due to the implementation of strategy D would be the combination of cost due to disease prevalence and cost of
boosting treatment, that is,

Jp = /Otf {Qla(t) +Gals() + GH(1) + % (Coui0) } a

In this way, we plot the cost profilesof different strategies (see Fig. 30) and evaluate the area under the curve of those cost
profiles to get the cost of infection aversion and control implementation. The following table has costs and infections averted
by the strategies under consideration.

Referring to Table 3, we can infer that a strategy's effectiveness improves with a higher number of averted cases. However,
the findings from Table 4 do not permit us to draw a similar conclusion, as the associated costs are also proportionally
increasing. At this point, CEA becomes essential in establishing the efficacy ranking of strategies based on their ICERs. We
denote the ICER for the jth strategy by ICER(j). We have that strategy A averted the least count of cases, followed by the others.
Therefore, ICER for different strategies is evaluated as,

~7.0598 x 107

ICER(A) = 56489 < 106 — 12.4976
7.1948 x 107 — 7.0598 x 107
ICER(E) = = 8.6872
©) 5.8043 x 106 — 5.6489 x 106
7.2621 x 107 — 7.1948 x 107
ICER(G) = = 26.6007
©) 5.8296 x 106 — 5.8043 x 106
7.3988 x 107 — 7.2621 x 107
ICER(C) = = 8.6793
© 5.9871 x 106 — 5.8296 x 106
8.8480 x 107 — 7.3988 x 107
ICER(F) = =9.9663
(F) 7.4412 x 106 — 5.9871 x 106
8.9923 x 107 — 8.8480 x 107
ICER(B) = =8.7137
(B) 7.6068 x 106 — 7.4412 x 106
9.6952 x 107 — 8.9923 x 107
ICER(D) = =117
CER(D) 8.2045 x 106 — 7.6068 x 106 600
Table 3
Strategies in increasing order of their health-outcome
efficacy.
Strategy Cases averted
A 5.6489 x 10°
E 5.8043 x 10°
G 5.8296 x 10°
C 5.9871 x 10°
F 7.4412 x 10°
B 7.6068 x 10°
D 8.2045 x 10°
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Table 4

Strategies in increasing order of cases averted and cost incurred.
Strategy Cases averted Cost incurred
A 5.6489 x 10° 7.0598 x 107
E 5.8043 x 10° 7.1948 x 107
G 5.8296 x 10° 7.2621 x 107
C 5.9871 x 10° 7.3988 x 107
F 7.4412 x 10° 8.8480 x 107
B 7.6068 x 10° 8.9923 x 107
D 8.2045 x 108 9.6952 x 107

Table 5

Listing of strategies with their ICER values and cost-efficacy ranks, among the strategies considered, strategy C (focused on boosting only screening), strategy
E (incorporating precautionary measures alongside boosted screening), and strategy B (solely emphasizing precautionary measures) ranked as the top three.
However, strategy C is the most cost-effective intervention among all.

Strategy Cases averted Cost incurred ICER Rank

A 5.6489 x 10° 7.0598 x 107 12.4976 Sixth

E 5.8043 x 10° 7.1948 x 107 8.6872 Second
G 5.8296 x 10° 7.2621 x 107 26.6007 Seventh
C 5.9871 x 10° 7.3988 x 107 8.6793 First

F 7.4412 x 108 8.8480 x 107 9.9663 Fourth
B 7.6068 x 10° 8.9923 x 107 8.7137 Third
D 8.2045 x 10° 9.6952 x 107 11.7600 Fifth

30 — ———

ICER

A E G C F B D
Strategies

Fig. 31. A bar plot for ICER values of different strategies reveals that strategy G (boosting both screening and treatment) has the highest ICER value indicating its
lack of cost-effectiveness. On the other hand, strategy C (boosting only screening) has the lowest ICER value, indicating that this is the most cost-effective
intervention.

We determine the cost-efficacy ranks of all strategies based on their ICER, lowest ICER value corresponds to the best
strategy because lowest ICER value can only be obtained when increment in cases averted is maximum while keeping the cost
incurred at a minimum (see Fig. 31 and Table 5).

The following table has ICER value and the cost-efficacy ranks of the strategies.

This table ascertain that strategy C (only boosting IDIAS) has the lowest ICER value and therefore it is the most cost-
effective. However, the difference in ICER values of the strategises C, E, and B is not so distinctive and they stands at the
first, second, and third ranks, respectively, but at a larger prospective (more population or highly dense cities) boosting the
additional screening is the most cost-effective.

4.4. Summary and public health significance

This sub-section provides a concise overview of the modeling process, data fitting, optimal control analysis and the
associated outcomes, emphasizing their public health significance.

594



S. Lamba, T. Das and PK. Srivastava Infectious Disease Modelling 9 (2024) 569—600

4.4.1. Modeling method and process

We established the idea of infectious density-induced additional screening (IDIAS) to examine the feasible efficiency of
screening and treatment strategies in reducing the spread of COVID-19. We investigated a SI2HR compartmental model that
includes saturation treatment as well as non-pharmaceutical controls such as quarantine and screening. The model divides
the total population, denoted as N, into five compartments: susceptible individuals (S), asymptomatic infectious individuals
(I), symptomatic infectious individuals (), infective individuals under care (H), and recovered individuals (R). The population
flow among these compartments is described by a set of differential equations. The model incorporates two important rate
functions: the screening rate function with infectious density-induced additional screening (IDIAS) and the saturated
treatment rate function. The screening rate function, denoted as ¢(I;), includes a baseline constant screening (f) and an
additional screening term (¢1(I;)) that depends on the density of infectious individuals. This additional screening, referred to
as IDIAS, is crucial for cases where the infectious population varies in density, especially in densely populated areas. The
saturated treatment rate function, denoted as y/(I;), represents the maximum achievable treatment rate with a saturation
effect. This reflects real-world constraints on the number of individuals that can be effectively treated within a given time
frame due to resource limitations. The model also considers immunity loss and reinfection dynamics, highlighting their
importance in understanding the spread of certain diseases. Recovered individuals can be reinfected at a reduced rate, and
immunity loss can lead to individuals moving back to the susceptible compartment.

This SI2HR model provides a detailed framework for understanding and simulating the dynamics of disease spread. The
inclusion of IDIAS in the screening rate function acknowledges the impact of infectious density on screening efforts,
particularly relevant in densely populated areas. Additionally, the saturated treatment rate function reflects practical limi-
tations on the effectiveness of treatment efforts, aligning with real-world constraints in healthcare systems. The consider-
ation of immunity loss and reinfection dynamics adds a crucial layer of realism to the model, making it relevant for diseases
where these aspects play a significant role. This modeling approach contributes to the understanding of disease dynamics and
can aid public health efforts in planning interventions, resource allocation, and mitigation strategies.

4.4.2. Data fitting and parameter estimation

We validated the formulated model using data fitting and parameter estimation, with a focus on Hong Kong's cases.
Through the application of least square technique, the model is fine-tuned to align with the cumulative new infective cases
reported between November 1, 2022, and December 29, 2022. The rate equation for cumulative new cases C(t) is fitted to real
data, allowing the estimation of key parameters such as the disease transmission rate by symptomatic individuals (8s) and the
additional screening rate (p). This validation not only enhances the model's accuracy but also holds significant public health
implications, providing a reliable tool for understanding the progression and potentially managing the dynamics of COVID-19
transmission.

The model is then mathematically analyzed to determine the basic reproductive threshold. We discovered disease
persistence for Rg>1 as well as Rg<1 due to saturation treatment. Analytically, we estimated the basic reproduction
number, which demonstrates that the number of new infectious cases is sensitive to symptomatic disease transmission rate,
baseline screening rate, quarantine/isolation rate and treatment rate. Through sensitivity analysis of the basic reproduction
number, we observed that delaying quarantine/self-isolation of asymptomatic individuals results in a massive increase in
reproduction.

4.4.3. Optimal control and cost-effectiveness analysis

The mathematical model is further extended to form an optimal control problem (OCP) by incorporating three time-
varying control measures, namely, precautionary measures, boosted screening, and boosted treatment. We used numerical
techniques (mentioned in 3.2.3) to solve the OCP and simulated the different cases by setting a specific set of parameters and
weights. Our objective was to identify the optimal set of controls that simultaneously decreases the disease prevalence and
minimizes the costs associated with implementing control measures. We also conducted a comparison of the effectiveness of
different combinations of control measures, aiming to identify the intervention or strategy that yields the highest health
benefits while incurring the lowest cost. This assessment holds significance for any public health system. Our results
demonstrate that the combination of increased screening efforts with precautionary measures or treatment may be bene-
ficial. However, it's important to note that an elevated focus on screening alone can also represent a highly cost-effective
strategy as a stand-alone approach. While the adage “precaution is better than cure” holds true, an intermediary approach
exists — namely, additional screening at opportune moments — which can prove superior to both preventive measures and
treatment.

5. Conclusions

In this article, we proposed and analyzed a novel SI2HR model for COVID-19, which incorporates infectious-induced
additional screening and treatment saturation. The model was validated using data from Hong Kong, and we established
the biological feasibility of our model by proving the positivity and boundedness for the system solutions. Parameter esti-
mation was carried out to determine suitable parameters for the model. we obtained the expression for the reproduction
number R corresponding to the infection-free equilibrium, which is locally stable for Ry < 1 and unstable for Rq > 1. We also
studied the elasticity of Rq, and our analysis showed that the basic reproduction number increases as the disease
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transmission rate by symptomatic individuals grows. The negative sensitivity index of parameters v, as, and « demonstrated
that an increase in the values of these parameters reduces R, indicating the importance of effective screening, quarantine,
and treatment measures in controlling the spread of COVID-19. We demonstrated that delaying screening, quarantining, or
treating individuals can increase the basic reproduction number of the disease, which indicates the importance of prompt
action in controlling the spread of COVID-19. The effective reproductive range is also obtained for all three control measures
separately, which shows that boosting additional screening may be helpful in attaining a significant range difference, i.e.,
lowest value of Ry. We also analyzed the effect of screening on disease spread, and our results showed that additional
screening is necessary to control the infection. Specifically, stopping additional screening and baseline screening can increase
the number of infective individuals, while providing linear additional screening can decrease the number of infective in-
dividuals. This highlights the importance of implementing effective screening measures to control the spread of COVID-19.

In addition to our proposed SI2ZHR model, we extended our analysis by establishing an optimal control problem (OCP) that
considers three control measures: precautionary interventions, boosted IDIAS, and boosted treatment. The OCP was solved
using Pontryagin's minimum principle and forward-backward sweep method, and numerical simulations showed that
boosted screening and treatment with preventive interventions may benefit sustainable disease control. However, we also
conducted a cost-effectiveness analysis (CEA) to identify the most cost-effective strategy. Our CEA results suggested that only
boosting IDIAS is the most cost-effective strategy among all control measures. We identified specific strategies based on their
cost-efficacy rank, which can be implemented to maximize the impact while minimizing costs.

Overall, our analysis not only provides valuable insights into the dynamics of COVID-19 incorporating the effect of
infectious-induced additional screening and treatment saturation but also highlights the importance of considering cost-
effectiveness in implementing control measures.
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Appendices
A.1 Positive invariability and boundedness (proof of Theorem 3.1)

Proof. From the mathematical model (1), considering that S vanishes at time ¢t before other states become zero, we deduce
that at time tp,

ds

= >
at A+1R >0,

5=0

this indicates that S is a non-decreasing time dependent function. Thus, S is non-negative. Following this, similarly, we obtain
non-negativity for other state variables also,

ol _ 515> 0,35 = (1- BalaS + aela + Bk > 0,

dt o dt],—o

dH dR

7’ = (asls +y(Is)) + (v +o(s))la > 0,— =0H>0.
tlu=o dtlp_o
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Thus we have established non-negativity for all five states and it is evident that Ri is an invariant set for the model system
(1). Besides, the total population N(= S + E + I + Is + H + R) satisfies the differential equation,

dN _
dt

which implies,

A — uN,

A A
A {A < A) ut} m lf;>N(0)
N(t) == (1—e™) + N(0)e ™™ < max{ =+ (N(0) — = e # ¢t =

g g K N(0) if%<N(0).

If we define a region:

D= {(SJaJ&H,R)eRS :S>0,Iq 20,1;20,H207R20,S+E+IH+IS+H+R§%},

>0,% =04 =04 o0&k
0

, , , = 0, and also
=0 dtj—o dt‘H:O d[‘R:O

so for any initial condition from region D, we have %

s

dN = 0. Thus, all solutions of system (1) remain inside D if the initial condition lies in D. Hence, D is the basic feasible

E‘N:A
m

region of system (1).

A.2. Computation of the basic reproduction number

We express the new infection terms and transition terms of system (1) respectively as follows

F— { €(Bsls + Bala)S } V= { (v + oUs))la + cala + pla }
(1 —€)(Bsls + Bala)S |’ —aalg + asls + Y (Is) — 1(Bsls + Bala)R + (us + )]s

Following (Van den Driessche & James, 2002) we get

F:[ 6450 €6sSo } V:{Y—&-ﬂ—i-aa-&-,u, 0 }
(1—=6)BgSo (1 —€)BsSo ]’ —dg Qs+ ot g+ |
Which implies,
€ 6a50 + e0‘(16350 e5550
vl YHO+ag+p o (y+0+ag+p)(as +a+us+p) s 4 00+ g + 1
BaSo (1 - 9aabsSo (1-98sSo |’

(1-¢) +
YHO+aa+p (YH0+ao+p)las+atus+p) os+a+ps+u

and the spectral radius of the matrix FV~! is as follows

_ BaSo g BsSo (1 = )8sSo
Ro = p(FV~1) = + .
0=/ ) 6(y+¢9+oza+/.4) 6(7+0+aa+u) (as+a+us+p)  (os+a+pg+uw)

A.3. Local stability of IFE (proof of Theorem 3.2)

The Jacobian matrix at IFE Eq is given by

dip dip diz 0 dis
0

0

J =10 d3 d3 0 (11)
0
0

dyp dyz dag O
0 0 dsq dss

where, d11 = —p, d12 = —f4S0, d13 = —fsS0, d15 = 1, d22 = €8¢So — (v + 0 + aa + 1), d23 = €fsS0, d32 = (1 — €)BaSo + ag, d33 = (1 —
€)BsSo — (s + a+ us+ p), dap =v + 0,daz = a5 + &, daga = —(0 + p), dsg = 7, dss = —(n + ).
The corresponding characteristic equation is,
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(A—dy1) (2 — daa)(A—ds5) (2% = (dag +d33)A+ (7 + 0+ aa + p)(ats + @+ g + ) (1 — Rg)) = 0. (12)

As Rg < 1 implies that d»; < 0 and d33 < 0, so all roots of characteristic equation (12) are negative when R < 1. One root of
characteristic equation (12) is positive when Rg > 1. Hence, the IFE E; is locally stable for Rq <1 and unstable for Ry > 1.

A.4. Bifurcation at Rg = 1 (proof of Theorem 3.3)

It is noted that the matrix J|g, in (11) has one zero eigenvalue and remains all negative at Ry = 1. Also, Rg = 1 gives

w = p*:=. In order to study the occurrence of bifurcations at (Eq, ﬁ:) we follow the Sotomayor theorem (Lawrence, 2013) and
perform the below computation:

A =Y7[0,0,0,0,0]" =0,
00 -S, 00
00 S 00
A, =YT|0 0 —(1-¢)Sy 0 0|X=1[0,0,—€Soys — (1—€)So,0,0X = —x3(eSoy2 + (1 — €)So),
00 0 00
00 0 00
B, 6, 0 0 0 0
B s - 0 0 0
Ay =2YT| | (1 =B, |x1x2+ | (1 —€)fs |X1x3+ | O [xpx3+ | 18 |%2x5+ | 185 |x3%5+ | —av |X3 |,
0 0 p 0 0 av
0 0 0 —1B4 —1f 0

=2((eBay2 + (1 — €)B)x1 + (eBsy2 + (1 — €)Bs)X1X3 — pX3Y2 + pBaXs + pBsX3Xs — avx3),

where, X:=[X1,X2,X3,X4, XS}T = (dipdz3 —d13d22)dé?:iglgiéi?(dudzz *d43d22)7 1, 7%7 d43dé§::c532d237 d54(d§§;1éj;g:3dn)f and Yy —
d

V1,¥2,¥3,Y4, y5]T = [0, - 1,0, O]T. respectively are the right and left eigenvectors of J|, with respect to zero eigenvalue.

Since dy3 < 0, d23 > 0 and d3; > 0 for Ry = 1, X3 and y- are positive. Hence, Ay is positive. However, A3 is positive if v < v :=

(fﬁay2+(175)ﬂa)x1+(€ﬁsy2+(l;;%63‘))(1)(3*px3y2+pﬂax5+pﬁsx3x5 and negative if v > veric
3

A.5. Local stability of endemic equilibrium (proof of Theorem 3.4)

The Jacobian matrix at endemic equilibrium E is given by

app ap a;3 0 ags
a1 ap a3 0 0
Jlg, = (a1 an a3 0 ass |,
0 agp ag3 ayg O
0 asy; as3 asy ass

where, ayy = — (Bsl5 + Baly + 1), Q12 = —BeS*, @13 = —BsS*, @15 = 0, Az = €(Bly + Balg), Gy = BaS" — (v + 0 + 125 + g +
1), a3 = €fS™ — pla* 7 031 = (1 — 5)(65’2 + 6aIZ)v a3z = (1 — €)BaS* + aq + 1BaR*, as3 = (1 — €)BS" — (s + —“ 5 +pu+
(1+mI}) (1+0L})
* * * " l‘
tis) + TBsR™, azs = r(Bsls + Baly), dap =y + 0+ lf’;ﬂ;, g3 = o5+ ﬁ+ (H’JT)Z 44 = —(0 + ), asy = —1BaR*, as3 = —1BR*,
asa =0, ass = — 1(Bsl; + Balg) — (n + w).
The corresponding characteristic equation is,

1 +bgd® + b32> + byA% + byA+ by =0, (13)

where,
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by= —0q1 — 0 — (33 — (g4 — ss,

b3 = a110z2 —A120p1 +0A11033 — 4130371 + 011044 + 022033 — 13033 + 411055 + 32044 + (22055 + 033044+
(33055 — 035053 + 044055

by= a11a23037 —A11022033 + (12071033 — (1203031 — (13021032 4 (13022031 — (11022044 + A12021044 — 11022055

—011033044 + 01201055 +A13031044 — A15071 053 — 11033055 + 11035053 + 113031055 — A15031053 — A 033
Q44+ 033032044 — 411044055 — 22033055 + (2035053 + 33032055 — U2303505 — (22044055 — (33044055 —
035043054 + (35044053,
bi= ' a11022033044 — 11023033044 — 12021033044 + 012023031044 + 01302132044 — 013022031044 + 011022033055 —
011022035053 — 011023032055 + 11023035052 — A12021033055 + 012021035053 +A12023031055 +A13021032055—
013021035053 — 13022031055 — (15021032053 +A15021 033052 + 015022031053 — (15023031052 + (11022044055 —
Q12021044055 — 15021042054 + (15021044053 + 011033044055 + 011035043054 — (11035044053 — 113031044055 —
015031043054 + 015031044053 + (2033044055 + 22 (35043054 — U3 (35044053 — A33032044055 — (3035042054 +
(23035044057,
bo= a11022035044053 — (11032033044055 — 411022 035043054 + (11023033 044055 + 411 023035042054 — 4113035044052+
1201033044055 +A12021035043054 — (12021 035044053 — A12023031044055 — A13021032044055 — 013021035042 054+
1307103504405 + (1302031044055 — A15021032043054 + 115021 032044053 +A15021033042 054 — Q1501033044052+
Q1502031043054 — A15022031044053 — 1503031042054 + A15023031044053.
(14)

We get the Routh array:

1 b3 by
by by, by
a b 0
C* bo 0
d 0 0
bp 0 O

where, a" = bbbz p* —biby=bo ¢* _b0TThb and ¢* = P bt S0 by Routh-Hurwitz criterion, all roots of equation (13) will
be negative if bg > 0, by > 0, bsb3 — by > 0, ba(babs — ba) — ba(bab1 — bo) > 0, and (b3 (bgbs — by) — ba(bgby — bg))(bsby — bg) —
bo(b4b3 — b2)2 >0.
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